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[57] ABSTRACT

A method is provided for hypersonic laminar flow control
which uses the effect of boundary layer stabilization by an
ultrasonically transparent coating. A hypersonic body sur-
face is covered by the coating which absorbs the flow
disturbance energy and does not trip the boundary layer
flow. In one embodiment, the coating is made from a porous
material of regular structure containing cylindrical blind
microholes normal to the body surface. In another
embodiment, the porous material has random distributions
of pore shape and orientation. Extraction of the flow distur-
bance energy by pores causes stabilization of the boundary
layer on the coated surface and leads to laminar-turbulent
transition delay. The method can be used to decrease the
aerodynamic drag of hypersonic vehicles and reduce heat
transfer on vehicle surfaces.

19 Claims, 5 Drawing Sheets
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USE OF ABSORBING WALLS FOR
LAMINAR FLOW CONTROL

The Government has rights in this invention pursuant to
AFOSR Contract No. F49620-92-C-0006 awarded by the
United States Air Force.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the field of the hypersonic
laminar flow control and particularly to laminar flow control
on hypersonic vehicle surfaces.

2. Description of the Related Art

In many practical cases, laminar-turbulent transition is
due to amplification of unstable modes in the boundary
layer. At hypersonic speeds, boundary layer instability
relates to the second mode which is the result of an inviscid
instability present due to a region of supersonic mean flow
relative to the disturbance phase velocity. It is associated
with the family of trapped acoustic waves propagating in a
waveguide between the wall and the local sonic line. The
second mode induces pressure disturbances of frequency>50
kHz belonging to the ultrasonic band. The delay in laminar-
turbulent transition can lead to substantial performance
gains for hypersonic aircraft and space vehicles. A method
is needed to provide cost effective, passive and easily
integratable delay of such laminar and turbulent transition.

U.S. Pat. No. 4,802,642 entitled “Control of Laminar
Flow in Fluids by Means of Acoustic Energy” provides a
method for laminar flow control involving infusion of the
acoustic energy into the boundary layer. This active method
of laminar flow control requires a complicated system for
acoustic generators and its control to achieve stabilization of
Tollmien-Schlichting waves. It is difficult to use such a
method for hypersonic vehicles due to high levels of thermal
loads on their skin.

A patent search has also revealed the following patents:

U.S. Pat. No. 4,392,624, entitled “Implanted Boundary
Layer Trip” involves an improved technique for controlling
the ablative symmetry of a re-entry vehicle nose. Carbon-
carbon material is placed relatively far upstream from the
boundary layer instability region and cannot be used for
laminar flow control.

U.S. Pat. No. ’s 4,907,765, 5,907,765, and 5,069,403
provide drag reduction on surfaces with turbulent flows.
Conformal drag reduction articles have surfaces with a riblet
configuration which reduces turbulent friction. Such articles
(films, fiber composite materials, etc.) are not effective for
laminar flow control. Surface riblets produced by these films
do not absorb disturbance energy from a laminar boundary
layer. Riblets could trip laminar flow rather than stabilize it.
Due to high thermal loads on turbulent hypersonic surfaces,
it is very difficult to utilize the methods described in these
patents for hypersonic vehicles.

U.S. Pat. No. 5,167,387 entitled “Porous Airfoil and
Process” discloses a process for making airfoils self-
adaptive to dissimilar flow conditions. It is attained by
placing cavities with contoured barrier walls beneath a
porous upper and lower surface patch that stretches over the
nominal chord of an airfoil. These cavities permit the high
pressures occurring in the nose and trailing edge regions to
be vented toward the zones of relatively low pressure in the
mid-section of the airfoil. This porous configuration
increases instability of laminar flow due to blowing. This
airfoil device can cause tripping of the boundary layer rather
than its laminarization.
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2

OBJECTS AND SUMMARY OF THE
INVENTION

It is, therefore, a principal object of the present invention
to provide a method for laminar flow control on hypersonic
body surfaces to decrease aerodynamic drag of hypersonic
vehicles.

It is another object to provide a method for laminar flow
control on hypersonic body surfaces to reduce the thermal
loads.

