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Transonic Viscous-Inviscid Interaction over Airfoils for
Separated Laminar or Turbulent Flows

Rachel Gordon* and Josef Romt
Technion—Israel Institute of Technology, Haifa, Israel

A new technique is presented for the calculation of the interaction of the inviscid external flow and the
separated boundary layer in the case of the transonic flow over airfoils. A finite-difference method is used for
the boundary-layer solution. On the forward portion of the airfoil the boundary-layer equations are solved for a
given pressure distribution boundary condition, while on the rear portion of the airfoil and beyond, where
separated flow occurs, the equations are solved for a given displacement thickness distribution boundary
condition. The inviscid transonic flow solution and the boundary-layer solution are matched by a local point
relaxation algorithm. incorporating the two methods of boundary-layer equations solution. Results are obtained
for separated laminar, transitional, and turbulent flows on circular-arc airfoils at zero angle of attack. These
results are in good agreement with available experimental data. The effects of Reynolds and Mach numbers are

also examined.

Nomenclature
o) =skin friction coefficient =7,,/0.5p,, U2
C, = pressure coefficient =(@p—p.,)/0.50,, UZ,
¢, = specific heat constant at constant pressure
D =doublet strength
F(x) =airfoil shape function
H =total enthalpy =c, T+ U?/2
K = transonic similarity parameter, =(1-M2)) /6>
L =chord length
M =Mach number
P = pressure
P =(p,,....p,) vector of pressure at mesh points
Py =(pp...p,) (8,...,8,); P depends on & and we
denote this by P(8) or (p;,....0,) (8;,...,6,)
Pr = Prandtl number, taken as Pr=0.72
Pr,  =turbulent Prandtl number, taken as Pr, =0.9
R =universal gas constant
Re = Reynolds number based on chord length
T =absolute temperature
U =velocity
4,0  =Cartesian perturbation velocities of the inviscid flow
u,v  =components of velocity of the boundary layer in x
and y directions, respectively
X,y =coordinates along and normal to airfoil and wake’s
centerline, respectively
X,Y =Cartesian coordinates
Y =transonic lateral coordinates, =6/ Y
¥ =ratio of specific heats
8, =thickness ratio of airfoil
. . *® pu
] =displacement thickness S (1 - —)dy
0 Pl
6 =(4;,...,6,) vector of displacement thickness at mesh
points
€ = kinematic eddy viscosity
€ =kinematic eddy conductivity
@ =viscosity

Received Dec. 22, 1978; revision received Oct. 17, 1980. Copyright
© American Institute of Aeronautics and Astronautics, Inc., 1980.
All rights reserved.

*Graduate Student, Amelia Earhart Fellow, 1977/78; Department
of Aeronautical Engineering.

tProfessor, Lady Davis Chair in Experimental Aerodynamics;
Department of Aeronautical Engineering. Associate Fellow AIAA.

545

v =kinematic viscosity

&y = dummy integration variable

P =density

T =shear stress

¢ = perturbation potential

¥ = streamfunction

w =relaxation parameter

Superscripts

)] =iteration number

O) =time average value

()’ =differentiation

(7) =nondimensional value

() =particular value

Subscripts

B =boundary-layer value

c = centerline of the wake

e =outer edge of the boundary layer

ex =external inviscid flow value

i =mesh points index in x direction
=index of transition point from the direct boundary-

layer method to the inverse method

n =number of boundary layer mesh points in x direction

w =wall value

oo =freestream value

0 =reference value

Introduction

APID progress has been made in recent years in the

development of computational methods for inviscid
transonic flows over two-dimensional airfoils. The results
obtained by these methods differ from experimental data near
the shock-wave location, especially for low Reynolds numbers
as well as for airfoils at high lift coefficients. The predicted
shock-wave location is too far downstream and its strength is
too high. These differences are caused by viscous effects near
the surface of the airfoil. If the shock wave is strong enough,
separated flow occurs in the rear portion of the airfoil and in
its wake, and the viscous layer thickens rapidly.

