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A Parabolized Navier-Stokes Prediction
of Hypersonic Window Cooling

Gregory J. Banken* and Donald W. Robertst
Amtec Engineering, Inc., Bellevue, Washington
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An analysis tool has been developgd for calculating the three-dimensional flowfield associated with slot cool-
ing at hypersonic speeds. The work involves modifications to an existing PNS code to accommodate the more
complex geometry encountered in slot-cooling applications and to extend the range of application of the code to
hypersonic speeds. The major modification of the code required for the hypersonic calculations was the incor-
poration of a real gas model. It is demonstrated that this can be accomplished for a cost penalty, over the
equivalent ideal gas calculation, of only 5 to 10%. The resulting code was used to conduct a parametric study of
slot-cooling efficiency, including an angle-of-attack calculation. The influence of Mach number on the turbulent

mixing rate of the slot flow is also discussed.

Nomenclature
a =speed of sound
C =constant
C, = specific heat (const p) ,
h =enthalpy; heat-transfer coefficient
hgi ot =height of slot
K.k =thermal conductivity; turbulence kinetic energy
M, =molecular weight
p,P = pressure
Pr = Prandtl number
R =universal gas constant
Re = Reynolds number
T = temperature
Tow =adiabatic wall temperature
T, =coolant total temperature
Ty =temperature of hot gas in surface boundary layer
prior to start of window cooling
V = flow velocity
V. =coolant slot flow exit velocity
z = axial station on conical body
ZsLoT =axial station of coolant slot exit

= compressibility factor

a =angle of attack

0 =half-angle of cone

0 = fluid density

Pe =density of coolant flow at slot exit
sty kg =viscosity (laminar, turbulent, artificial)
) = freestream conditions

€ =turbulence energy-dissipation rate
(¢,m,0) =general coordinate system

Introduction

N recent years an increased interest in new hypersonic vehi-
cle concepts has resulted in a growth in hypersonic
research. These new vehicles range in complexity from
ground-launched hypersonic missiles to the transatmospheric
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vehicle (TAV) that will take off from the earth, go into orbit,
perform a mission, and then land back on earth. The design of
these vehicles involves a number of fluid dynamic phenomena
that are unique to the hypersonic flow regime. Of these, a
dominant feature is the aerodynamic heating that results in
high heat-transfer rates to the surfaces. Various methods have
been developed to reduce the high heat-transfer rates. These
include heat shields made of ablating or subliming materials
and various types of transpiration cooling. For applications
that require windows, however, these procedures may not be
applicable. For these applications, the use of slot cooling,
achieved by injecting a jet of cold gas from a tangential slot
and blowing it over the window, is often the preferred method
of cooling.

The growing cost of wind-tunnel testing, particularly for the
hypersonic regime, and the difficulty of accurately simulating
the full-scale flow in ground-based experimental facilities,
makes an experimental-based design of a slot-¢ooling system
for a hypersonic vehicle very difficult. Fortunately, recent ad-
vances in algorithm development, combined with advances in
computer hardware design, have resulted in major advances in
computational fluid dynamics (CFD) that are now starting to
revolutionize our approach to hypersonic aerodynamics.
Much work remains to be done, but available methods are
already sufficiently advanced to be of direct use in the design
process.

This paper discusses the development of a numerical
method that is used to model a hypersonic missile flowfield
that includes an embedded wall jet. The flow-analysis code
solves the parabolized Navier-Stokes (PNS) equations. A real
gas model and special boundary conditions to simulate a slot
for the wall jet have been incorporated into the code. The PNS
code has been used to perform parametric studies to optimize
the cooling jet. A 3-D angle-of-attack case has also been run at
a freestream Mach number of 15 with a wall jet on the wind-
ward side of the missile.