According to the invention, a method is provided for
hypersonic laminar flow control using the effect of flow
stabilization by an ultrasonically transparent coating. In one
embodiment, the coating is made from a porous material of
a regular structure of openings in the body surface. Such
pores can be made in a metal skin of a hypersonic vehicle.
In another embodiment the porous coating has a random
distribution of pore shape and orientation. Such a coating
can be made from materials of existing thermal protection
systems. In both embodiments, the pore cross-sectional size
should be much less (e.g. 10% or less) than the boundary
layer thickness. This prevents the coating roughness from
tripping the boundary layer. Moreover, flow disturbances
penetrate into the microholes and dissipate inside them due
to viscosity and thermal conductivity. Absorption of the
disturbance energy by the coating material stabilizes flow
disturbances and eventually leads to the laminar-turbulent
transition delay.

In contrast to the method proposed in the U.S. Pat. No.
4,802,642, the present method is passive and does not need
disturbance generators and their tuning. Furthermore, the
’642 method involves injecting acoustic energy into the
boundary layer rather than absorbing it as in the present
method. In summary, the ultrasonically transparent coating
can absorb the disturbance energy of the frequency band,
stabilize the boundary layer flow of the present invention,
and eventually delay transition.

Other objects, advantages and novel features of the
present invention will become apparent from the following
detailed description of the invention when considered in
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of a hypersonic vehicle
covered by an ultrasonically transparent porous coating in
accordance with the present invention.

FIG. 2 is a schematic close up of the ultrasonically
absorbing porous coating showing the mean flow boundary
layer streamwise velocity, U(y), and pressure disturbance
amplitude profiles, p(y).

FIG. 3 is a graph of temporal growth rate (Imw) versus
wavelength (o) showing the effect of increasing absorption
of the surface in reducing amplification of waves, leading to
delay of boundary layer transition.

FIG. 4a is a side view of a sharp flat plate theoretical
model of a section over the vehicle, depicting an example of
a porous coating with a regular opening pattern and spacing,
s. FIG. 4b is a top view of the absorptive coating illustrated
in FIG. 4a.

FIG. 5 is a top view of an alternate porous coating with
an irregular porosity pattern, the openings being, for
example, the interstices between fibers of a thermal protec-
tion system (TPS).

FIG. 6 is a graph of the disturbance growth rate o seen as
function of the Reynolds number R illustrating the flow
stabilization by a porous coating for various pore radii.
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FIG. 7 is a graph of the instability growth rate as a
function of the porous layer thickness, h, illustrating the
effect of h on the growth rate.

FIG. 8 is a flow chart diagramming the steps performed in
developing an absorptive coating design.

FIG. 9 is a flow chart showing the use of optimization
algorithms in the development of an absorptive coating
design.

The same elements or parts throughout the figures are
designated by the same reference characters.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring now to the drawings and characters of reference
marked thereon, FIG. 1 illustrates a hypersonic reusable
launch vehicle, designated generally as 10, having absorbing
bodies or wall portions 12, 14, comprising an absorbing wall
over selected areas, which requires suppression of boundary
layer transition from laminar to turbulent flow. Such bound-
ary layer transition suppression can enhance performance of
aircraft and space vehicles and can lead to increased
payload, affordability and operational efficiency. The
absorbing wall portions 12, 14 may comprise a thermal
protection system for the vehicle 10.

Referring now to FIG. 2, a close-up schematic illustration
of a section of an absorbing wall portion 12 or 14 is
illustrated. For a hypersonic body, the surface region 12 over
which unstable disturbances amplify in a hypersonic bound-
ary layer 16 and causes a laminar-turbulent transition is
determined from flow stability analysis or experimental
data. The profile U(y) of the horizontal component of the
mean flow velocity is illustrated in this figure. The amplitude
p(y) of the fluctuation in the pressure is also illustrated. The
frequency band of unstable disturbances is roughly esti-
mated using the following expression for the disturbance
frequency,f,:

F=U/208, @

where U is the flow speed at the upper boundary layer edge,
and 0 is the boundary layer thickness.

A more accurate estimation of this frequency can be
obtained from linear stability calculations. In many practical
cases, the unstable disturbance frequency is higher than 50
kHz, which is in the ultrasonic band.

