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An Inverse Boundary-Layer Method for Compressible
Laminar and Turbulent Boundary Layers

Tuncer Cebeci*
California State University, Long Beach, Calif.

This paper presents an efficient two-point finite-difference method for solving the compressible laminar and
turbulent boundary-layer equations for a given external velocity distribution (standard problem) as well as an ef-
ficient method for solving the same equations for a prescribed positive wall shear or displacement thickness (in-
verse problem). In the equations the Reynolds stress terms are modeled by using the eddy-diffusivity formulas
developed by Cebeci and Smith. The accuracy of the method is investigated for both incompressible and com-
pressible turbulent flows.
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Nomenclature
Van Driest damping length parameter
local skin-friction coefficient
viscosity-density parameter
dimensionless stream function
u/ue
dimensionless total-enthalpy ratio, H/He
specific enthalpy
total enthalpy, or shape factor, 6*/0, wherever ap-
plicable
variable grid parameter
modified mixing length
Mach number
pressure
dimensionless pressure-gradient parameter
Prandtl number
turbulent Prandtl number
Reynolds number, uex/ve
Reynolds number, ue6/ve
velocity components in the x- and ^-directions,
respectively
friction velocity ( r w / p w ) V 2

Cartesian coordinates
parameter in the outer eddy viscosity formula, see
Eq.(7b)
boundary-layer thickness

displacement thickness I
J o

[1 - (pu/peue ) ]dy

eddy viscosity and eddy conductivity, respectively
dimensionless eddy viscosity and eddy con-
ductivity, respectively
transformed ^-coordinate
transformed boundary-layer thickness

= momentum thickness, I (pu/peue) [1 - (u/ue) ]dy
J o

= Von Karman's constant
= dynamic viscosity
= kinematic viscosity
= density
= shear stress
= stream function
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Subscripts
e = outer edge of boundary layer
w =wall
oo = freestream conditons
( )' = differentiation with respect to 77

I. Introduction

SSTUDIES in separating boundary layers leading to
accurate methods for predicting flow separation, flows on

the verge of separation, separating and reattaching flows, and
fully separated flows find a large number of applications in
aerodynamic problems and in the design of airplanes for both
commercial and military applications. For example, an ac-
curate determination of the separation point is very crucial in
many problems since separation strongly influences the per-
formance of the flow configuration under consideration. A
common procedure employed to determine this point is to
solve the governing boundary-layer equations for a given ex-
ternal velocity distribution and find the point (if any) where
the wall shear goes to zero. According to recent studies (e.g.,
Ref. 1), such a prediction can be done accurately for two-
dimensional and axisymmetric laminar and turbulent flows.
Such a capability should also exist shortly for three-
dimensional flows in view of the considerable work being
done in this area (see, for example, Refs. 2-4).

Predicting flows on the verge of separation (that is, flows
with zero wall shear) is quite important in many problems. In
the case of airfoils, where it is desired to maximize the lift, it is
necessary to compute the minimum distance over which a
given pressure rise can be obtained without the flow
separating. The most rapid pressure rise that it is possible to
obtain occurs when the wall shear stress along the suction side
of the airfoil approaches and is maintained near zero.
Therefore, it is of considerable interest to be able to calculate
boundary layers with specified values for the wall shear that
also decrease to zero. The Liebeck airfoils discussed in Refs. 5
and 6 are designed on that principle.

Prediction of partially separating flows is one of the most
difficult, yet rewarding tasks in aerodynamic problems. An
economic and efficient operation of aerodynamic devices
depends on smooth, streamlined flow. The upper limit of this
efficient operating range is marked by the flow breakaway,
called separation, or stall. This ideal condition is seldom at-
tained in practice, since a design in a series of compromises
between conflicting requirements. As a specific example, con-
sider an airplane wing whose maximum lift is determined by
separation. If this wing were designed from the performance
standpoint alone, simultaneous spanwise stall would be
desirable. However, because nobody wants to stall without
lateral control (this is done by ailerons), wings are designed to
have progressive stall from the wing root out. Operating with
partially separated wings, especially for swept wings, creates,
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in turn, longitudinal control problems because of shifts in the
. center of pressure. From the standpoint of design of control
surfaces it is necessary to have methods for calculating overall
forces on wings with partial separation. Today such a
capability for calculating partially separating flows, even in
two dimensions, does not exist.

