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Summary: The present paper describes a method for the calculation of subsonic and transonic viscous flow over airfoils
using the displacement surface concept. This modelling technique uses a fast multigrid solver for the full potential equation
and laminar and turbulent boundary-layer integral methods. In addition, special models for transition, laminar or turbulent
separation bubbles and trailing edge treatment have been selected. However, the flow is limited to small parts of trailing
edge-type separation. The present paper deals with some theoretical features in a short description and shows computed
results compared with experimental data and other methods.

Numerische Simulation reibungsbehafteter transsonischer Profilstromungen

Ubersicht: Die vorliegende Arbeit beschreibt eine theoretische Methode zur Berechnung der reibungsbehafteten Profil-
strémung im Unter- und Transschall. Die Simulation berubt auf der Lésung der kompressiblen Potentialgleichung, den
kompressiblen Grenzschichtgleichungen und dem Verdrangungsdickenkonzept als Wechselwirkungsmodell. Die Potential-
gleichung wird durch einen sebr schnellen Multi-Grid-Algorithmus gelost, die laminaren und turbulenten Grenzschicht-
gleichungen jeweils durch effiziente Integralmethoden. Zusdtzlich werden spezielle Modelle zur Bestimmung von Transition,
von laminaren oder turbulenten Abléseblasen und zur Hinterkantenbehandlung eingesetzt. Die Anwendbarkeit der vor-
liegenden Methode ist beschrinkt auf stationdre Stromungen obne oder mit mifiger Hinterkanten-Ablosung. Neben einer
Zusammenstellung der wesentlichen theoretischen Grundlagen wird eine Reibe von beispielbaften theoretischen Nach-
rechnungen gezeigt und mit Windkanal-Mefergebnissen verglichen.

1. Introduction

In the past ten years transonic flow about airfoils has be-
come a large range of interest. While transonic airfoil design
is playing an important role in present day commercial air-
plane efficiency, the increase in transonic maneuver limits of
fighter aircraft due to transonic wing design has been proven
in flight for various prototypes. This transonic wing tech-
nology is nearly totally based on the availability of computa-
tional methods for design and analysis in transonic flow.
Since present day wind tunnels are limited in Reynolds
number, but viscous effects on transonic airfoils proved to
be extremely important for performance, reliable computa-
tional methods for viscous transonic flow are of extremely
high importance.

Basically, two approaches are possible to simulate these
flows, either Navier-Stokes solutions or interacting flow
modelling using an inviscid method and a boundary-layer
theory. Navier-Stokes solutions are limited in engineering
use presently due to rather high computational cost and par-
tially lack of physical understanding, e.g. turbulence mo-
delling. Although limited in the range of application, the in-
teracting flow modelling using a full potential solver for the
inviscid flow with some modelling of the trailing edge flow
and shocks has been successfully applied by Lock []], Mel-
nik [2} and others. More recently, modelling techniques
using the full Euler equations and inverse boundary-layer
methods have been successfully developed and applied by
Whitflied, Jameson and Schmidt [3]

The present approach consists of the iterative application of
a transonic potential flow method and a boundary-layer

part with semi-empirical models for separated regions using
the displacement thickness concept [4] The potential flow
method is discussed first, followed by a description of the in-
tegral boundary-layer methods. The method used to couple
the viscid-inviscid solutions is then described, followed by
computed results for supercritical flows over airfoils for
which experimental surface pressure and boundary-layer
data are available.

2. Nomenclature

< chord length
¢p drag coefficient
Ck entrainment coefficient
cL lift coefficient
¢ skin friction coefficient (= 21.,/0U.%)
p pressure coefficient
H shape parameter (= 6%/0)
H* shape parameter (= 8%/07)
H; shape parameter
8
% 2 (-2
(S} 5 Qc U.
H* shape parameter (= 9,7 /0™)
leep separation length
Mach number
n normal direction
Re Reynolds number
s,ds arclength
U velocity
o* displacement thickness
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&

1 U/U, 2
el el
Qe U, 0 ay

(o] potential
) density
Subscripts
e value at edge of boundary layer
R reattachment
sep separation
ts transition
% free stream condition
a angle of artack

3. Potential Flow Method

The inviscid transonic potential flow is computed using
Jameson’s multiple grid alternating direction technique 5].
The potential flow approximation has been found to give
useful predictions in practice for transonic flow past an air-
foil containing shock waves of moderate strength. The po-
tential flow equation is treated in the conservation form:

1 2 jeu+

(ov)=0,
ox Jdy

where u=®,; v==>,.