In accordance with the principles of the present invention,
in one embodiment, to stabilize these disturbances, the
surface region 12 includes an ultrasonically transparent
coating which absorbs the flow disturbance energy of the
frequency band and does not trip the boundary layer flow.
FIG. 3 shows the decrease in the temporal growth rate, Imw
with increasing transparency, T, based on a special temporal
stability analysis that will be discussed below.

Referring now to FIG. 4a, a sharp flat plate theoretical
model of a section over the vehicle 18 is illustrated, having
an absorptive coating 20. FIG. 4b is a top view of the
absorptive coating 20, having regularly (uniformly) spaced
holes 22 of spacing s. Holes 22 are cylindrical blind
microholes, which are normal to the body surface. The hole
pattern parameters are, for this example:

r*—pore radius;

h*—pore length;

n—porosity coefficient equal to the ratio of the total

cross-sectional area of all pores to total surface area.

By contrast to the aforementioned regular porous
structure, the porous material structure may have random
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distributions of pore shape and orientation. Such a random
microstructure is typical of thermal protection system (TPS)
materials used on hypersonic vehicle surfaces. A schematic
of the microstructure of a TPS having irregular pores in
accordance with the principles of the present invention is
shown in FIG. 5. In this random case, the aforementioned
parameters should be treated as average values.

Since the coating should not trip the boundary layer flow,
the pore radius must be much less than the boundary layer
displacement thickness 8*. For example, in the regular case
n=0.5, and the dimensional pore radius r* should be equal to
0.05 d*. In this case, the roughness effect produced by pores
is negligible. However, pressure waves induced by flow
instability penetrate into the microholes and dissipate due to
gas viscosity and thermal conductivity of the pore walls.
Instead of the standard boundary condition for the vertical
velocity on a solid wall, vy=0, the following (Darcy law)
relation applies on the absorptive coating surface

@

Vw=APy
where
vy 1s the vertical velocity disturbance amplitude on the
surface;
Pw 1s the pressure disturbance amplitude on the surface;
and
A is the absorption coefficient.
The absorption coefficient depends on the coating struc-
ture parameters and can be expressed as

A=v, /p,,=—(1/Z)th(Ah) (©)]

where the characteristic impedance Z, and the propagation
constant A are functions of the disturbance frequency, pore
radius, density and viscosity of the gas within the microhole
as well as flow parameters on the coating surface. The values
of Z, and A can be estimated from the theory of acoustic
wave propagation in thin and long tubes. Since ultrasonic
external flow disturbances penetrate into the microholes and
dissipate inside them, the absorption coefficient is negative.

If the porous coating has an irregular complicated
structure, then the absorption coefficient can be roughly
estimated from the following expression

*
Ty 1-7

M 1
c T, 1+7
where:

Ty, is the coating temperature in units of the flow tem-
perature at the upper boundary layer edge;
c is the disturbance phase speed in units of the flow
velocity at the upper boundary layer edge;
M is the Mach number at the upper boundary layer edge;
and
T is the reflection coefficient which is the ratio of the
incident pressure wave amplitude to the reflected one.
The reflection coefficient T is a function of the porous
coating structure and disturbance frequency. It can be mea-
sured in the laboratory by suitable bench experiments.
The flow stabilization effect produced by a porous coating
is estimated from linear stability analysis using the boundary
condition (Equation 2). As an example, FIG. 6 shows the
disturbance growth rate o as a function of the displacement
thickness Reynolds number R for the unstable wave of
non-dimensional frequency F=nv{/U?=2.8x10~*. The Mach
number M is equal to 6 at the upper boundary layer edge; the
wall temperature Ty, is equal to 0.2T,,, where T, is the

A=—

) , Real(4) <0
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surface temperature on an adiabatic wall. Calculations were
performed for a porous layer of thickness h*=0.30* and
porosity n=0.5, at various values of the pore radii r=r*/5%,
where the stars on r and h denote dimensional values. The
porous layer causes strong stabilization of the boundary
layer flow. In particular, pores of radius r=0.04 reduce the
growth rate by a factor of 4 compared to the solid wall case.

