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VISCOUS TRANSONIC AIRFOIL FLOW SIMULATION
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Abstract

The present paper describes a method for the
calculation of subsonic and transonic viscous flow
over airfoils using the displacement surface con-—
cept. 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
lim%ted to small parts of trailing edge-type sepa-
ration. The present paper deals with some theore—
tical features in a short description and shows
computed results compared with experimental data
and other methods.

Notations
c chord length
CD drag coefficient
CE entrainment coefficient
CL 1ift coefficient
cp = 21 /(pU 2) skin friction coefficient
Cp pressure coefficient
H= 5% shape parameter
H* = g% /o% shape parameter
§
Hl = %-i p/pe(1—%;) dy shape parameter
H.¥ = ai*/e* shape parameter
lSep separation length
M Mach number
n normal direction
Re Reynolds number
s, ds arc—length
U velocity
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Subscripts

e value at edge of boundary layer
reattachment
sep separation
ts transition
© free strem condition
o angle of attack
8 U
5% = f (1 - e ) dy displacement thickness
p U
o) e e
§
*®
= U
5i—j(1 o)y
o e
3 2
8%= | pUU (1 - %—) dy momentum thickness
o Pee
w relaxation factor
u U dynamic viscosity
: s 3 ET- 2
= JIETIR £} a4y dissipation integral
p U 3y
e e o
® potential
4 density
I. Introduction

In the past ten years transonic flow about
airfoils has become a large range of interest.
While transonic airfoil design is playing an impor-—
tant role in present day commercial airplane effi-
ciency, 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 technology is nearly totally
based on the availability of computational 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 computational methods for viscous transo-
nic flow are of extremely high importance.

Basically, two approaches are possible to si~
mulate these flows, either Navier-Stokes solutions
or interacting flow modelling using an inviscid
method and a boundary layer—theory. Navier—Stokes
solutions are limits in engineering use presently
due to rather high computational cost and partially
lack of physical understanding, e.g. turbulence
modelling. Although limited in the range of ap-
plication, the interacting 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 [1], Melnik
[2] and others. More recently, modelling tech—
niques using the full Euler equations and inverse
boundary layer methods have been successfully de-
veloped and applied by Whitfield, 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 mo-
dels for separated regions using the displacement
thickness concept [4]. The potential flow method
is discussed first, followed by a description of
the integral boundarylayer methods. The method used
to couple the vicid-inviscid solutions is then des-~
cribed, followed by computed results for supercri-
tical flows over airfoils for which experimental
surface pressure and boundary-layer data are avai-
lable.

II. Potential Flow Method

The inviscid transonic potential flow is com-
puted using Jameson's multiple grid alternating di-
rection technique [5]. The potential flow approxi-
mation has been found to give useful predictions in
practice for transonic flow past an airfoil con-
taining shock waves of moderate strength. The po-—
tential flow equations is treated in the conserva-—
tion form:

T ew + 5o (ov) = 0 (2.1)

where u = ¢x; v = ¢y

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

30 _
= O (2.2)

The discrete approximation used is a rotated
central difference scheme with an artificial vis-
cosity which introduces an upwind bias throughout
the supersonic zone. Time-dependent terms have been
added to embed the steady-state equation in a con-
vergent time-dependent process. The solution of the
resulting set of non linear 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 errors are smoothened in the fine grid
while low frequency errors 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 direc-
tion method as solution with its smoothing proper-—
ties. The method can treat arbitrarily shaped air-
foil sections by means of conformal mapping of the
exterior of the profile onto the interior of a
unit circle. Fig. 1 shows the resulting mesh
(Type 0) for the case of the NACA 0012 airfoil.
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FIG. 1: 0 mesh used, applied to the

NACA 0012 airfoil

III. Viscous Flow Simulations

Viscous flow is similated by coupling the in-
vis¢id code to a set of boundary layer methods. The
different boundary layer methods as well as the ite-
ration scheme are based on the work of S. Leicher
[6]. In the present paper we will only sketch the
basic ideas.