Prediction of separating and reattaching flows is also very
important. Two typical examples of such flows are a leading
edge bubble and shock boundary-layer interaction. In both
cases the boundary layer is temporarily separated from the
surface but reattached a short distance afterward. Here it is
important to determine under what conditions the boundary
layer reattaches or separates completely. The reattachment af-
ter a leading edge bubble on highly swept wings is relative to
the leading edge vortex formation, and the absence of reat-
tachment after a shock signifies shock stall. Today a satisfac-
tory prediction of separating and reattaching flows, even for
two dimensions, again does not exist.

In recent years a number of studies on inverse boundary-
layer flows have been conducted. Except for the integral-
method approaches, most of these studies have been directed
to laminar layers. Catherall and Mangier solved the laminar
boundary-layer equations in the usual way7 until the
separation point was approached. By assuming that the
displacement thickness behaves in a regular prescribed
fashion in the region of the separation point, they calculated
the pressure distribution in that region for the prescribed
displacement thickness distribution. Their numerical
solutions did not show any signs of a singular behavior at
separation.

Keller and Cebeci8 solved the laminar boundary-layer
equations for a prescribed positive wall shear and, Klineberg
and Steger9 solved them for a prescribed negative wall shear.
Carter10 presented numerical solutions for the laminar boun-
dary-layer equations involving separation and reattachment.
He obtained solutions with an inverse procedure in which he
prescribed the displacement thickness or the wall shear. He
compared his results with Klineberg and Steger's separated
boundary-layer calculations9 and with Briley's solution11 of
the Navier-Stokes equations for a separated region.

Cebeci, Berkant, Silivri, and Keller3 solved the turbulent
boundary layer equations for a prescribed positive wall shear.
The only other turbulent boundary-layer calculations for
flows with prescribed wall shear were made by Kuhn and
Nielsen,13 by using an integral technique. However, unlike
Ref. 12, their solutions also included negative as well as
positive wall shear.

The method described in this paper is the first on the
solution of compressible laminar and turbulent boundary
layers with a prescribed positive wall shear. It provides a
useful and powerful method for calculating flows on the verge
of separating. It also provides a first step in calculating com-
pressible boundary layers for separating and reattaching
flows. Studies are currently being conducted to extend this
method for flows with prescribed negative wall shear or with
prescribed displacement thickness with flow separation.

II. Governing Equations
The governing boundary-layer equations for steady, two-

dimensional, compressible, laminar and turbulent boundary
layers are the continuity, momentum, and energy equations.
These equations and their boundary conditions (for zero mass
transfer) are:

Energy

Continuity

Momentum

— (pu)
dx

d _— (pv)=0
dy

du __du dp d [ du ——~|
DU— +OV —— = — — + — M— —pU VP dx P dy dx dyl^dy J

(D

(2)

pUdx
—dH

}——— :
dy dy

y = 0 u,v = 0 H=HW or (dff/dy)w= given (4a)

y-oo u~ue(x) H-~He (4b)

The solution of the system given by Eqs. (l-4)_requires
closure assumptions for the Reynolds stresses, -pu'v' and-
pv'H'. Here we satisfy these requirements by using eddy-
viscosity (em) and eddy-conductivity (eH) concepts and define
them by

———— dU -TT7, 3H

-pu v =pem—-, -pv H =peH—-
oy dy

and relate ew and eH to a turbulent Prandtl number Prt by

(5)

Prt=em/eH (6)

According to the eddy-viscosity formulation of Cebeci and
Smith,14, the turbulent boundary layer is divided into two
regions, called inner and outer regions, and eddy-viscosity
formulas are defined by separate formulas in each region.
They are (for no mass transfer)

du

'-IE (ue-u)dy

(7a)

' (7b)

Here

= Ky[l-Qxp(-y/A)]

N

N= [l-

P+=J

(Pe/PW)2P+] 1

u3
T dx * (8)

In Eqs. (7b) and (8) a, K, and A + are "universal" constants
equal to 0.0168, 0.40, and 26, respectively, for high Reynolds
number flows, Re > 5000. To compute flows at low Reynolds
numbers, one can modify them as discussed in Ref. 14. The
eddy-viscosity formulas, Eqs. (7) can also be modified to
compute transitional boundary layers as well as boundary
layers in which the streamwise wall curvature becomes im-
portant. Again for a detailed discussion see Ref. 14.