In FIG. 7, the instability growth rate o is shown as a
function of the porous layer thickness h=h*/0*, for n=0.5,
r=0.03, R=4000, and F=3x10~*. The limit of a thick coating
hA—»c0, is achieved at the relatively small value of h=0.3,
that is due to strong damping of sound waves in thin pores.
It is also seen that there is an optimal coating thickness,
h=0.11, for which the stabilization effect is strongest. Tran-
sition delay caused by the porous coating can be predicted
by the ¢V method of Van Ingen and Smith with stability
calculations or determined in experiments by comparison of
the transition location on models with and without a porous
layer. As a rough approximation, the transition Reynolds
number R, is universally proportional to the disturbance
growth rate. According to the data shown in FIG. 6, the
porous coating with non-dimensional pore radius r=0.04 and
porosity n=0.5 can increase the transition Reynolds number
R,, by a factor of 4. Such a delay of transition can essentially
reduce the aerodynamic drag and thermal loads on hyper-
sonic vehicle surfaces.

The openings may be non-circular and consist of regular
patterns defined by a specific functional form for their
spatial distributions of shape, spacing and depth that provide
maximum transition delay.

Procedures for designing the hole parameters are shown
in the flow charts of FIGS. 8 and 9. The first block of boxes
in FIG. 8 comprises the steps of determining initial data and
constraints required for the absorptive coating design. Char-
acteristics of the laminar boundary layer flow can be deter-
mined using a standard boundary layer code, such as LBL,
which provides mean flow profiles and their gradients. The
body surface range, X,(z)<x<X,.(z), where disturbances
amplify downstream, is determined from stability analysis
of the laminar boundary layer on a non-absorptive wall. Its
upper limit, X,., corresponds to the body trailing edge, and
its lower limit, X,, is the neutral stability locus, which is
determined by solving an eigenvalue problem comprising
the stability equation system with non-slip boundary con-
ditions on a non-absorptive wall, y=0, i.e.,

u(x,0,2)=v(x,0,2)=0 O]

Here, u, v and w are respectively x,y and z components of
the disturbance velocity. This eigenvalue problem can be
solved using a standard stability code such as STABLE3.

The maximum critical average openness dimension, r,,,
(x,2z), at which the boundary layer flow is tripped by
openness, can be determined from existing experimental
data. For example, critical sizes of holes and slots can be
estimated using the Goldsmith criteria.

The absorptive coating on a hypersonic vehicle surface is
designed to meet structural, weight and leakage constraints.
Typical structural constraints involve restrictions on the
torsional and bending stresses in wings. These stresses can
be evaluated from finite element computer codes. Weight
restrictions arise from the need to achieve performance
targets and can be evaluated with empirical correlations and
statistical methods as well as other techniques. Leakage
constraints relate to the porosity being small enough such
that water and other liquids such as fuel will be retained in
the hypersonic body. These constraints lead to lower and
upper limits on the coating porosity n. The second block of
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6

boxes in FIG. 8 relates to determining such distributions of
the absorptive material parameters n(x,z), r(x,z) and h(x,z),
which satisfy the constraints and provide maximum stabili-
zation of the boundary layer flow.

The body surface range, X(z)<x<X,.(z), is subdivided into
finite elements

(x+Ax,z Az =1, . . . Nk=1,.. . K

Their size should be much smaller than the body size and
much larger than the local boundary layer displacement
thickness. For every finite element, the local disturbance
growth rate o(x;,z,) is calculated as a function of the
frequency  in the unstable frequency range &£, , and the
absorptive material parameters n(x;,z,),1(X;,z;) and h(x;,z,).
These calculations are performed using a linear stability
method that solves an eigenvalue problem of the stability
equation system with the boundary conditions on an absorp-
tive wall

u(x,0,2)=w(x 0,2)=0, (6a)

V(% 0,2)=Ap(x,0,2), (6b)

where the absorption coefficient A can be estimated from Eq.
(3) using the theory of sound wave propagation in thin and
long tubes. The linear stability method is to modify a
standard stability code such as STABLE3 from using con-
ditions (5) to one that uses conditions (6). Results of these
calculations are used to determine such local characteristics
n(X,,2,), 1(X;,Z,) and h(x;,z,) which provide a minimum value
of the maximum growth rate o,,(x,,z,)=

maxo
(l)(Qi,k

(X;5Z,,w). The transition onset locus, x,, (z) on the body
surface covered by the absorptive coating with optimal
distributions n(x,z,), r(X;,z,) and h(x;,z,), can be determined
from experiment or estimated using the ¢ method of Van
Ingen and Smith. Finally, the hypersonic body surface,
x(2)<x(2)<x,(z) is covered by the absorptive coating.

