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Nomenclature
CD =
Cp =
Cp -
MOO =
p =
pp =
Q =
s =
C/oo =
u, v =
up =
vn =
x,z -
x}>2 =
Z =
Z' =
A/? =
7 =

drag coefficient
friction drag coefficient
pressure coefficient
freestream Mach number
pressure
plenum chamber pressure
mass rate through porous surface
length of the porous zone
freestream velocity
perturbation velocity components
perturbation velocity in the plenum chamber
normal filtration velocity
Cartesian coordinates
limits of the porous region
airfoil ordinate
airfoil contour's slope
pressure gradient through porous surface
ratio of the specific heats

(p = perturbation potential
Poo = freestream density
a = porosity
a = nondimensional porosity factor

Introduction

THE most serious inconvenience of supercritical airfoils is
the narrowness of the optimum Mach number and

incidence range.1

In this Note, a method leading to shockless supercritical
flow around the airfoil in a broader transonic Mach number
range is proposed. As is well known, in order to reduce
blockage (see Ref. 2), the walls of the test section of a tran-
sonic wind tunnel are perforated. If the region of the airfoil
surface where the shock waves occur is perforated (see Fig. 1),
the internal cavity of the airfoil is similar to the plenum
chamber of a transonic wind-tunnel test section.

The use of porous surface airfoils has been proposed by
Carafoli,3 Rahmatulin,4 Patraulea,5 and Ventres and
Barakat,6 but all of these authors assumed that the airfoil was
thin (represented by its meanline) and calculated only the pure
subsonic or pure supersonic regimes.

The analysis undertaken in the present Note demonstrates
that the pressure jump (shock wave) intensity on thick airfoils
in the transonic regime is considerably reduced by setting up a
secondary flow through the porous surface (between the
external region and the internal cavity of the airfoil) in both
directions. Such a secondary flow is subjected to the Darcy
law, which states that the normal velocity on a porous surface
is proportional to the pressure gradient between its two sides.
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Analysis
The governing equation, which describes the flow around

the airfoil, is the well-known von Karman inviscid, small-
disturbance partial differential equation for the perturbation
potential <p,

(1)

(2)

The boundary conditions on the airfoil surface are:
1) Zero normal velocity on the solid regions

vn=0

2) Normal velocity value deduced from Darcy's law on the
porous regions

vn = aA/7 (3)

(4)

The porosity factor a is a function of the hole size and
distribution on the surface. Wire sieves or perforated plates
(see Fig. 1) may be used to insure the desired porosity. Ex-
perimental and theoretical results concerning the porosity
factor of such systems are given in the literature.5'7

Two different situations may be considered for the
secondary flow through the porous wall of the airfoil:

1) It is assumed that inside the airfoil the pressure is equal
to the static pressure of the freestream p^-ventilated cavity.
This is made possible by connecting the cavity inside the
airfoil to pw through a separate pipe. Because the airfoil's
internal cavity has an external (p^) air supply for the correct
fulfillment of the infinity flow conditions, the continuity
condition on a control surface around the airfoil requires the
existence of positive or negative source-type singularities
placed on the air foil's meanline along its porous region.

2) If no special connection is established between the in-
ternal airfoil cavity and the freestream-unventilated cavity,
the pressure inside the cavity differs from p^ and its value pp
is calculated as shown below. This cavity pressure is a result
of the mutual interaction between the external flow and the
flow inside the cavity: the fluid (air) flows in through some of
the orifices and flows out from the cavity through others in

Fig. 1 Porous airfoil: a) with perforated plate, b) with wire sieve.
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Fig. 2 Pressure distributions for Afoo=0.82 on the original solid,
porous, and equivalent solid airfoils; 0.3 maximum porosity factor
located at the trailing edge,

such a way that the global mass rate over the entire porous
region is zero, as

(5)

For both situations, in the small-disturbances theory the
boundary condition on the airfoil is written in the form,

vz=0=(U+tt)Z'+a(u-up)

where
up = 0

for situation 1, and

up = \ puads \ pads

(6)

(7)

(8)

deduced from Eq. (5), for situation 2.
Equation (1), associated with the boundary conditions [Eq.

(6)], was numerically solved with the aid of a FORTRAN
computer code SG58A, described in Ref. 8. Using an ex-
panded mesh with unequal steps, the differential operator
[Eq. (1)] was written in finite differences, and a system of
nonlinear algebraic equations in the <f>itj unknowns was ob-
tained. For the elliptic case (M<1) centered differences were
employed and for the hyperbolic case (M>1) upwind dif-
ferences.9 In order to solve the equation system with the
boundary conditions of Eq. (6), an iterative Newton-Raphson
procedure was applied.