At the profile, the potential satifies the Newsmann boundary
condition:

(2) AP/In=0.

The discrete approximation used is a rotated central differ-
ence scheme with an artificial viscosity which introduces an
upwind bias throughout the supersonic zone. Time-depend-
ent terms have been added to embed the steady-state equa-
tion in a convergent time-dependent process. The solution
of the resulting set of nonlinear difference equations is done
by the multiple grid method. This technique uses a fine grid
to evaluate the residuals while the corrections are calculated
in a coarse grid. The main advantage of this technique is that
it treats the errors in the proper band i.e. high frequency er-
rors are smoothened in the fine grid while low frequency er-
rors are smoothened in the coarse grids. The difficulties that
appear in this kind of method due to insufficient smoothing
of the error in the fine grids before passing to coarser grids
have been avoided using an alternating direction method as

solution with its smoothing properties. The method can
treat arbitrarily shaped airfoil sections by means of confor-
mal mapping of the exterior of the airfoil onto the interior of
a unit circle. FIG. 1 shows the resulting mesh (Type 0) for the
case of the NACA 0012 airfoil.

4. Viscous Flow Simulations

Viscous flow is simulated by coupling the inviscid code to a
set of boundary-layer methods. The different boundary-lay-
er methods as well as the iteration scheme are based on the
work of S. Leicher [6] In the present paper we will only
sketch the basic ideas.

4.1. Laminar Boundary-Layer Method

A two dimensional version of Stock’s compressible laminar
boundary-layer method [7} is used. This integral method
uses for the evaluation of the integral thickness one parame-
ter velocity profiles based on the similar solutions of the
boundary-layer equations. Compressibility effects are tak-
ing into account by means of the Stewartson transforma-
tion.

From the momentum equation and the moment of momen-
tum equation we finally get the following system of equa-

tions:
de ¢ e dJdu,
(3) ao_ Yy = fYe

ds 2 U, ds

(2—-M2+H),

da _ 1 [29—99* g 1 dU.
ds e,* 2 U, ds

X {®*[3-M2+2(H" —H,-=“)]—®@"'®(2—M‘,2+H)}:I

with . der . der

where a is the single parameter describing the velocity pro-
files.

T

ISRE RIS

T

[

FIG.1: 0 mesh, applied to the NACA 0012 airfoil
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4.2. Transition, Laminar Separation and
Reattachment Criteria

The transition from laminar to turbulent boundary layeris a
very complex phenomenon depending on several parame-
ters. However, in the present method we only take care of
pressure gradient, local Mach number and Reynolds
number. Michel’s empirical correlation [8] modified by
Smith-Gamberoni and Cebeci-Smith is used:
Reo=1.174 Relils
(4) _ ]
2-10° <Ree <210

Alternatively, transition can be specified by input. Laminar
separation is assumed if ¢;= 0 during the laminar boundary-
layer computation. The criteria of Goradia and Lyman [9] is
then used to determine if either laminar stall or short bubble
type separation is apparent:

(5)  —0.002Reo—1<-9Me
ds/c

For short and long bubbles Horton’s [10} correlation is used
for the separation bubble length L

Inside the bubble U,’ @ is assumed to ber constant leading to
the reattachment momentum thickness

) Ox=0g e

U(;\R
No model is available if bubble burst is indicated. After
reattachment the computation starts with the calculations
of the turbulent boundary layer setting the shape parameter
H to a value of 1.535.