Referring now to FIG. 9, other optimal distributions of the
absorptive material parameters n(x,,z,), 1(X,,Z,) and h(x,,z,)
can be found from the condition that the porous coating
provides maximum delay of the transition onset locus x,, (2).
Since unstable disturbances propagate in the boundary layer
approximately along streamlines located at the upper bound-
ary layer edge, the search of said parameters is performed
along these streamlines.

The body surface range, x,.(z) 2x(z)>X,(2), is covered by
a streamline pattern, x,(i,z)i=1, 2, . . . , N where a streamline
x,(1,z) starts from the neutral point X,(i,z).

For every streamline, the absorptive coating parameters
are considered as functions of a distance s; measured along
a streamline from the neutral point, i.c. n=n48S,), r,=r{s;
h=h(s;). These functions are determined from the following
optimization problem:

Find such functions hs,), n(s;) and r(s;), which satisfy
the constraints

nD,i(Si) =ns;) §ncr,i(si)> rD,i(Si) =r(sy) §rcr,i(5i)> hD,i(Si) <hys;) §hcr,
i(s,); 1ig (s,<n,(s;)<n,

crilSi)s

where the lower limits and critical value h_,; are deter-
mined from structural analysis, leakage analysis and
weight constraints. The solution of this optimization
problem can be obtained by application of the Schitt-
kowski nonlinear programming algorithm such as that
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implemented in the IMSL 11.0 code NCONF. Other
procedures may also be used such as stimulated
annealing, adjoint methods, variational techniques and
genetic algorithms.

Obviously, many modifications and variations of the
present invention are possible in light of the above teach-
ings. It is therefore to be understood that, within the scope
of the appended claims, the invention may be practiced
otherwise than as specifically described. What is claimed
and desired to be secured by Letters Patent of the United
States is:

We claim:

1. Abody capable of providing laminar flow control while
exposed to a hypersonic flow, a surface of said body and said
hypersonic flow defining a hypersonic boundary layer, said
body comprising:

an absorptive material for providing ultrasonic absorption

of acoustic energy while exposed to hypersonic flow,
said absorptive material having an absorption coeffi-
cient (A) such that disturbances in the hypersonic
boundary layer are stabilized, said absorptive material
providing acoustic absorption due to dissipation
mechanisms.

2. The body of the claim 1, wherein said disturbances
comprise Mack’s second mode disturbances.

3. The body of claim 1, wherein said absorptive material
comprises a porous material.

4. The body of claim 1, wherein said absorptive material
comprises a plurality of spaced openings formed therein.

5. The body of claim 1, wherein said absorptive material
comprises slots formed therein.

6. The body of claim 4, wherein the configuration of said
plurality of openings is developed from the solution of a
hypersonic linear stability eigenproblem subject to a Darcy

law boundary condition given by:
Vu=AD., @
where
v,, is the vertical velocity disturbance amplitude on the
surface;
p.. is the pressure disturbance amplitude on the surface;
and

A is the absorption coefficient.
7. The body of claim 6 wherein said absorption coefficient

(A) is defined by the following equation:
@
Ao T, ]\ﬁcz_l( 1-7 ),Real(A)<0
c Ty 1+7
where:

T,, is the coating temperature in units of the flow tem-
perature at the boundary layer edge;
¢ is the disturbance phase speed in units of the flow
velocity at the boundary layer edge;
M is the Mach number at the boundary layer edge; and
T is the reflection coefficient, which is the ratio of the
incident pressure wave amplitude to the reflected one.
8. The body of claim 4, wherein said absorption coeffi-
cient A is estimated from the theory of acoustic wave
propagation in thin and long tubes.
9. The body of claim 1, wherein said absorptive material
comprises a thermal protection system.
10. The body of claim 3, wherein said absorptive material
has a regular porosity.
11. The body of claim 3, wherein said absorptive material
has random porosity.
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12. The body of claim 3, wherein said absorptive material
iS Microporous.