Analysis
Numerical Model

Since the flowfields around hypersonic vehicles are
predominately supersonic, the steady Navier-Stokes equations
have a parabolic character when applied to such flows. The
flow properties at downstream locations are physically deter-
mined by only the upstream flow conditions. This allows the
use of efficient numerical techniques based on a single pass,
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streamwise marching procedure for advancing the solution of
the governing equations. For viscous flows, a thin subsonic
layer, where the Navier-Stokes equations are formally elliptic
in the streamwise direction, must exist on the surface. By
parabolizing the equations, a marching procedure can still be
used in the subsonic layers. This approximation is generally
accurate and stable as long as the subsonic layers are thin.
The flow-analysis code used in the present investigation is
an extension of the method developed by Roberts and
Forester! for modeling supersonic forebody flowfields. The
parabolized Navier-Stokes (PNS) equations are transformed
from Cartesian to a general curvilinear (£,4,0) coordinate
system. A simplification of the transformed flow equations is
incorporated by requiring that the computational mesh planes
be perpendicular to the z-coordinate, which is nominally the
predominant flow direction. The resulting transport equations
are given by the following:
Continuity:

(gpr) g — (gput)  + (xepv), — (X,00);
+ (Dpw); + (Eow)y + (Jow/2,), =0 (1a)
Momentum:
Fuy +Gu, + (Jow/z,Yu, +y, P, —y. P, = L{u] (1b)
Fu, +Gu, + (Jow/z,)v, +x. P, — x,P; = L[v] (1¢)
Fw+Gw, + (Jow/z,)w, +DP; + EP,
+ (J/z,)P,=L[w] 1d)
Energy:
FH;+GH, + (Jow/z,)H,=L[H] +(1 - Pr)L[h]/Pr  (le)

where

L[¢] =y, (luynd)é ;yéd)n> —_— (I‘yn(bé ;yg¢,]>
13

n

T, (M X9, ;xn¢é> —x, (stﬁbn ;",n‘i’z)E
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+D(;,LD¢E:}|,-E¢">£+E(MD¢EjEd)n)
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D= (xy,—Ix,»,)/z, E=(yex,=x:9,)/2,

F=y, ou—x,pv+ Dpw G= — Yo +x:pv+ Epw

széyn VX

Pressure is related to density and enthalpy by a state rela-
tion. For laminar flows, the viscosity, u, is related to the fluid
properties by either Sutherland’s formula or real gas relation-
ships. The transport equations are hyperbolic-parabolic in the
sigma coordinate direction, since the streamwise diffusion
terms have been neglected. The equations remain elliptic in the
x-y plane. Implied in the parabolic approximation is the design
of the numerical model to eliminate the possibility -of the
upstream propagation of pressure waves. The use of a single-
pass marching procedure removes this possibility. Hence, all
of the o-derivatives are discretized using upwind differences.
The other derivatives are modeled using central differences.

For turbulent flows, the Reynolds’ strésses, which appear in
the Reynolds-averaged Navier-Stokes equations, are modeled
by adding the turbulence viscosity, g, to molecular viscosity,
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u, where
p = Cok? /e ®)

The turbulence kinetic energy, &, and its dissipation rate, e,
are calculated using two additional equations.?

Fk;+ Gk, + (Jow/z,)k, = LK)/ Cy +JQ — Jpe (3a)
Fe, + Ge, + (Jow/z,) =L[e]/C. + JC(e/k) Q= JCype*/k  (3D)
where
Q= p,7;(0u;/8x;)
7= (8u;/0x; + 0u;/3x;)

The last two terms in Eqgs. (3) represent the production and
dissipation.

The method for calculating the implicit pressure field is
unlike typical hyperbolic numerical formulations. The present
approach preserves the lateral-plane ellipticity of the pressure
field and alleviates the acoustical stiffness of the continuity
equation in the subsonic layer. The continuity equation (l1a) is
formulated to be mass conservative for a computational cell
where the metric coefficients are projections of the cell face
areas. When mass is conserved for each cell, global mass con-
servation is achieved. The velocity and density fields available
after the momentum and energy equations are solved will ini-
tially not satisfy continuity. By assuming that the local con-
tinuity error results from an incorrect pressure field, a method
for adjusting the pressure field such that all the governing
equations are simultaneously updated can be developed.