4.3. Turbulent Boundary Lavyer

The turbulent boundary-layer method used for attached
flow is essentially the lag-entrainment integral method of
Horton [11], with suitable modifications for compressibili-
ty. It consists of the simultaneous integration of the momen-
tum integral and entrainment equations together with a
third empirical differential equation which takes into ac-
count the effect upon the entrainment rate of the upstream
history of the turbulence:

Momentum:
d > &+ dU,
® L uie)-= eUe-Iic/z— 4;]_
ds € © f U, ds
Entrainment:

© L loU.e-8"]=0U.Cr
ds

dCg 0.014
(10)  —E5 =—=—"[Cpey— Cg]-
ds (]

The empirical shape parameter and entrainment relations
used are based on those of Horton [1 1] and are:

< 0.4
(11) H,:o.88+<~%> forH Z1.68
H,—3.607
and
739 1/1.83
H;=0.88 + ~&?—~\—%7§—> forH;<1.68,
H,—-3.244

where H;=(6—-0%)/@ is Head’s shape parameter. (This
correspond to Horton's relations for Reg =10%.)

0.057
(12)  Crog=—""— (c/cp).
H,-3.0

In order to prevent the failure of the code due to the inability
of standard boundary-layer methods to compute boundary-
layer parameters beyond separation a constant value of the
entrainment coefficient Cg.q that corresponds to a shape pa-
rameter Hiep =4 is used. The length scale @ in Eq. (10) is set
equal to the value of ® at separation since this is a character-
istic of the separated shear layer thickness. The momentum
equation is discarded, and ©® and 8% are calculated from the
computed values of (8§ —8%). Skin friction ¢/ is calculated
from a compressible form of the Ludwieg-Tillmann relation

0.246

(13)  ¢= : _
(1+0.13 M,2) R 268 1006785,

= (cf/chi) chi

where

Reo=2Y® i (11+0.130MY".

He

While “‘re-attachment” is simulated by evaluating dH/ds at
each step in the separated flow from the shape parameter
equation, and allowing H; to become less than Hi, once the
derivative becomes negative.

But in general, the application of the numerical method is
limited to flows where the turbulent boundary layer is
attached over the airfoil surface except for small portions.

5. Iterative Simulation Procedure

The present code has a high flexibility in its topographical
structure. The main program controls the general input,
output, plots, and iteration. In addition there are two secon-
dary control programs which direct the potential flow and
boundary-layer models, respectively. Each of both secon-
dary control programs contains special input and output
routines, so that they can be easily combined with any other
potential or viscous solver. A cyclic iterative procedure
between the potential flow method and the boundary-layer
part is used to finally provide the converged viscous solu-
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tion. Both regions are computed separately but sequentially
until both are converged to solutions with common boun-
dary values. The following sequence is used:

— after one to three MAD cycles in the inviscid potential
solver for the equivalent airfoil shape,

the displacement thickness -distribution is computed for
the given pressure distribution by means of the viscous
method described in the preceding pages,

the relaxed displacement thickness

(1 4) % = U)éx?c\\' + ( 1- U\)) 6()]d

is either added to the physical shape and for this shape the
inviscid flow field is computed, again, using only one to
three MAD cycles,

then, new viscous quantities are computed and the whole
cycle between viscous and inviscid computations is con-
tinued until either the convergence criterion is reached or
the cycle is stopped by the user. The convergence criterion
is based on the relative difference between the lift coeffi-
cient in two consecutive cycles plus a bound for the resid-
ual in the MAD method.

Alternatively, smoothing of the displacement thickness can
be applied before the relaxation procedure.

It was well exposed by Lock [l} that in this kind of methods
some empirical feature have to be introduced to deal with
the trailing edge region. In the present method it has been as-
sumed that ¢/ is equal zero just at the trailing edge, thus the
pressure distributions of the aft part of the airfoil are forced
to satisfy this condition.

6. Force and Moment Computation

Lift and moment coefficients are computed by integrating
the surface pressure and skin friction. Drag is computed us-
ing the approach of Squire and Young [12] for compressible
flow and adding the losses through the shock, that is:

€p = Cpsy T Epw.

In addition, drag is computed by integration of surface pres-
sure and skin friction. For subcritical cases it was found that
both methods gave the same answer, while in supercritical
flows the integration of skin friction and pressure seems to
underpredict the drag, compared with the above equation
and also with measurements. In the present method, no
computation through the wake is needed due to the special
trailing edge treatment.