13. The body of claim 3, wherein said absorptive material
iS Macroporous.

14. The body of claim 1, wherein said absorptive material
comprises a plurality of spaced holes formed therein.

15. A coating for providing laminar flow control along a
surface exposed to a hypersonic flow, said flow defining a
hypersonic boundary layer, said coating comprising:

a layer of ultrasonically absorptive material applicable to
a surface exposed to hypersonic flow, said absorptive
material having an absorption coefficient (A) such that
disturbances in the hypersonic boundary layer are sta-
bilized.
16. A method of providing laminar flow control on a
hypersonic body, comprising the steps of:

a) specifying initial data and constraints on a laminar flow
control material, comprising the steps of:

i) determining the laminar boundary layer characteris-
tics on a surface of a hypersonic body;

ii) determining a surface range, X,.(z)Zx(2)>Xq(2),
where x is the downstream coordinate along the body
surface, z is a coordinate perpendicular to the
x-direction, X,(2) is the locus of neutral stability and
X,(z) is the trailing edge of said hypersonic body,
said surface range being where unstable disturbances
amplify in a hypersonic boundary layer downstream
leading to laminar-turbulent transition, said locus of
neutral stability being determined by solving an
eigenvalue problem comprising a stability equation
system using said determination of laminar boundary
layer characteristics, said stability equation system
subject to non-slip boundary conditions on the wall,
y=0, where y is a coordinate normal to said hyper-
sonic body surface,

u(x,0,2)=0, v(x,0,2)=0, w(x,0,2)=0 @

where u is the component of the flow velocity in the
x-direction, v is the component of the flow velocity
in the y-direction and w is the component of the flow
velocity in the z-direction;

iif) determining from structural analysis, leakage analy-
sis and weight constraints the allowable porosity
range, ny(X,2)=n(x,z)=n_(x,z), for x(z)>x,(z),
where n=total area of all openness/total area and
n,,(X,z) is the maximum allowable porosity;

iv) determining a maximum critical average openness
dimension, r_(x,z) for the characteristic opening
width, r(x,z), in said surface region, X(z)>Xy(z), said
r.(x,z) being defined in units of the boundary layer
displacement thickness, d*(x,z), starting from where
the boundary layer is tripped; and

v) determining a maximum depth, h_(x,z) for the
characteristic depth, h(x,z);

b) determining distributions of said absorptive material
parameters, n(x,z), 1(X,z) and h(x,z) on said hypersonic
body surface range, x,.(z)Zx(z)>x,(z), which satisfy
said initial data and constraints and provide maximum
stabilization of the boundary layer flow on said hyper-
sonic body, comprising the steps of:

i) determining finite elements (X +Ax,z,+Az,) on said
body surface range, x,(z) =x(z) =x,.(z), where i=1, .
.., Nand k=1, . . ., K are surface grid indices;

ii) using a linear stability method to calculate the
growth rate o(X,,z,,w) of said disturbances in the
unstable band of the disturbance frequency, ®E€€, ,,
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by solving an eigenvalue problem of the stability
equation with the boundary conditions on said
surface, y=0,

u(x,0,2)=0, w(x,0,2)=0 2
V(% 0,2)=Ap(x,0,2) ©)

where p is the disturbance pressure and where the
absorption coefficient, A, depends on the disturbance
frequency, w, the opening parameters n, ,=n(x,,z),
1;,=1(X;,Z;) and the opening depth h, ,=h(x,,z;)as well
as said body surface characteristics, and is deter-
mined using the theory of sound wave propagation in
a thin and long tube; and

iif) using said disturbance growth rate to determine said
porous material parameters n,,, T, ,, and h; ,, which
provide a minimum value of the maximum growth
rate 0,,(X;Z,)=

max
(l)(Qi,k

0(X;,Z,,w) and which satisfy said constraints;

¢) making a porous coating of said openness dimension
distribution 1, ,, porosity distribution n, , and thickness
distribution h, z;

d) using said distributions of porous coating characteris-
tics to determine the transition onset locus X,, (z) on
said hypersonic body surface to be covered by said
coating; and

¢) covering said hypersonic body surface region, X,(z)<x
(2)<x,(z), by said coating.

17. The method of claim 16, wherein said step of deter-
mining a maximum critical average openness dimension,
r_(x,z), comprises using the Goldsmith criterion.