III. Transformation of the Governing Equations
Before we solve the system given by Eqs. (1-4) with the

Reynolds stresses replaced by Eq. (5), we introduce the
Falkner-Skan transformation in order to remove the
singularity at x - 0 and to stretch the coordinates in the x- and
^-directions; that is

u \l

——)
0*U~X/

(9)

We also define a dimensionless stream function/^,??) by

00)
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Here \l/ is the usual definition of stream function that satisfies
the continuity equation. With the relations in Eqs. (9) and
(10), we can write the momentum and energy equations as

Momentum

The system given by Eqs. (11), (12), (14), (15), and (18) is
overdetermined, and we cannot specify P2(x) (i.e., u e ( x ) )
arbitrarily. Rather we must determine P2 (x) as well as f(x,77)
to solve the system. In the case of specified 6*, we replace
Eq. (18) with the transformed form of Eq. (17); that is,

(19)

Energy

(eg'

where primes denote differentiation with respect to jj and

=- r-£i r-— TT > L~ > *~"—
He p

r-J —

...I..J.C , '-

(13a)

P'-2 pe/j,e
x due

(13b)

(13c)

Similarly the boundary conditions in Eq. (4) become

Momentum

f=0 f=0

Energy

g=8w or g'w = given

17=00

(14a)

(14b)

(15a)

(15b)

In terms of transformed variables, the inner and outer eddy
viscosity formulas can also be transformed, as is discussed in
Ref. 15.

IV. Standard and Inverse Problems
The system given by Eqs. (11), (12), (14), and (15) with

specified ue (x) or P2 (x) is the typical two-dimensional boun-
dary-layer problem for laminar and turbulent flows. For con-
venience we shall call it the standard problem.

There are a number of problems that require inverse
procedures in viscous flows. One type of inverse problem
results from requiring that the local skin-friction coefficient
Cf defined by

be specified. Another type of inverse problem results from
requiring that the displacement thickness defined by

(17)

be specified. Other inverse problems can be formulated as
discussed in Ref. 15.

Let us consider the case in which cy is specified, and write
Eq. (16) in terms of transformed variables

(18)

V. Newton's Method for the Inverse Problem
To describe our numerical approach to the problem for the

specified cy case, let us assume that at x=xn_j we are given
the profiles of/, /', /", g, g', the velocity gradient P2 (xn _ 1 ) ,
and the velocity ue(xn_1). At *=*„ we seek an accurate ap-
proximation to the solution of Eqs. (11) and (12) subject to
Eqs. (14) and (15) for a given cy(jc). To start the calculations,
it is necessary to know P2(x) and ue(x). The latter is
necessary since Rx is a function of ue. In our method we
assume P2 (x) and calculate ue (x) from the definition of
P2 (x) in Eq. (13c). Using central differences we approximate
P2 and solve it for u" = ue (xn) to get

P"2-1/2-2an
(20)

where

Xn-n-1/2

Xn —Xn^j

Xn-l/2— "I (Xn (21)

Once P2 (x) and ue (x) are known, then the standard problem
Eqs. (11) and (12) subject to Eqs. (14) and (15), can be solved.
The numerical method used to do this will be described in Sec.
VI. Let us denote the solution of the standard problem by

f(x,ij)=l3[x,ii,P2(x)] (22)

Using this solution, we can now calculate cy (which we shall
denote by cfc) from Eq. (18). Recalling that the desired value
for the skin-friction coefficient is cf (x), we form:

<t>[P2(x)]=cfc-cf (23)

and seek P2 (x) such that <£ [P2 (x) ] = 0 for x> 0.
To solve <j>[P2(x)] =0, we use Newton's method. With

some estimate P2
0) (x) of the desired pressure gradient, we

define the sequence Pj") (x) by setting

Pv
2
+1(x)=P*2(x)- (24)

The derivative of <t> with respect to P2 can be obtained from
Eq. (23) by making use of the relation given by Eqs. (18) and
(20). This gives

2an

(P"2-"2-2<xn)2

where

(25)

(26)

To summarize one step of iteration of Newton's method, we
first estimate a value for P2 (xn), then calculate u" from Eq.
(20), and obtain a solution of Eqs. (11) and (12) subject to
Eqs. (14) and (15). The solution yields a c/c

v) according to Eq.
(18). From this result and from the desired value c f ( x n ) , we
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find 0 from Eq. (23). It is then clear that the next value of
P2(xn)[**P¥+1\(xn).] can be calculated from Eq. (24),
provided that d<t>/dP2 is known. (We shall discuss its
calculation later.) The iteration process is repeated until