7. Examples

In general, the results presented here have been obtained us-
ing 160 x 32 mesh points. For the inviscid solution we used
the fully conservative second order accurate scheme [5} The
solutions were obtained with a residual of 107 in the invis-
¢id part and a convergence criterion of Acy =0.1% for the
interacting cycle. Typical CPU times for these cases on an
IBM-3031 computer are between 2 and 5 minutes.

CAST 7 (DO-A1)

CAST 7 is a 12% thick transonic airfoil, designed by
Dornier, which has been tested in several European wind
tunnels according to the experimental program suggested by
Garteur. Experimental results are presented here from the
ONERA-S3MA tunnel [13], covering a traverse in incidence
at three Mach numbers (i.e. 0.60; 0.70 and 0.76), giving

ONERA /S3MA

4 Closed walls
O Perforated walls

[0 Theory (DOFOIL)

AcC Ry, = 6" 108
fixed transition X/C = 0.07
O 1.0 O
AC f 4
p CL ,[lj hC
i
08 L {08 ,./O 0.8
/ qf
0.6 / K / 0.6f 1A
J=:4 A
/ .
£ / [j
/ 0O
A
: 0.2 ,/ 02 / 0.2
o g £
r/ a® / a° / al
/7 -2 0 2 R 2 0 2 " ;X_ 2 0 2 -
M = 0.60 M=0.70 M=0.76
FIG. 2: CAST 7 (DO-A1), lift versus o comparison
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values of ¢; from 0.0 to 0.8. The main part of the study is
concerned with the results with fixed transition at 0.07 on
both surfaces. Additional points were obtained with free
transition. Reynolds number for all cases was 6.0 x 10°.

The variation of lift coefficient (¢;) with the angle of inci-
dence (a) for the three Mach numbers is shown in FI1G. 2.

We see that the values of ¢; for low subsonic flow are
in excellent agreement with the experiment up to the limit
of the potential flow theory. For high subsonic flow
(M, = 0.76) there is a slight overprediction of the ¢; versus «
slope for lower ¢ values. Discrepancies become greather for
c1. above dragrise. This is well understandable taking in
mind that the pressure rise for an isentropic shock is always
greather than that for a true (Rankine-Hugoniot) shock, by
an amount which becomes appreciable when the upstream
Mach number M| exceeds about 1.2, a value well below that
at which shock-induced boundary-layer separation would
be expected (M;=1.3 to 1.4).

The variation of ¢, with ¢;, again, for the three free stream
Mach numbers is shown in FIG. 3.

It is interesting to note that the trends of all the theoretical
curves agree very well with the experimental ones until
¢1=0.75 while it is necessary to apply a shifting of 12 counts
in order to match the same value of total drag for the three
Mach numbers. This shifting is not completely understood
with respect to other experiences with other airfoils (like
RAE 2822 and NACA 0012) where for subcritical cases
there was no difference or never more than one count be-
tween experiment and theory.

In FIG. 4 we show the variation of pitching moment with ¢,
for the three Mach numbers. While the trends of the theoret-
ical curves are again in quite good agreement whith the
experimental ones, the general level of ¢, is overestimated.

A
NER
Cow R ONERA / S3MA
’ A Closed walls
I G Perforated wails
f
0.02 ? @  Theory (DOFOIL)
R = 6108
Vi 1 / fixed transition X/C = 0.07
J 7/
g M=0.76 B V% :
£y
0.01 oS Dt / ©
S b 3] / ! /
7 4 /
| /
M=0.70
Do, L 10| 7 /
T 15
0 e — o =T
’_‘
{M = 0.76) /‘
'[ M =0.60 4
@:—e——&—& s
0 I=fi-E S oy —
(M =0.70)
l o
0 >
M=0800 45 04 06 08 10 12

FIG. 3: CAST 7 (DO-A1),
lift versus drag comparison

Cm o.25
T 0.2 0.4 0.6 0.8 10 12
<
- 008
M =0.60 =
-0.10 5%« —
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~m e ﬂ\
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4 C
m0.25 — CAST 7 Airfoil —
3 M=076 —
F—l ] A A A ONERA/S3MA
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it e N2 O Perforated walls
ml (% e
~ 014 0 [E Theory (DOFOIL)
\ T
\ R, =6- 108
\\‘ fixed transition X/C = 0.07
—~0.16 5—

FIG. 4: CAST 7 (DO-A1),
lift versus moment comparison

These differences, which increase with the free stream Mach
number are not so easy to explain but may be due to small
differences in the surface pressure of the rear part of the air-
foil, which occur when lift is matched for high subsonic
flow.