18. The method of claim 16, wherein said step of deter-
mining the transition onset locus X,, (z) comprises using the
¢” method of Van Ingen and Smith.

19. A method of providing laminar flow control on a
hypersonic body, comprising the steps of:

a) specifying initial data and constraints on a laminar flow

control material, comprising the steps of:

i) determining the laminar boundary layer characteris-
tics on a surface of a hypersonic body;

ii) determining a surface range, X,.(z)Zx(2)>Xy(2),
where x is the downstream coordinate along the body
surface, z is a coordinate perpendicular to the
x-direction, X,(2) is the locus of neutral stability and
X, (z) is the trailing edge of said hypersonic body,
said surface range being where unstable disturbances
amplify in a hypersonic boundary layer downstream
leading to laminar-turbulent transition, said locus of
neutral stability being determined by solving an
eigenvalue problem comprising a stability equation
system using said determination of laminar boundary
layer characteristics, said stability equation system
subject to non-slip boundary conditions on the wall,
y=0, where y is a coordinate normal to said hyper-
sonic body surface,

u(x,0,2)=0, v(x,0,2)=0, w(x,0,2)=0 @

where u is the component of the flow velocity in the
x-direction, v is the component of the flow velocity
in the y-direction and w is the component of the flow
velocity in the z-direction;

iif) determining from structural analysis, leakage analy-
sis and weight constraints the allowable porosity
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range, ny(X,2)=n(x,z)=n_(x,z), for x(z)>x,(z),
where n=total area of all openness/total area and
n,,(X,z) is the maximum allowable porosity;

iv) determining a maximum critical average openness
dimension, r_(x,z) for the characteristic opening
width, r(x,z), in said surface region, X(z)>Xy(z), said
r.{x,z) being defined in units of the boundary layer
displacement thickness, d*(x,z), starting from where
the boundary layer is tripped; and

v) determining a maximum depth, h_, (x,z) for the
characteristic depth, h(x,z);

b) determining distributions of said absorptive material
parameters, n(x,z), 1(X,z) and h(x,z) on said hypersonic
body surface range, x,.(z)=x(z)>x,(z), which satisfy
said initial data and constraints and provide maximum
transition delay of the boundary layer flow on said
hypersonic body, comprising the steps of:

i) determining a family of streamlines x (i,z) at the
upper boundary layer edge starting from said neutral
stability points x(z,), i=1, 2, . . ., N ; and

ii) determining distributions of an absorptive coating
opening depth hs;), porosity n, (s;) and pore dimen-
sion r(s;) along every said streamline x(i,z), where
s; is a distance measured along said streamline

starting from said neutral stability point, by solving

the following optimization problem:

find such functions hgs,), nfs,) and rfs;), which
satisfy the constraints

nD,i(Si) =ns;) §ncr,i(5i)> rD,i(Si) =r(sy) §rcr,i(5i)> hD,i(Si) >hys;) §hcr,

i(sy),

where the lower limits n,, ;, 1, ; and h ; as the well as
critical value h_,; are determined from structural
analysis, leakage analysis and weight constraints as
well as critical values n_,,, 1, ; being determined
using step(a), above; and

iii) using a linear stability method to calculate growth
rate O(X,,z;,0w) of said disturbances in the unstable
band of the disturbance frequency, we€2, ;, by solv-
ing an value problem of the stability equation with
the boundary conditions on said surface, y=0,

u(x,0,2)=0, w(x,0,2)=0 2
V(% 0,2)=Ap(x,0,2) ©)

where p is the disturbance pressure and where the
absorption coefficient, A, depends on the disturbance
frequency, w, the opening parameters n, ,=n(x,,z;),
1;,=1(X;,Z;) the opening depth h, ,=h(x,,z,)as well as
said boundary flow characteristics, and can be deter-
mined using the theory of sound wave propagation in
a thin and long tube; and

¢) making a porous coating of said openness dimension
distribution T2 porosity distribution n, and thickness
distribution hi)k;

d) using said distributions of porous coating characteris-
tics to determine the transition onset locus X,, (z) on
said hypersonic body surface to be covered by said
coating; and

e) covering said hypersonic body surface region, X(z)<x
(2)<x,(z), by said coating.
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