The external transonic inviscid flowfield, which is governed
by mixed elliptic and hyperbolic partial differential equations,
depends strongly on the boundary condition over the rear
portion of the airfoil and its wake. This boundary condition
simultaneously must satisfy the inviscid flow and the
boundary-layer boundary-value problems.
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The conventional inviscid/boundary-layer matching
procedure to determine this boundary condition is divergent
when separation occurs, since the boundary-layer solution
with prescribed pressure distribution boundary condition is
singular at the separation point, giving there a displacement
thickness with an infinite slope. However, the solution of the
boundary layer is regular at separation, when the
displacement thickness is prescribed as a boundary condition.
This was first demonstrated by Catherall and Mangler! and
later by Carter,2 Carter and Wornom,? Williams,4 and
Cebeci.’ Similarly, regular solutions at separation can be

- obtained by prescribing the transverse component of velocity
at the boundary-layer edge, as was shown by Klineberg and
Steger® and by Tai’; or by prescribing the skin friction, as
was demonstrated by Kuhn and Nielsen,® Klineberg and
Steger,? Horton, !° and Carter. 2

The use of inverse boundary-layer methods in conjunction
with integral techniques for computation of separated
viscous-inviscid interaction at transonic speeds is presented by
Klineberg and Steger,® Kuhn and Nielsen,® Tai,” and
Theide. !! The present investigation presents a new method for
the computation of separated viscous-inviscid interactions at
transonic speeds. This method is based on the coupling of the
direct and inverse finite-difference boundary-layer procedures
with the finite-difference solution of the small disturbance
equations of the transonic inviscid flow.

Inviscid Flow
The external transonic flowfield is considered to be
irrotational and is approximated by the small disturbance
theory for slender airfoils.
By introducing a velocity potential function ¢ defined by
i=¢y; U=¢y, the basic transonic equation can be written as

K= (v+1)dxldxx+b9p=0 M

where K=(1-M 2)/8213, &, is the airfoil thickness ratio and

Yis a scaled coordinate Y=46//3Y.

A “‘displacement body”’ concept is employed for the
determination of the inviscid edge, according to which the
influence of the boundary layer on the inviscid stream is
modeled as inviscid flow on the surface formed by adding the
displacement thickness to the original surface geometry.

The boundary conditions of tangent flow are applied in the
plane of the wing Y =0. The conditions are

$3(X,0)=0 X< -1
=(F(X)+5(X)) —-1<X<lI
5,
J’;X) X>1 @

where the body shape is given by Y=§,F(X), 1XI<]1, and
8(X) is the displacement thickness.

The far-field analytical solution is used as a boundary
condition and is given by

X0 =( ! ) Y & 3
o(XY)= 27K% ) X2 4KY? T

where the doublet strength D is

D=2S_+;F(g)dg+zrl (é—(ﬁ)d£+7—+1 S Sj: #2dtdy

5, 2
)

This set of equations with the corresponding boundary
conditions is solved by a computer program originally

AIAA JOURNAL

developed by Murman and Cole!? and later modified to its
conservative form by Murman.!3 The program uses mixed
finite-difference equations that are solved by a line relaxation
algorithm. !

Viscous Flow
The first-order boundary-layer equations are used for
describing the viscous flow region. The governing equations
for a compressible laminar or turbulent boundary layer in
coordinates parallel and normal to the surface are

Continuity:
i('11)+i('l7)*0 (5a)
ax P ay PY T a
Momentum:
_ﬁ% 55 ou_ dP 9 [ ou 'ﬂﬁ] 5b)
Plax TPy T T ax oy Py T° (
Energy
aH 0H 9 1 ou p oH -
i +pi = = (1= 5 Yo ——---H] 5
pu ox v ay Ay [ﬂ( Pr ”ay +Pr ay Y (5¢)
where ~ _
H=c,T+ ¥:4?
The boundary conditions at the wall are
4(x,0)=0; 0(x,0)=0 ‘ (6a)
oH C -
E(x,O) =0 adiabatic wall condition (6b)

The boundary conditions at the wake’s centerline (y=0;
x>1)are

3
?yli (x,0) =0; v(x,0) =0 symmetric flow conditions (7a)

Z—H (x,0) =0 symmetric flow conditions (7b)
y

the external freestream flow conditions are

—_— 8
% 0 8a)
oH _ 0 (8b)
ay

In addition it is assumed that the ideal gas state equation:
P/p=+RT, is applicable as well as the Sutherland’s law
relating viscosity to temperature.