(27)

where y7 is a small error tolerance.
Our procedure for the specified 6* case is similar to the

procedure for the specified cy case. The difference in the
procedure starts after we get the solution denoted by Eq. (22).
Denoting the calculated value of 6* by 5*, and the desired
value by 6*, we form

U' =V

(bv)' +PIfv+P2(c-u2) =xu -

(34b)

(34c)

(34d)

(34e)

On the net rectangle shown in Fig. 1 , we denote the net points
by

(28)

We obtain PV
2

+1 (x) from the expression given by Eq. (24). To
find the derivative of </> with respect to P2 from Eq. (28), we
first write Eq. (19) as

where

i f (c-u)drj
JO

(29)

(30)

Differentiating Eq. (29) with respect to P2 and using Eq. (28),
we get

1 ' ^L « — r — _^ — a*dP~2 "Vl^Lap^ "2 ~u~" dP~2

From Eqs. (20) and (30) it follows that

fae___ n-l ^n
„ _ —— Up . _ „ i / i / 1 \

dA

whereF=a//aP2.

(32)

(33)

VI. Solution of the Governing Equations for
the Standard Problem

We use a very efficient and accurate numerical method to
solve the governing equations. This is a two-point finite dif-
ference method developed by H. B. Keller16 and applied to
the boundary-layer equations by Keller and Cebeci (see, for
example, Refs. 17 and 18).

According to this method we introduce new dependent
variables u (x,rj), v(x,r]), t ( x , y ) so that Eqs. (11) and (12) can
be written as a first-order system

f'=u (34a)

Fig. 1 Net rectangle for difference approximations.

r?0 = 0, r)j = 7ij_}+hj, j=l,2,...,J: rij = rjQO (35)

The difference equations that are to approximate Eqs. (34) are
formulated by considering one mesh rectangle, as in Fig. 1.
We approximate Eqs. (34a,b,c) using centered difference
quotients and average about the midpoint (xnfrjj_I/2) of the
segment P]P2 as follows

h-1 f fn fn \ _ t.n"J (Jj—Jj-i)-Uj- 1/2 (36a)

(36b)

(36c)

Similarly Eqs. (34d,e) are approximated by centering about
the midpoint (^-7/2,^-7/2 ) of the rectangle P}P2P3P4

1 (bffl-b^vj-,) + (Pn,+ctn)(fv)*- -I/2

(36d)

j-1/2

rn-1
j-1/2 (36e)

where

(37a)

-2 [ (duv) ' / _7-7/2

(37b)

Equations (36) are imposed for 7= 1,2,..., J. The boundary
conditions, Eqs. (14) and (15), yield, at x=xn

f"o = or /g = "j = l (38)

If we assume (f]-1, unj~l ', vj~}, g1]-1, I1]'1) to be known for
0<y<y, then Eqs. (36) for l<j<J and the boundary con-
ditions Eq. (38) yield a nonlinear algebraic system of 5.7+5
equations in as many unknowns (/", u], v", g", t") . We use
Newton's method to linearize the resulting system. The linear
system is then solved by the block elimination method
discussed by Isaacson and Keller. 19 For details, the reader is
referred to Ref. 15.
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X = 3.32 M

25

12

10

R0XI03

o / ——— STANDARD METHOD
° ° O DATA OF LEWIS ET AL

x ( i n )
20 25

Fig. 2 Comparison of calculated and experimental results for the ex-
perimental data of Lewis et al. a) Velocity profiles and external Mach
number distribution, b) Local skin-friction coefficient cf and
Reynolds number, Rft distribution.

VII. Solution of the Governing Equations for the
Inverse Problem

In order to calculate d<})/dP2 in Eq. (25) or Eq. (31) it is
necessary to know F^ for the specified Cf case or F(i700) [ =
df/BP2(rj00)] for the specified 6* case. For this reason we
take the derivative of Eqs. (36) with respect to P2. This leads
to the following linear difference equations, known as the
variational equations for Eqs. (36)

h~* ( F f - F ^ j ) . = (/?_ 7/2 (39a)

j - l ) = V /_ 7/2

j - l ) =1 j-l/2

(39b)

(39c)

DATA OF LUDWIEG
AND TILLMANN (1300)

Y (CM).