Laminar boundary layer method

A two dimensional version of Stock's compres-
sible laminar boundary layer method [7] is used.
This integral method uses for the evaluation of
the integral thickness one parameter velocity pro-
files based on the similar solutions of the boun—
dary layer equations. Compressibility effects are
taking into account by means of the Stewartson
transformation.

From the momentum equation and the moment of
momentum eguation we finally get the following sy-
stem of equations:

qu
8- 2 (omm ) (3.1.1)
da _ l—-[2 Q- g* _f£1 EES
ds ~ o* 62 U ds
a e

(6% [3-M 2+2(H*-H.%*)] - 0% o (2-M 2+H)}]
e 1 e

5]
with
e*zi@i.e*=i9j
a da * "6 de

where a is the single parameter describing the ve-—
locity profiles.



Transition, laminar separation and reattachment
criteria

The transition from laminar to turbulent boun-
dary-layer is a very complex phenomenon depending
on several parameters. However, in the present
method we only take care of pressure gradient, lo-
cal Mach number and Reynolds number. Michel's em—
pirical correlation [8] modified by Smith-Gamberoni

and Cebeci-Smith is used:
b6
Ree,ts = 1,17h Res,ts
2+ 10° < Re_ <2« 107 (3.2.1)

,ts

Alternatively, transition can be specified by
input. Laminar separation is assumed if C_ = O
during the laminar boundary layer computagion. The
eriteria of Coradia and Lyman [9] is then used to
determine if either laminar stall or short bubble
type separabtion is apparent:

-0.002 + Re, - 1. < —

8 ds/c (3.2.2)

For short and long bubbles Horton's [10] cor-
relation is used for the separation bubble length
1 :

sep
5+ 10% o,
lsep = Ree (3.2.3)
sep

Inside the bubble U 36 is assumed to be con-
stant leading to the reaftachment momentum thick-
ness.

U3

e se
6_ = 0 (3.2.4)
R sep Ue R

No model is available if bubble burst is indi-
cated. After reattachment the computation starts
with the calculations of the turbulent boundary
layer setting the shape parameter H to a value of

1.55.

furbulent boundary layer

The turbulent boundary layer method used for
attached flow 1s essentially the lag-entrainment in-
tegral method of Horton [1l], with suitable modifi-
cations for compressibility. It consists of the si-
multaneous integration of the momentum integral and
entraimment equations together with a third empiri-
cal differential equation which take into account
the effect upon the entrainment rate of the up-—
stream history of the turbulence:

Momentum:

d 2 2 6* dUe
ag-(peUe 8) = peUe [cf/2 - ﬁ;'ag— (3.3.1)

Entrainment:

4 _s¥V] =
o U, (8-6%)1 = 0 U Cp (3.3.2)
dc
E _ 0.014
Fr [CE - CE] (3.3.3)
eq

The empirical shape parameter and entraimment
relations used are based on those of Horton [11]
and are:

_ 0.591 0.4
H, =0.88 + (E::§T€67° for H, > 1.68
and (3.3.4)
1/
- 0.92326_,'/1.85
H, = 0.88 + (Hi-3.2hu for H, < 1.68,
where H, = (6-8%)/6 is Head's shape parameter.

1

(This correspond to Horton's relations for

Rey = 10%).
_ 0.057
Cy T ¥-3.0 (/) (3.3.5)
eq 1

In order to prevent the failure of the code
due to the inability of standard boundary layer
methods to compute boundary layer parameters be—
yond separation a constant values of the entrain-
ment coefficient C that corresponds to a shape

eq
parameter Hi = 4 is used. The length scale 6 in
sep
equation (3.3.3) is set equal to the value of § at
separation since this is a characteristic of the
separated shear layer thickness. The momentum equa-
tion is discarded, and 0 and §¥ are calculated from
the computed values of (6-6%). Skin friction c_ is
calculated from a compressible form of the Ludwieg-
Tillmann relation

0.246

¢r T = = (e /e..) c.
I (140.13 Mez) R0 +268 | ~0.678H, A SR & 1
where (3.3.6)

P eUee 2\~ 1
Reg = ——— , c /ey, = (140.130 M *)

e

While "re-attachment" is simulated by evaluat-
ing 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

sep
negative.