For a turbulent flow an eddy viscosity and an eddy con-
ductivity concept is assumed

. . Ou
—puv =p€m—a—y— (93)
_ ol e, OH
—pUH =pe,—=p—2— (9b)
pe Pen dy pPr, ay

where Pr, is a turbulent Prandtl number taken as Pr, =0.90.
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The Cebeci-Smith mixing length model# has been used in
this study on the airfoil. In the wake the following eddy
viscosity model has been used:

€, =0.0011766 lus—u_l

where 6 is the displacement thickness and u; and u, are the
velocities at the edge and at the centerline of the wake,
respectively.

The set of partial-differential equations, the boundary
conditions, and a specified pressure distribution P(x) define
the ‘‘direct (boundary layer) problem.’’ If, instead of a
specified pressure distribution, the displacement thickness
distribution é(x) is specified, ‘‘the inverse (boundary layer)
problem” is defined. In the present study the boundary-layer
program was written to solve the direct problem up to a
certain x point, an input parameter, and then switched to
solve the inverse problem.

The direct problem was solved by a slight modification of
the Cebeci-Keller method.!* This method, as presented in
Ref. 14, resulted in a numerically unstable solution (for each x
point, the solution was oscillatory in the vicinity of the ex-
ternal freestream edge). The instability was removed by
reordering the coefficient matrix corresponding to the energy
equation (Ref. 19, Appendix A). The reordering apparently
caused the block dominance condition to be satisfied. 16

The inverse boundary layer problem was solved by an
extension of the Cebeci method3 for the solution of the in-
compressible inverse boundary-layer problem, to the solution
of the compressible boundary-layer problem. We introduce
the standard nondimensional coordinates y=y(Re) #/L;
X=x/L and the standard nondimensional variables denoted
by (7)), with reference values u,,p,,p,. Using the stream-
function ¢ defined by si=0y/dy,; pi= —ay/dx, we get the
equations:

Momentum:

() EGr) - (e)

Energy:

I S (T ()

ax ax

p
B e:;P,)- }
+ 2 (e 20 E
Pr Pr, (10)
where

€

b}
N

b=p(l+e}); e =

A Is
I
= ]gml
ml
it
3t
+
N~

and ()’ is the derivative with respect to y.
The wall boundary conditions are

Y(%,0)=0;, ¢’ (X,0)=0 atthewall

Y50\ e \
~——=—— ) =0 atthe wake centerline; H’ (%,0) =0 (11a)

B(X,0)
The external boundary conditions are
V(X,7,) =pt,[F,— (Re) */L3(X)]
V' (X5, =b,i1,; H (%7,)=0 (11b)

Equations (10) and boundary conditions Eqs. (11) are
transformed to a set of first-order differential equations and
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then solved by the finite-difference box method of Cebeci and
Keller, 14 with a nonuniform geometric net spacing. The initial
values at the first station are supplied by the direct problem
solution and the initial values at the other stations are taken as
a linear extrapolation of the values of two preceding x
stations. (This is a modification of the method in Ref. 14.)
The inverse boundary-layer method is described in detail in
Ref. 15.

In order to remove the well-known instability encountered
in solving the boundary-layer equations in the direction
opposite to the local flow direction, the approximation first
introduced by Reyhner and Fligge-Lotz!” is used. The
streamwise convection terms pu(du/dx) and pu(3H/dx) are
neglected in the reverse flow region.

Numerical difficulties appeared in imposing discontinuous
surface boundary conditions at the trailing edge: the solution
of the boundary-layer equations did not converge with the
wake centerline boundary conditions imposed directly at the
first wake x station. In order to remove this difficulty the
passage from the airfoil to the wake is done by a two-step
method: 1) the boundary-layer equations are first solved at
the initial wake station with wall boundary conditions

oH
u(x,0)=0; v(x,0)=0; Fy—(x,0)=0

and 2) the solution obtained in step 1 is used as an initial value
for the solution of the boundary layer equations with the
correct boundary conditions