1 2 3
b) Y (IN.)

Fig. 3 Comparison of calculated and experimental results for the
flow 1300. a) Velocity profiles and external velocity distribution,
b) Velocity profiles and local skin-friction-coefficient distribution.

--Vj-112

(39d)
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X = 6.24

H 2.0

1.0

U
U~

—— INVERSE METHOD
O DATA OF STRATFORD

(5300)

0 1

3.0

H 2.0

1.0

O O
o o

—— INVERSE METHOD
O DATA OF STRATFORD

(5300)

x 10° 2

RQ x 10

INVERSE METHOD
DATA OF STRATFORD
(5200)

4 . 5
X(FT)

Fig. 4 Comparison of calculated and experimental results for the
flow 5200. a) Velocity profiles and external velocity distribution,
b) Shape factor, //, local skin-friction coefficient cf and Reynolds
number, Re distribution.

4 5
X(FT)

Fig. 5 Comparison of calculated and experimental results for the
flow 5300. a) Velocity profiles and external velocity distribution.
b) Shape factor, //, local skin-friction coefficient cf and Reynolds
number, R9 distribution,

-

-2

(39e)
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70

./sec)

60

ioor
O EXPERIMENT
—— INVERSE

1.0 2.0 3.0 4.0 5.0 6.0
x (ft)

R0 x 10'

1 0 2.0 3.0 4.0 5.0 6.0
'

Fig. 6 Results for flow 4400. a) External velocity and b) Reynolds
number, Re , distributions.

Similarly the boundary conditions of Eq. (38) become

or T"0 = = 0 (40)

The system in Eqs. (39) and (40) again forms a block
tridiagonal system (with 5x5 blocks) that is easily solved by
the block elimination method described by Isaacson and
Keller.19 (See also Ref. 15 for details.)

VIII. Results for Standard and Inverse Problems
While the numerical scheme employed here is a general one

in that any type of grid can be used in the rj-direction (also in
the x-direction), we have chosen a grid previously used by the
author and his associates.14 This grid has the property that
the ratio of lengths of any two adjacent intervals is a constant,
that is

hj=KhJ_1 (41)

The distance to theyth rj-line is given by the following formula

K-l j = 1,2,3,..., J K>1 (42)

There are two parameters: h]9 the length of the first Arj-step,
and K, the ratio of two successive steps. The total number of
points J are calculated by the following formula

\n[l+(K-i
In K

(43)

To test the method for the standard problem we made
calculations for the experimental data of Lewis et al.,20 which
consists of compressible adiabatic turbulent boundary layers
in adverse and favorable pressure gradients. The results are
shown in Fig. 2. The calculations were started by matching a
zero-pressure-gradient profile (#0 = 4870) at x=11.5 in.

O EXPERIMENT
—— INVERSE

1.0 5.0 9.0 13.0 17.o

O EXPERIMENT
—— INVERSE
—— STANDARD

1.0 5.0 9.0 13.0
x (ft)

17.0

Fig. 7 Results for flow 4800. a) External velocity and b) Reynolds
number, R0, distributions.

downstream of the leading edge of the model. Then the ex-
perimental Mach-number distribution shown in Fig. 2a was
used to compute the rest of the flow. In general, the calculated
velocity profiles, local skin friction, and momentum thickness
Reynolds number values are in good agreement with ex-
periment. We should point out here that the experimental
skin-friction values were obtained by Stanton tube and were
not deduced from the experimental velocity profiles.

To test our method for the inverse problem for the case of
specified cy, we made calculations for incompressible tur-
bulent boundary layers, and checked the results obtained
earlier in another study. We have chosen two experimental in-
compressible flows from the data reported at the Stanford
Conference on Computation of Turbulent Boundary
Layers.21 In that conference the flows we have considered are
known as 1300, 5200, and 5300.

Flow 1300 corresponds to an accelerating flow. The ex-
perimental data are due to Ludwieg and Tillmann. Flows 5200
and 5300 correspond to decelerating flows measured by Strat-
ford. They differ from those more common decelerating tur-
bulent flows in that they have a negligible skin friction. Thus,
they are on the verge of separating. For this reason it is a very
severe test for a numerical method and for exploring the ac-
curacy of the eddy-viscosity formulas. In the 1968 Stanford
Conference, of those that used differential methods, only one
computed 5200 and none has computed 5300. The accuracy of
computing these flows is also important in many design
problems, as was discussed in the introduction. The Liebeck
airfoils discussed in Refs. 5 and 6 are designed on these prin-
ciples.