A comparison between theoretical and experimental pres-
sure distribution is shown in FIG. 5.

Remembering that the present case was computed under the
same condition as in the experiment, i.e. without any Mach
number or/and incidence correction, the double shock flow
pattern has been captured quite well. The shock positions
are something backward which is correlated with the differ-
ences in total lift. Excellent agreement has been found for
the entire upper surface and for the trailing edge pressure it-
self. As we mentioned already above, the program slightly
overpredicts the pressure on the lower surface aft portion.

In FIG. 6 the solution from the VGK code [14] has been com-
pared with the present approach and with the experimental
data. Comparison has been carried out for the same lift coef-
ficient. Agreement between both theories is quite good, also
concerning incidence correction (there is a difference of only
0.05 degree). While the present code underpredicts the rear
loading, the VGK underpredicts the lower surface pressure
just below the maximum lower surface peak. Regarding the
differences with the experimental pressure we conclude the
following explanation: (1) The discrepancies of the front
part upper surface are due to the transition band. (2) The
missing of the double shock system seems to come from the
potential flow theory applied. (3) The differences on the
lower surface front part are necessary to compensate for the
double shock in order to get the same ¢ as in the experi-
ment.
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~1.60 | R N
o Airfoil Do-A1 {CAST 7)
i
~1.20
O]
O]
.- 0.80 \\ o
—-040 ﬁﬁlﬂg 2
© 3EEEE %k

=

FIG. 7 shows a comparison between three different theories
and experimental results in total forces prediction. For this
purpose, one of the most widely used codes, the BGK] [15],
with a very simple viscous effect formulation, and on the
other hand the VGK code [16] which can be considered as a
strong-interaction viscous effects code have been chosen.
These results are reproduced from {]4}. The present ap-
proach has from the point of view of its viscous effects for-
mulation an intermediate option, more close to the BGK]
than the last one. However, regarding the results, the

—0.00 ——— 0.8
0.00 0.20 0.40 UL 0.60 % '0.80 y @
0.40 0>/ CAST7 / Mu=0.76
5/ RE : 6 108 T.5.: 0.07 X/C
<74
©
0.80 g ,/ Onera/S3MA  ©
i BGKJ (NC) = —m
4 VGK —_——
1.20 Dofoil —
RE (Million} =6.000 M =0.760  Alpha=—2.980
© [ Qnera S3MA, Perforated Walls CL = ~ 0.033
» a
— Dofoif CL =~ 0.046 2.0
FIG. 5: Pressure distribution comparison
A Cow ®
—1.60 T | l I -
Airfoil Do-A1 (CAST 7} 0.02
—-1.20
- 0.80
—0.40 0.01
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~0.00 » CL
0 0.2 0.4 0.6 0.8
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0.40 025
0.2 0.4 0.6 0.8
»
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0.80.% %
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CL=0.52 ' G(;‘@ ® T .
! L _ ® O NG
%ﬁ REi(Mnllnl)n) = ({3.000 | M —Io.760| — 012 © o—aE "Q
1.20 ~a
(O]
\\v
4 [~ &D
®E Onera S3MA, Perforated Walls Alpha = — 0.15 —01 N
— Dofoil Alpha=-—0.35
—«= VGK Alpha =~ 04
FIG. 6: CAST 7 (DO-A1), FIG. 7: Total forces and moments comparison between
pressure distribution comparison (o= —0.15) different computer programs
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FIG. 8:

Dofoil code provides practically the same accuracy as the
VGK one using a much simpler and faster formulation. The
variation of ¢; with a is slightly overpredicted by both me-
thods. Above ¢, =0.6 the partially conservative scheme
(P—C) shows its advantages with respect to the fully conser-
vative one used in the present formulation. However, this is
only balancing the imperfectness of the full potential formu-
lation. In the case of the BGK] there is no agreement neither
in level nor in shape with respect to the experiment. The
pitching moment seems to be in magnitude extremly sensi-
tive to the small differences in pressure found between the-
ory and experiment. For this reason, all programs gave near-
ly the same accuracy. However, the BGK] reproduces quite
well the trend of the curve ¢, versus ¢; and has the smallest
difference in level of all. The Dofoil code reproduces quite
good the slope of the curve but the level of the ¢, 1s off, while
the VGK code is completely off as well in trends as in level.
Finally, concerning the variation of ¢p with ¢, both pro-
grams, VGK and Dofoil, predict quite well the position of
the drag-rise. Nevertheless, the level of drag provided by
Dofoil is below the experimental answer and also below the
VGK code. The trend of the curve of the present approach
agrees better with the experiment than the VGK program.
The BGK]J code overpredicts too much the drag-rise loca-
tion.

As one exercise the capability of the present code to
describe effects from transition position has been
investigated. FIG. 8 shows the comparison between
experiment and theory under free transition conditions.

We can see that the present approach overestimates the ef-
fects of the free transition. In fact, the differences between
theory and experiment become greather as in the fixed tran-
sition cases. However from the qualitative point of view the
results look reasonable: Moreover from the comparison of
the two theoretical pressures with and without transition in
FIG.9 it can be concluded that the differences in pressure
shape are in agreement with the physical phenomenon as for
example the shock ~laminar boundary-layer interaction.
Unfortunally there is no information about natural transi-
tion location in the wind tunnel test in order to compare
with the present results. The formulation adopted in the
present approach to describe the natural transition seems to
be highly influenced by the pressure gradient and for this
reason the backward natural transition location is found
and also due to this artificial increase of the laminar flow the
estimation of the total forces becomes less accurate.

M =076
Re =6 108
Ac
0.8 4~
olic
ob
/
0.4
/ol
Y,
5
: =32
-2 [} 2

CAST 7 (DO-AT), total forces comparison (free transition)

RAE 2822

The airfoil is a 12% thick supercritical airfoil with a
moderate amount of rear-loading. It was tested in the RAE
§ X 6 ft transonic tunnel []7] in which measurements of
both, surface pressures and boundary-layer development,
were carried out. The examples considered here were car-
ried out at 6.5 X 10¢ Reynzolds number and at nominal Mach
numbers of 0.725 and 0.730. Transition was fixed in both
cases at 0.03 chord.

The momentum displacement thickness, shape factor,
and skin friction were determined from velocity-profile
measurements, made at a number of locations on the model
and the drag as well as in the previous examples was deter-
mined from wake rake measurements. All theoretical solu-
tions were carried out at the measured lift coefficients. The

— 1.60

T T T T
Airfoil Do-A1 (CAST 7)

-~ 1.20

—0.80 =

—0.40

—0.00

cp
S —
— T.\\
N
/
//

0.40
0.80
CL=0535
RE (Million) =6.000 M =0.760
1.20
—— e == Fixed Transition, Alpha = — 0.3
(X/C =0.07)
Free Transition, Alpha = — 0.6
FIG. 9: Effect of the transition location on the pressure

distribution
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CASE 6
-cr < Experiment
—— 160x32 Tpe0n
— — 120x 24 (x=cte)
1 —~—-— 80x16
0
RAE 2822
M, = 0.725
RE = 65100
T.S. = 0.03X/C
-1
g Symbol| CL | ¢D | CM | Alpha
O 10743 | 00127 | —0.005 | 2.92
—— | 0743 | 0.0108 | - 0.094 | 2.125
I
0 0.5 1
X/C
F1G.10: RAE 2822, pressure distribution comparison (case 6)

pressure distribution for the M. = 0.725 case is compared
with experiment in FIG. 10.