a oH
M (%0)=0; v(x,0)=0; 2 (%0)=0
ay ay

The first-order boundary-layer equations are proper for
describing the viscous flow region for laminar flows. 1% For
turbulent flows, however, studies of Melnik and Chow?20
show that normal pressure gradients across the boundary
layer are important near the trailing edge and must be retained
in a consistent description of the flow there. Melnik and
Chow?! have found that for turbulent flows over lifting
airfoils, the first-order boundary-layer equations ap-
proximation accounts for only about 50% of the viscous
effect on lift. The remaining contribution arising from
normal pressure gradients near the trailing edge, due to
surface and wake curvature. Unfortunately, the Melnik-Chow
theory applies only to cusped trailing edges and no
corresponding theory is available for the wedged shaped
trailing edges considered in the present work. However, the
present investigation is aimed primarily at demonstrating the
applicability of the new interaction matching method for
separated flows, and therefore, the effect of the normal
pressure gradients has been neglected. The effect of the
normal pressure gradient should be included in further
development of this calculation method.

Viscous-Inviscid Interaction

In calculating the viscous-inviscid interaction, it is assumed
that the effect of the boundary layer on the external inviscid
flow can be approximated by adding the displacement
thickness to the airfoil surface geometry, and computing the
inviscid flow over that body. The external inviscid flow
solution provides a pressure distribution P, (x) that is related
to the displacement thickness distribution 8(x) by a func-
tional relation

Py (x) =P, (3(x)) (12

The classical approach of calculating viscous inviscid in-
teractions is to compute the boundary layer for a prescribed
pressure distribution. This approach cannot be used for flows
with separated flow regions because the solution of the
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boundary-layer equations for a given pressure distribution is
singular at the separation point and the computation cannot
proceed beyond this point. However, it is possible to compute
boundary layers with separated flow regions when the
displacement thickness is prescribed in advance. The pressure
distribution in this case is determined directly as a part of the
boundary-layer solution.

The following functional relation between the boundary-
layer pressure distribution Pg(x) and the displacement
thickness distribution & (x) holds:

Pp(x)=Pglé(x)] 3)

The matching problem is to find a particular 6*(x) that
satisfies the equation

Py (8% (x)) =P (8% (x)) (14

Therefore, a particular vector 6*=(6},63,...,6%) must be
found such that the vectors

Py=(Pg,;,Pg;,....Pp,) (8],83,...,67)
and
Py = (Poy Py 5rsPen) (87,83...,8%)
satisfy the relation
P, =Py, for i=12,..,n (15)

Although the problem is rather complicated, a two-
dimensional simplified picture can be used to visualize the
problem, as suggested by Brune et al.,? and illustrated ‘in
Figs. 1 and 2.

The new matching technique couples the direct and inverse
finite-difference boundary-layer procedures with the finite-
difference inviscid transonic flow solution and iterates them
to convergence. The matching procedure is based on the
assumption that the relation between P, (x) and §(x) and

P4 P,(d) Py (D)

DESIRED
<« INTERSECTION
POINT

I
|
1
I
|
|

[l i >
578§, ., (w=05) S

Fig.1 The relaxation method in the forward portion of the airfoil.

INTERSECTION
POINT OF

PVS §_s™
LINEAR

LINES

DESIRED
NTERSECTION |
POINT |

6* 5(2) 6(1) 5
Fig. 2 The relaxation method in the rear portion of the airfoil and
beyond.
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between P4z (x) and 6(x) is two dimensional, i.e., for each i,
P, ; depends only on §; (and not on §,, j#i) and Py, depends
only on §;.

This iterative procedure consists of the following steps:

1) Select an initial value 69 (x) and compute the inviscid
pressure distribution P} (x) for a given displacement
thickness distribution 8.7 (x) where 8§ (x) =6 (x). The
result of this step is the set of points 8{); P{)),_,, , repre-
sented by point 1 in Figs. 1 and 2.