In making these computations we have first considered the
standard problem. That is, for the given experimental velocity
distribution and for the given initial velocity profiles at x=x0,
we have computed the velocity profiles and the local skin-
friction coefficient at each specified jt-direction. Then we
made the calculations for the inverse problem. We specified
the computed local skin-friction coefficient as an additional
boundary condition at each x-station and computed the
velocity distribution by the inverse problem. We have thus
used the computed skin-friction values, rather than the ex-
perimental values, as a boundary condition. Such a procedure
is necessary because a slight error in the experimental skin-
friction coefficient will severely affect the computed velocity
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O EXPERIMENT
—— INVERSE

(ft/sec.

4.0 6.0 8.0
x (ft)

10.0 12.0

18

O EXPERIMENT
—— INVERSE

- -— STANDARD

CP

0°

5.0

3.0

2.0 4.0 6.0 8.0 10.0 12.0
x (ft)

O EXPERIMENT
—— INVERSE
--- STANDARD

2.0 4.0 6.0 8.0 10.0 12.0
x (ft)

O EXPERIMENT
—— INVERSE
-— STANDARD

cfxl(T

2.0 4.0 6.0 8.0 10.0 12.0
x (ft)

Fig. 8 Results for a separating flow experiment of Simpson and
Strickland. a) External velocity, b) Reynolds number, Re, c) Shape
factor, //, d) Local skin-friction coefficient, cf, distributions.

distribution. To discuss this point further, let us consider the
data of Stratford, both 5200 and 5300. It may be seen from
the skin-friction plots in Fig. 4b and 5b that the experimental
values of cf show scatter; in an adverse pressure gradient
flow, cf should either stay nearly constant or decrease. If one
uses the scattered values as inputs and computes the velocity
distribution, one would get slight increases and decreases in
velocity distribution with increasing and decreasing cfy respec-
tively.

The computed results in Fig. 3 for the accelerating flow
1300 show very good agreement with experimental data. This
indicates that our eddy-viscosity formulation is quite satisfac-
tory for this flow. On the other hand, the computed results in
Figs. 4 and 5 for the two decelerating, on-the-verge-of-
separating flows, 5200 and 5300, are not satisfactory at all
although the computed results at the beginning of these two
flows agree well with experiment (see the velocity profiles at
x = 2.9075 for both 5200 and 5300). This is probably due to
the effect of the strong pressure gradient suddenly imposed at
x> 3.0 or to the inaccuracy of the experimental data.

To further test our inverse method for flows with adverse
pressure gradient, we have considered three more test cases.
Of these cases, two were measured by Schubauer and
Spangenberg.21 At the 1968 Stanford Conference, these flows
were labeled as 4400 and 4800. Flow 4400 has a very strong
pressure gradient and flow 4800 has a mild pressure gradient.

Figures 6 and 7 show the results for flows 4400 and 4800.
The calculations were made first by using the standard
procedure: in this case we specified the external velocity
distribution and computed the boundary-layer parameters.
Next, the calculations were made by using the inverse
procedure: the measured displacement thickness distribution
was specified and the external velocity distribution was com-
puted along with other boundary-layer parameters.

As the results show, the agreement is very good with ex-
periment; the difference between calculated and experimental
velocity distributions is relatively small, and the boundary-
layer parameters computed with both procedures agree with
each other.

The results for flow 4400 are quite interesting, and raise
some questions about flows 5200 and 5300, since flow 4400
corresponds to a flow (like 5200 and 5300) which was on the
verge of separation (negligible wall shear). Perhaps this
disagreement between experiment and calculations is not due
to our eddy-viscosity formulation but to the inaccuracy of the
experimental data.

The third test case (see Fig. 8) we have considered
corresponds to a flow with separation. The data were recently
taken by Simpson and Strickland22 on an airfoil. Flow
separation was observed at x-10.8 ft. According to Ref. 22,
for this flow the current theoretical prediction methods do not
do well.
cases; calculations were made for the standard problem with
specified external velocity distribution and for the inverse
problem with specified displacement-thickness distribution. It
is quite interesting to note that the calculated results obtained
by the inverse procedure agree better with the experiment than
those obtained by the standard procedure.
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