The effect of a local pressure perturbation, P’, on the local
crossflow velocity components, ¥ and v, is determined from
the discrete form of the momentum equations, assuming that
the streamwise convection term is dominant.

u' =Y22,(y, =y )P'/(Jpw)
v'= =Yz, (x; —x, )P’ /(Jpw)
For an isentropic perturbation, the effect of P’ on density is
o' =P'/a*

By adding #’, v’ and p’ to u, v, and p and substituting into the
discrete form of the continuity equation, the following rela-
tion for P’ is derived:

P’ = w(Continuity Error)/(A — B/a?)

where A and B are collections of terms involving metrics,
velocities, and densities, and w is a relaxation factor. The local
continuity error drives the local pressure field. An iterative
procedure is used to update P, p, u, and v until the continuity
error reaches a given tolerance on each cell. The enthalpy may
also be included in the iterative update procedure. The
resulting implicit pressure field is elliptic. The effects of the
updated variables on the w-velocity component are felt as the
solution is iterated at each computational plane.

The existence of departure solutions when using hyperbolic
marching techniques in subsonic wall layers has led to several
different sublayer approximations for handling the P, term in
Eq. (1d). The current PNS code does not use a sublayer ap-
proximation in the momentum equations. However, during
the pressure-continuity iteration procedure the density at sub-
sonic points is held fixed until the iteration is terminated.
Departure solutions have not been observed with the current
method, even when several subsonic points exist in the bound-
ary layer. However, no deliberate attempt has been made to
force a departure solution.
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The freestream flow conditions for velocity, density, and
enthalpy are imposed as the boundary conditions on the outer
mesh boundary which lies beyond the bow shock. The bow
shock is captured as part of the solution; therefore, the outer
mesh boundary is always positioned beyond the shock. The
vehicle surface forms the inner boundary on which a no-slip
boundary condition is enforced. The wall temperature can be
specified or an adiabatic boundary condition can be used. For
turbulent flows, the compressible form of the law-of-the-wall
is used to generate the correct wall-shear stress and boundary
conditions for the k and e equations.

Since the differencing scheme is second-order accurate in
the lateral plane, the resulting finite-difference equations in-
herently produce oscillations near regions where the mesh is
insufficient to resolve sharp changes in the gradients of the
flow variables. The bow shock is the most obvious candidate
for generating this computational noise, but other regions of
the flow domain such as the boundary layer can cause prob-
lems. The bow shock is particularly troublesome at hypersonic
Mach numbers, since small oscillations can lead to negative
temperatures that ultimately destroy the solution. To control
the noise, numerical damping schemes have been employed. A
pressure-activated artificial viscosity is calculated from

1661
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where 66P is the local second difference of pressure. The local
u, is added to the physical viscosity except next to the wall.
Limiters are used to keep u, below the explicit stability limit.
A mass-flux conservative artificial diffusion term has been
added to the continuity equation, with x, as the diffusion
coefficient. This damping scheme works well in the vicinity of
the shock where pressure oscillations are prevalent. In the

boundary layers, where the pressure is nearly constant, the ef- .

fects of artificial viscosity are negligible. Typically, the diffu-
sion coefficient is chosen such that the bow shock is captured
within three or four mesh intervals. A fourth difference
smoothing term has been added to each transport equation ex-
cept continuity. This term tends to damp the spurious peaks
and valleys that may occur. A filtering routine has also been
incorporated into the code to locate short-wavelength noise in
a particular flow variable and then eliminate the noise. This
scheme is used only occasionally for the turbulence quantities.