2) On the forward portion of the airfoil, up to a certain x
station, solve the direct boundary-layer problem for the
preceding pressure distribution — P§?> boundary condition,
and compute the corresponding displacement thickness
distribution 8" (x). From that point on, solve the inverse
boundary-layer problem for a given displacement thickness
distribution 8§ (x), where 8§ (x) =6 (x) and obtain the
corresponding pressure distribution P§) (x). The result of
this step are the following sets of points:

O4% P& iz1z,.0- 1 (pOInt 2 on Fig. 1)
O PED) icgers
3) and 4) Repeat steps 1 and 2 for some other displacement

thickness distribution & (x). The result of these steps are
the following sets of points:

. (point 2 on Fig. 2)

.....

(88, P{2) i1 ,...n (point 4 on Figs. 1 and 2)

ex, i * ex,l

042 P& ;_1 . s (point 3 on Fig. 1)

ex,i

O P4 y1...n (point 3 on Fig. 2)

ex,i*

5) A new displacement thickness distribution &, is ob-
tained in the following way: In the forward portion of the
airfoil 8., is taken as

new,i =W+ (1~ w)8§2) for i=1,2,...,0—1

where w is a relaxation parameter (see Fig. 1). In the rear
portion of the airfoil and in the wake 8, is taken as

Opew,1 = WO+ (I —w)8§? for i=4f+1,...,n

where {67} ,_,,,, ., are the intersection points of the pressure
vs 8 linear lines, as is shown in Fig. 2; i.e., the intersection of
the linear line that passes through

(BULPD); (8P

ex,i* % ex,l ex, 4 ex,i
with the linear line that passes through

BPEN; (8 P, for i=g0+1,...,n

The process is recycled by replacing 6 @ by é,., and going
back to step 3 while 87 is held fixed. This process continues
until convergence is obtained; at every point on the forward
portion of the airfoil, 8§ differs from 8’ by less than a
specified tolerance, and at every point on the rear portion of
the airfoil and the wake PP differs from P2 by less than
some other specified tolerance.

The relaxation parameter w is chosen small enough to
prevent oscillations. It was found that its value depends on the
interaction strength; the stronger the interaction, the smaller
is the required value of the relaxation parameter. The present
method requires two initial-guess functions §() and 62,
These are selected following the suggestion of Werle and
Davis,?* as the corresponding displacement thickness
distribution of two lower heights of the profile, well below the
value at which separation occurs.

At first an alternate procedure was examined; steps 1-5
were the same but the recycling procedure continued by
replacing 6P by 6@ and 8@ by §,.,. This procedure ex-
perienced severe convergence problems. The displacement
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Fig.3 a) Pressure distributions of the convergence procedure; and b)
displacement thickness distributions of the convergence procedure.

thickness distribution tended after several iterations to
oscillate or even to diverge, and the pressure distribution of
the external inviscid flow tended after several iterations to
oscillate with the oscillations range increasing with the
iteration number. These difficulties were corrected by the
present procedure; namely, one of the displacement thickness
distributions is held fixed, while the second, latest found
displacement thickness distribution is replaced after each
cycle by the new approximation. This modification prevents
oscillations related to using two successive displacement
thickness distributions with incorrect, opposite in direction
local curvatures, to get a new approximation. It also prevents
possible oscillations or divergence due to the fact that the
matching problem is not a two-dimensional one, as assumed
by using a two-dimensional P—§ relation. Improving the
convergence at one station can worsen the convergence at
some other station, thus causing oscillations or even
divergence.

The switch point from the direct method to the inverse
method is placed between the point of minimum pressure and
the separation point. The discontinuity in the displacement
thickness distribution that occurs at the interface between the
direct and the inverse regions does not cause any difficulty.
This discontinuity is corrected through the updating
procedure and it disappears as the procedure continues.

When there is a shock wave, the shock wave is spread over
several mesh points.!? For turbulent flows the iteration
procedure was applied through the shock wave without any
difficulty. However, for laminar flows some difficulty ap-
peared in the initial cycles; the two displacement thickness
distributions did not give a good resolution of the dependence
of the pressure on the displacement thickness near the base of
the shock wave. In order to overcome this difficulty, the
forward updated displacement thickness distribution was
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Fig. 4 a) Pressure coefficient distributions; and b) displacement
thickness and skin friction coefficient distributions.

joined in the initial cycles, to the rear updated displacement
thickness distribution by a smooth continuation across the
shock wave. Figures 3a and 3b show the convergence
procedure as obtained for a 6% biconvex airfoil at M =0.858,
Re=2x10% and a turbulent flow.