The overalllevel of the pressure distributions on the airfoil is
reasonably well predicted. The small discrepancies between
theory and experiment over the forward part of the upper
surface are probably due to both the transition roughness
strip used and wall-interference effects. The underpredic-
tion of the pressure jump ar the shock are due to wind-tunnel
blockage as we will see later. In the same picture some indi-
cation of the influence on the number of points used in the
potential solution on the final answer has been indicated.
For this investigation the incidence was fixed at the value for
which the standard mesh (160 X 32) provided the required
Cr.

The boundary-layer development for this case is given in
FIG.11.

The overall agreement between theory and experiment is

FIG. 12 shows the same case as before but now the theoreti-
cal answer has been obtained using a blockage correction.in
Mach number. At the same time this solution has been com-
pared with the Grumfoil results [1 8] and with the viscid-
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FIG.11: RAE 2822, upper surface boundary layer parameters FIG.12: RAE 2822, blockage corrections influence
compared with experiment {case 6) on pressure shape (case 6)
54 Z. Flugwiss. Weltraumforsch. 7 (1983), Heft 1




J. Longo, W.Schmidt, A. Jameson, Viscous Transonic Airfoil Flow Simulation

Euler ones [3] In the case of the viscid-Euler and the present
approach a blockage correction of AM=10.004 has been
used following the recommendation of R. Lock. Melnik’s re-
sults correspond to a blockage correction of AM =0.003. It
1s important to note that both, the Grumfoil and the Dofoil
solution have been carried out at the same experimental lift
coefficient, while the viscid-Euler solution corresponds to
the same incidence as the wind tunnel.

The overall agreement between Grumfoil and Dofoil results
is quite good over the entire airfoil, with the only exception
that Dofoil underestimates the rear loading in the aft part of
the lower surface pressure of the airfoil.

The pressure distribution for the case tested at a Mach
number of 0.73 is compared with the experiments and with
the solution of Le Balleur {19] in FIG. 13. The picture also
includes a first order scheme solution of the present ap-
proach. In all the three cases the overall leve!l of the pressure
distributions on the airfoil is reasonably well predicted. The
discrepancies between theories and experiment on the front

of the upper surface can be justified in the same way as be-
fore. Concerning shock-wave location the best result is ob-
tained by the first order Dofoil potential solution scheme,
but at a smaller lift coefficient. The other two theoretical so-
lutions overpredict the shock jump. In the case of Le Bal-
leur’s results an overestimation of the ¢, level behind the
shock is produced. For the case of the present theory the
overprediction of the shock jump is based on the aftward
shock position. The boundary-layer development for this
case is given in the same FIG. 13. The theoretical result cor-
responds to the solution with the standard version of the
Dofoil code (i.e. 2™ order accurate scheme). The agreement
between theory and experiment is again quite good. Shape
factor and skin friction for this case are notoriously influ-
enced by the overprediction of the shock pressure jump.

8. Conclusions

A new method was presented for the viscous transonic flow
analysis. It seems to be a good engineering tool for the analy-
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FIG.13: RAE 2822, pressure distribution and boundary-layer comparison with experiment (case 9)
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sis of airfoils in transonic flow due to its accuracy and fast
resolution using a simple self-consistent formulation. Com-
pared with the most widely known codes like Grumfoil,
VGK or BGK], it seems to have the following advantages:

— a fast conservative inviscid full potential flow solver,

— a viscous model which includes the laminar boundary-
layer part and transition as well as separation models,

— a fairly simple formulation to deal with the trailing edge
which contemplate in an accurate way the effects of the
wake.

Regarding its possible error sources we can say that mainly
it contains the same as the other methods. From the point of
view of the inviscid solver it uses the transonic potential flow
formulation which deals with the transonic flow in an isen-
tropic form. The fully conservative scheme produces an
overprediction of the pressure jump at the foot of the shock
and as well as the nonconservative formulation it has the
problem of the nonunigue solution (most of these problems
can be solved by using the Euler method [l} and [3]).

From the point of view of the viscous patt it does not include
the proper formulation to deal with transonic turbulent
flow separation, limiting the application of the code to no or
small parts of trailing edge separation. While this is no basic
restriction since large trailing edge separated regions arc
known to be unsteady and, thus, are outside of the scope of
the present approach, the use of inverse boundary-fayer me-
thods instead of direct ones seems to give further improve-
ment for this kind of problems [3]
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