But in general, the application of the numeri-
cal method is limited to flows where the turbulent
boundary layer is attached over the airfoil surface
except for small portions.
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Iv. 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 secondary control programs
which direct the potential flow and boundary layer
models, respectively. Each of both secondary 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 pro-
cedure between the potential flow method and the
boundary layer part is used to finally provide the
converged viscous solution. Both regions are compu-
ted separately but sequentially until both are con-
verged to solutions with common boundary values.

The following seguence 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

&% = “"S:ew + (1-w) & (h.1)

*®
OLD
is either added to the physical shape and for
this shape the inviscid flow field is computed,
againy using only one to three MAD cycles.

- then, new viscous gquantities are computed and
the whole cycle between viscous and inviscid
computations is continued until either the
convergence criterion is reached or the cycle
is stopped by the user. The convergence cri-
terion is based on the relative difference
between the 1ift coefficient in two consecuti-
ves cycles plus a bound for the residual in the
MAD method.

Alternatively, smoothing of the displacement
thickness can be applied before the relaxation pro-
cedure.

It was well exposed by Lock [1] that in this
kind of methods some empirical feature have to be
introduced to deal with the trailing edge regionm.
In the present method it has been assumed that C..
is equal zero just at the trailing edge, thus the
pressure distributions of the aft part of the air-
foil are forced to satisfy this condition.

V. Force And Moment Computation

Lift and moment coefficients are computed by
integrating the surface pressure and skin friction.
Drag is computed using the approach of Squire and
Young [12] for compressible flow and adding the
losses through the shock, that is:
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In addition, drag is computed by integration
of surface pressure and skin friction. For subcri-
tical 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.

VI. Examples

In general, the results presented here have
been obtained using 160 x 32 mesh points. For the
inviscid solution we used the fully conservative
second order accurate scheme [5]. ng solutions
were obtained with a residual of 10 “ in the invis-
cid part and a convergence criterion of AC. ~ 0,1 %
for the interacting cycle. Typical CPU times for
these cases on an IBM-3031 computer are between
2 and 5 minutes.

CAST T (DO-A1)

CAST 7 is a 12 % thick transonic airfoil, de-
signed 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 num-
bers (i.e. 0.60; 0.70 and 0.76), giving values of
C. 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 tragsition. Reynolds number for
all cases was 6.0 x 10 .

The variation of 1ift coefficient (C,) with
the angle of incidence (a) for the three ﬁach num-

. bers is show in Fig. 2:

ONERA /S3MA

A Closed walls
O  Perforated walls

& Theory {DOFOIL)

Re = 6108
E
oL fixed transition X/C = 0,07

&CL ’ o &c

FIG. 2: CAST 7, LIFT vs ALPHA comparison



We see that the values of C_ for low subsonic
flow are in excellent agreement with the experiment
up to the limit of the potential flow theory. For
high subsonic flow (MOc = 0.76) there is a slight
overprediction of the C. vs o slope for lower C
values. Discrepancies become greather for C_ above
drag-rise. 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 appre-
ciable 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 1.1).

The variation of C_ with C., again, for the
three free stream Mach numbers Is shown in Fig. 3.
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FIG. 3: CAST 7, LIFT vs DRAG comparison

Tt is interesting to note that the trends of
all the theoretical curves agree very well with the
experimental ones wntil C. ~ 0.75 while it is neces-—
sary 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 under-
stood with respect to other experiencies with other
airfoils (like RAE 2822 and NACA 0012) where for
subcritical cases there was no difference or never
more than one count between experiment and theory.

In Fig. 4 we show the variation of pitching
moment with C. for the three Mach numbers. While the
trends of the theoretical curves are again in quite
good agreement with the experimental ones, the ge-
neral level of Cey is overestimated. This differences,
which inerease with the free stream Mach number are
not so easy to explain but may be due to small dif-
ferences in the surface pressure of the rear part
of the alrfoil, which occur when 1ift is matched
for high subsonic flow.
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A comparison between theoretical and experi-
mental pressure distribution is shown in Fig. 5.