Results and Discussion

Interaction computations with the present matching
technique were made for the test conditions of the ex-
perimental data of Collins (presented by Klineberg and
Steger ¢) and of Knechtel. ?* Calculations were also made for a
range of Mach numbers and for a range of Reynolds num-
bers, to study their effect in turbulent flows over biconvex
airfoils. Experimental data is not available at present for these
computations.

Calculations were performed for the test conditions of the
experiments of Collins® with 1) flow over a 6% biconvex
airfoil at Mach number M =0.808 and Reynolds number
Re=1.4x10% and 2) flow over a 12% biconvex airfoil at
Mach number M =0.78 and Reynolds number Re=3.6 x 104.
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Fig. 6 Effect of Mach number on pressure coefficient.

At these flow conditions of low transonic Mach numbers
and relatively high Reynolds numbers, the wake can be
assumed to be turbulent.® Therefore, calculations for these
flow conditions were performed with a turbulent modeled
wake. In order to study the effect of the wake model, the first
example was calculated also with a laminar modeled wake.

Some difficulty appeared in trial runs of these very strong
interaction calculations; the converged displacement thickness
distribution was oscillatory at the wake region, with
maximum and minimum values following the mesh points.
This phenomena did not appear in the fully turbulent
examples that will be described later, in which the interaction
strength is comparatively weak. It was found that the location
of the peaks and the range of the oscillations depend on the
method used for computing the slope of the effective body
near the trailing edge. These oscillations were suppressed by
using an upstream derivative to compute the slope of the
effective body.

AJIAA JOURNAL

Figures 4a and 4b present the results of the pressure
coefficients, the displacement thickness and the skin friction
coefficient distributions of the 6% biconvex airfoil
calculations. Figure 4a includes also the results of Klineberg
and Steger ¢ who used an integral boundary-layer method for
their calculations. It can be seen that our calculated pressure
coefficient is in reasonable agreement with the experimental
results. The experimental results are found to be somewhat
closer to our laminar modeled wake calculation than the
turbulent modeled wake calculation. The separation point of
the turbulent wake approximation coincides with the ex-
perimental data, while the reattachment point of the turbulent
modeled wake computation is somewhat behind the measured
reattachment position. Our results are in better agreement
with the experimental data than those obtained by Klineberg
and Steger. 6 This figure indicates also the upstream influence
that exists in subsonic flows.

Figure 5 presents the results of the 12% biconvex airfoil
example. These results indicate that the pressure coefficient
obtained by the present calculations is somewhat low in
comparison with the experimental data, but it is in good
qualitative agreement. The position of the separation is
predicted reasonably well but, contrary to the experimental
results, the whole wake is predicted to remain separated. The
numerical procedure converged to this solution and no at-
tempt was made here to study the effect of a finer mesh. There
are several possible reasons for these results: 1) The simple
turbulence model used in the wake could be inadequate. 2)
The transition point could be incorrect. Moving the transition
point somewhat upstream would probably improve the results
as obtained in the previous example. 3) The transonic small
perturbation equations are an inaccurate approximation for a
12% thick airfoil. 4) The boundary-layer equations should be
modified when there is a large region with reverse flow.

These computations required the use of an under-relaxation
parameter, ranging between 0.1-0.25, in the iterative com-
putations. The calculations were made with 78 X30 mesh
points in the inviscid flowfield and 64 mesh points in the
streamwise direction, in the boundary layer computation. As
an indication of the computer time, convergence was obtained
in the 6% biconvex airfoil example with the turbulent wake
approximation, using an under-relaxation parameter w=0.25
after 44 iterations, requiring about 11 min CPU time on a
AMDAHL computer.

The experimental test conditions of Knechtel?* are flow
over a 6% biconvex airfoil at Mach number M =0.858 and
Reynolds number Re=2x106. At these flow conditions of
high Reynolds number and low, transonic Mach number the
flow appears to be turbulent. Therefore, calculations for this
example, as well as for the following computation, were made
with a turbulent boundary layer. The transition point in these
calculations were taken as x=0.4. The result of this
calculation is presented by one of the graphs of Fig. 6. As
observed from this graph, the calculated pressure coefficient
is in good agreement with the experimental data, although it is
somewhat high near the shock wave location. This may be
attributed to the fact that the normal pressure gradients are
neglected in these calculations.