Fig. 3 Pressure distributions for M=0.90 on the original solid,
porous, and equivalent solid airfoils; 0.5 maximum porosity factor
located at the trailing edge, pp = p <» •
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Fig. 4 Drag coefficient (without friction) variation vs M& •

With the aid of a second-order integration formula, the
pressure distribution resulting from the analysis procedure
applied to the porous airfoil was used to obtain an equivalent
solid airfoil. This new solid equivalent airfoil (see Figs. 2 and
3) was subjected to the analysis procedure. The resultant
pressure distribution was practically the same as on the
original airfoil (i.e., shockless).

Results and Conclusions
The flow over a NACA 0012 airfoil at zero incidence and

various transonic Mach numbers was numerically studied.
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Numerical experiments did show that it is better to use a
gradual variation of the porosity factor going from a=0 on
the solid region to a=amax on the maximum porosity region
of the airfoil. Thus, the following porosity distribution
function was adopted:

(9)

In order to obtain the desired pressure distribution on the
airfoil, any porosity distribution function may, in principle*
be used. This also makes the method appropriate as a design
procedure.

The graphically represented pressure distributions show
that on the porous airfoil the flow is shockless. This im-
portant feature is maintained over a quite large Mach number
domain as can be seen from the CD-CF curves plotted against
Mach number in Fig. 4 for the same porosity distribution. A
sensible increase in the Mach drag rise number is visible for
the porous airfoil, especially in the case of a ventilated cavity.
In the numerical experiments, an important fact was ob-
served: for the subcritical Mach numbers the influence of the
porosity on the pressure distribution is negligible.

These theoretical results, obtained in the small-disturbance,
steady, inviscid flow theory are promising. They must be
verified with a more complete flow model (including viscosity
effects) and especially by comparison with experimental data.
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= influence coefficients
= number of strips
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Re = Reynolds number based on velocity outside the
boundary layer

U, V =X and Y components of velocity outside the
boundary layer

u,v -X and Y components of velocity inside the
boundary layer

X, Y, Z = coordinate directions
ry -Zlbn or Z/b22\ nondimensional coordinate in Z

direction
bn>f>22 ~boundary-layer thicknesses in the X and Y

directions, respectively
5ltd2 = displacement thicknesses along and normal to

external streamline direction
0/,02 = momentum thicknesses along and normal to

external streamline direction

Superscript

( )' = differentiation with respect to rj

Subscripts
,( ) = derivative with respect to the accompanying

quantity
e = reference quantity at edge of boundary layer
n = component perpendicular to external flow
t = component parallel to external flow
L = upper bound of integration
oo = reference quantity at freestream

Introduction

THE design of aircraft wings and other similar lifting
surfaces is highly influenced by the boundary layer over

the surface. Two-dimensional boundary layers can be
calculated relatively easily. Computation of three-
dimensional boundary layers is difficult and time consuming.
A recent study by Humphreys1 showed that the current
methods for the computation of three-dimensional boundary
layers lack accuracy, even when the cross flow is small. Yet
another study by Lemmerman2 showed that there exists a
considerable degree of scatter in the results by finite dif-
ference methods. Three-dimensional computations usually
take large computational time, especially if finite difference
methods are used. In practical applications the boundary-
layer codes form an intermediate part of a much larger
program along with a potential flow code. An iterative
solution between these two analyses utilizes a large amount of
computing resources before convergence. The integral
methods similar to that by Stock3 are more attractive than
finite difference methods in this respect. These methods are
based on parametric representation of velocity profiles and
are expected to give good results when the real flowfield is a
subset of the chosen class of assumed profiles. Three-
dimensional boundary layers consist of a wide variety of
profiles, and parametric representation may not always be
possible. Strip integral methods offer an alternative to solve
this problem. The boundary layer can be assumed to be
divided into a few strips with the velocity profiles varying
according to a simple power law between the strips. This
approach provides a large degree of flexibility by eliminating
the need for assumed profiles. Moreover, the velocity profiles
can be predicted, if needed, by choosing a large number of
strips. A variety of boundary layers can be studied with a wide
spectrum of differing velocity profiles. The more complex the
flow, the greater the number of strips required for com-
putation.

In order to study the feasibility of such an approach, a
laminar flow problem with large cross flows was chosen.
Loos4 has solved the three-dimensional laminar boundary
layer formed due to parabolic streams over a flat plate. The
results obtained by the application of strip integral method to
the above problems is found to be very encouraging. The
details of the method are briefly described below.