Remembering that the present case was computed
ugder the same condition as in the experiment, i.e.
without any Mach number or and incidence correction,
thg double shock flow pattern has been captured
quite wgll. The shock positions are something back-~
ward which is correlated with the differences in
total 1lift. Excellent agreement has been found for
the entire upper surface and for the trailing edge
pressure iFself. 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 compared with the present approach and
with the experimental data. Comparison has been car—
ried out for the same 1ift coefficient. Agreement
between both theories is quite good, also concern-
ing incidence correction (there is a difference of
only 0.05 degree). While the present code underpred
dicts the rear loading, the VGK underpredicte the
lower surface pressure Just below the maximum lower
surface peak. Regarding the differences with the ex—
perimental pressure we conclude the following ex—
planation: (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 or-
der to get the same CL as in the experiment.

FIG. 6: CAST 7, pressure distribution com-
parison (et = -0.15)
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Fig. T shows a comparison between: three diffe-
rent theories and experimental results in total
forces prediction. For this pourpose, one of the
most widely used codes, the BGKJ [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 Ref. 14,
The present approach has from the point of view of
its viscous effect formulaticn an intermediate op-
tion, more close to the BGKJ than the last one.
However, regarding the results, the DOFOIL code
provides practically the same accuracy as the ygK
one using a much simpler and faster formulation. The
variation of C, with a is slightly overpredicted by
both methods. ove C. = 0.6 the partially conserva-—
tive scheme (P-C) shows its advantages with respect
to the fully conservative one used in the present
formulation. However, this is only balancing the
imperfectness of the full potential formulation. In
the case of the BGKJ there is no agreement neither
in level nor in shape with respect to the experiment.
The pitching moment seems to be in magnitude extre-
mly sensitive to the small differences in pressure
found between theory and experiment. For this rea-
son, all programs gave nearly the same accuracy.
However, the BGKJ reproduces quite well the trend
of the curve CIn versus C. and has the smallest dif-
ference in level of all. The DOFOIL code reproduces
quite good the slope of the curve but the level of
the C_ is off, while the VGK code is completly off
as well in trends as in level. Finally, concerning
the variation of C_. with C_ both programs, VGK and
DOFOIL, predict quite well the position of the drag-
rise. Nevertheless, the level of drag provide 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
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than the VGK program. The BGKJ code overpredict too
much the drag-rise location.

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 transi-
tion conditions.
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FIG. 8: CAST 7, Total forces comparison
(Free Transition)
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FIG. 9: Effect of the transition location on
the pressure distribution

We can see that the present approach overesti-
mates the effects of the free transition. In fact,
the differences between theory and experiment become
greather as in the fixed transition 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 informa-
tion about natural transition location in the wind
tunnel test in order to compare with the present
results. The formulation addopted in the present ap-
proach to describe the natural transition seems to
be highly influenced by the pressure greadient and
for this reason the backward natural transition lo-
cation is found and also due to this artificial in-
crease of the laminar flow the estimation of the
total forces becomes less accurate.

RAE 2822

The airfoil is a 12 % thick supercritical airfoil
with a moderate amount of rear-loading. It was
tested in the RAE 8 x 6 foot transonic tunnel [17]
in which measurements of both, surface pressures
and boundary layer development, were carried out.
The examgles considered here were carried out at
6.5 x 107 Reynolds number and at nominal Mach num-
bers 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 ve-—
locity-profile measurements, made at a number of
locations on the model and the drag as well as in
the previous examples was determined from wake rake
measurements. A1l theoretical solutions were carried
out at the measured 1lift coefficients. The preasure
distribution for the M_ = 0.725 case is compared
with experiment in Fig. 10.

CASE6
-cP O Experiment
—m 180X 32 Tpeney

—-— 120x24 (g=cte}
-—-— BOx 16
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M, = 0725
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Symbol| CL | €0 | cm | Aipha
<& | 0743 | 00127 | - 0.095 | 2.92
— | 0743 | 0.0108 | ~0.094 | 2.125
T T
0 05 1

X/C

FIG. 10: RAE 2822, pressure distribution
comparison (case 6)
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The overall level 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 pro-
bably due to both the transition roughness strip
used and wall-interference effects. The underpre-—
diction of the pressure jump at the shock are due
to wind tunnel blockage as we will see later. In
the same picture some indication of the influence
on the number of points used in the potential so-
lution 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) pro-

vided the required CL.