The effect of Mach number is presented in Fig. 6. These
computations were made for flow over a 6% biconvex airfoil
at Reynolds number Re=2x 10¢ with a turbulent boundary
layer at Mach number M =0.858, 0.88, and 0.89. As observed
from these results, the effect of the boundary layer on the
inviscid flow solution is to reduce the pressure gradients near
the trailing edge, to move the shock wave position somewhat
upstream, to reduce its strength and to smooth its base. These
effects become stronger as the Mach number is increased.
These trends are in agreement with known experimental data.

Figures 7a and 7b present the effect of Reynolds number as
obtained for a 6% biconvex airfoil at Mach number M =0.87
with a turbulent boundary layer, for Reynolds numbers
Re=1x106; 2x106; 4x10% and 8 x 10%. As the Reynolds



MAY 1981
Cp 6% BICONVEX
- 060 INVISCID M 0.87
~ ——Rexs, 0"
_______ © 08
- 2%
-0.40} /;,_“ e
-0.20
000 e 1 | i1 i " L 1
0. 0.25 050 0.7 1.00 1.25 - 75 2.00 225 X
0.20
0.40
060
a)
-
x10

0.56 -

0.48 |

6% BICONVEX

000 0.25 0.50 0.75 1.00 1.25 150 . 1.7% 200 225 X

b)

Fig. 7 a) Effect of Reynolds number on pressure coefficients; and b)
effect of Reynolds number on displacement thickness distribution.

S x10° w=10
0.44 w =07
- w 05
0.40
- w=025 6% BICONVEX
036 M= 0.858
Re= 2.-108
0.32 o
0.28
a).
0.24
0.2 - ‘ . ‘
a) 020 3 6 9 12 15 [TERATION NUMBER,

6 °% BICONVEX

M = 0858
Re= 2. - 108
w =1

b).

0 Il 1 L L

L
b) O 3 6 9 12 15 ITERATION NUMBER,!

Fig. 8 Convergence of the displacement thickness calculation: a) at
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number decreases, the displacement thickness distribution
becomes thicker, and the interaction strength on the inviscid
pressure coefficient increases, although the effect of change in
Reynolds number for turbulent boundary layers is quite
small. These results are in accordance with experimental data
of Ackeret et al. 2 and of Holder. 26

These turbulent flow calculations, where the interaction
strength is weak, were run with a relaxation parameter w=1.
The calculations converged in about 8-11 iterations, requiring
about 5-7 min CPU computer time on a AMDAHL 470
computer.

Figure 8a presents the convergence of the displacement
thickness at different locations as obtained from the
calculation for the 6% biconvex airfoil at Mach number
M=0.858, Reynolds number Re=2x 106, and a turbulent
boundary layer, with a relaxation parameter w=1. Figure 8b
presents the convergence of the displacement thickness at x =1
for different relaxation parameters. These results were ob-
tained for a 6% biconvex airfoil, Mach number M =0.858,
Reynolds number Re=2Xx 106 with a turbulent boundary
layer. As observed from this figure, the convergence rate
increases quickly as the relaxation parameter is increased, but
it must be chosen small enough to prevent oscillations.

Concluding Remarks

A simple, powerful method for matching the external
inviscid flow with a separated boundary layer has been
presented. This method has been applied to the calculation of
the interaction at transonic flow over a symmetric, biconvex
airfoil, at zero angle of attack, with a laminar, transitional, or
turbulent boundary layer. Comparison of some of the results
with available experimental data shows quite good agreement.

The method can be extended to include normal pressure
gradients across the boundary layer in the case of turbulent
flows and probably can also be applied to the lifting airfoil
problem. Further research is required to investigate the effect
of the mesh spacing refinement near the trailing edge and the
effect of an approximate correction to the boundary-layer
equations at the trailing edge of airfoils having a small
trailing-edge angle.
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and viscous-inviscid interaction are discussed as variations on the baseline case.
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