The boundary layer development for this case
is given in Fig. 11.
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FIG. 11: RAE 2822, upper surface boundary
layer parameters compared with
experiment (case 6)

The overall agreement between theory and ex-
periment is relatively good over the entire upper
surface.

Fig. 12 shows the same case as before but now
the theoretical answer has been obtained using a
blockage correction in Mach number. At the same
time this solution has been compared with
the GRUMFOIL results [18] and with the viscid-Euler
ones [3]. In the case of the viscid-Euler and the
present approach a blockage correction of
AM = 0.004 has been used following the recomenda-
tion of R. Lock. Melnik's results correspond to a
blockage correction of AM = 0.003. It is important
to note that both, the GRUMFOIL and the DOFOIL so-
lution have been carried out at the same experimen-
tal 1ift coefficient, while the viscid-Euler solu—
tion corresponds to the same incidence as the wind
tunnel.

The overall agreement between GRUMFQIL and
DOFOIL results is guite good over the entire air-
foil, with the only exception that DOFOIL underes-—
timates the rear loading in the aft part of the
lower surface pressure of the airfoil.

FIG. 12: RAE 2822, blockage corrections
influence on pressure shape
(case 6)
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The pressure distribution for the case tested
at a Mach number of O0.73 1s compared with the expe-
riments and with the solution of LE BALLEUR [19] in
Fig. 13. The picture also includes a first order
scheme solution of the present approach. In all the
three cases the overall level of the pressure dis-
tributions on the airfoll is reasonably well pre-
dicted. The discrepancies between theories and ex-
periment on the front part of the upper surface can
be justified in the same way as before. Concerning
shock-wave location the best result is obtained by
the first order DOFOIL potential sclution scheme,
but at a smaller 1lift coefficient. The other two
theoretical solutions overpredict the shock jump.
In the case of LE BALLEUR's results an overestima-—
tion of the C_ level behind the shock is produced.
For the case ©f the present theory the overpredic~
tion of the shock jump 1s based on the aftward shock
position. The boundary layer development for this
case 1s given in the same Fig. 13. The theoretical
result corresponds to the solution withnghe stan-—
dard version of the DOFOIL code (i.e. 2 érder ac-—
curate scheme). The agreement between theory and ex-—
periment is again quite good. Shape factor and skin
friction for this case are notoriously influenced
by the overprediction of the shock pressure Jjump.

CL=0.74
RE (Million) = 6.500

Symbol [ Alpha
®E Experiment 0.725 2.92
—— Dofoil 0.729 2.05
—— Viscid — Euler } 0.729 2.92

Grumfoil 0.728 2.35
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O Experiment

Le Balteur
Dotfoil
T 2" Order
Dofoil
1" Order

4f#?éﬂﬁﬂxh%a*ﬁ*a&

RAE 2822

M., = 0730
RE = 65108
TS = 0.03X/C
- ﬁ Symb. €L 3] TV | "Aipha
© 0803 | 0.0168  —0.099 | 3.19
—— 0803 | 0.0142 | —0.106 | 2.18
——0794 | 00127 | 0101 | 2.18
L 1
0 05 1
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9 9 0.004
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FIG. 13: RAE 2822, pressure distribution and
boundary layer comparison with
experiment (case 9)

Conclusions

A new method. was presented for the viscous tran-
sonic flow analysis. It seems to be a good enginee-
ring tool for the analysis of airfoils in transonic
flow due to its accuracy and fast resolution using
a simple self-consistent formulation. Compared with
the most widly know codes like GRUMFOIL, VGK or
BGKJ, 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 for-
mulation which deals with the transonic flow in an
isentropic form. The fully conservative scheme pro-
duces 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 nonunique so-
lution (most of these problems can be solved by
using the Euler method ([1l] and [3]).

From the point of view of the viscous part 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 trai-
ling edge separation. While this is no basic restric-
tion since large trailing edge separated regions are
known to be unsteady and, thus, are outside of the
scope of the present approach, the use of inverse
boundary layer methods instead of direct ones seems
to give further improvement for this kind of prob-
lems [3].
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