The set of discretized nonlinear flow equations are solved
using an iterative ADI marching scheme. Iteration between
two computational planes is used to reduce the errors
associated with the nonlinearities in the streamwise direction.
The solution is initialized by inputting the initial mesh plane
and flow conditions. A poor set of initial conditions can set up
transients that can severely affect the solution. In this situa-
tion, substantial global damping is often required. The
momentum and energy equations are solved using the ADI
algorithm to obtain the velocity components and total en-
thalpy at the downstream plane. The pressure-continuity
scheme is iterated until the continuity error reaches a specified
tolerance or until a specified iteration limit is reached. Finally,
the turbulence model equations are solved for k and ¢, and p,
is calculated. The flow equations are iterated at each plane un-
til convergence or an iteration limit is achieved.

Equilibrium Air Properties

Hansen? points out that the ideal gas representation of air
becomes invalid at static temperatures in excess of approx-
imately 3600°R (2000 K). Beyond this point, the impact of
the dissociation and ionization of the various constituents of
air on the thermodynamic and transport properties must be
taken into account. To this end, the PNS flow-analysis code
offers the option between the ideal gas relationships and the
real gas relationships developed by Tannehill and
associates.*> These relationships consist of simplified curve
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fits for the thermodynamic properties of equilibrium air, as
taken from the NASA-RGAS routines. The range of validity
for these curve fits is the same as the NASA-ARC RGAS pro-
gram, namely, temperatures up to 25,000 K and densities from
10-7 to 10*3 amagats.

The specific curve fits used in this study were A= h(p,p) and
T=T(p,p), as developed by Tannehill and Mugge.’ However,
the formulation of the state equation used in this PNS code re-
quired p=p(p,h). Therefore, the first curve fit was used in a
Newton-Raphson method to solve for density when given
pressure and enthalpy. This modification in the application of
the curve fit did not seriously impact the solution time, since
the latest density for each mesh cell is used as the starting point
for the next iterative search. As such, most cells required only
one or two passes through the curve fit.

As a further enhancement on solution speed, the real gas ef-
fects for each mesh point were stored in an array and used for
several iterations of the pressure-continuity scheme before
another call was made to the curve fits. This was accomplished
by using the equation of state:

p=PM,/(ZRT)

Since p, p, and T are known following each call to the real gas
routine, the ratio M, /ZR can be computed, saved, and used
on several subsequent pressure-continuity iterations assuming
that, over the small variation in conditions typically seen be-
tween iterations, the curve fits are linear and, therefore, the
ratio remains constant,

The result of the use of curve fits and storing the real gas ef-
fects was a calculation penalty, over the equivalent ideal gas
calculations, of only 5 to 10%.

Coolant Slot Modeling

The modeling of a three-dimensional embedded coolant jet
required the addition of program variables to describe the
dimensions of the slot and variable boundary conditions.
Figure 1 shows a perspective view of the 3-D geometry
considered.

In practice the PNS solution is marched up to the exit plane
of the coolant jet, and the program is stopped. At this point,
the restart file, with the various flow properties at the mesh
points, has the flow properties of the coolant slot appended to
it by an external mesh and flow property generator. The solu-
tion control file is modified to reflect the location of the
coolant jet and the desired boundary conditions as a function
of body position.

Upon solution restart, the computational space would look
like the example in Fig. 2. This particular example is set up to
model one-half of an axisymmetric body. As seen from the

Slot

Fig. 1 View of model with window and slot.
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figure, a portion of the mesh space is unused with this method.
Instead of a true multizone solution approach, this method
controls the starting point of the solution sweeps and the ap-
plication of the appropriate boundary conditions in order to
model the presence of an embedded coolant jet. Although the
coolant slot boundaries are required to follow constant mesh
lines, an irregular-shaped coolant slot can be modeled through
changes to the computational mesh shape.

Cooling Effectiveness Study
Geometry and Flight Conditions Modeled

The first use of the coolant slot modeling capability was to
perform a parametric study of cooling effectiveness as a func-
tion of freestream conditions, coolant mass flux, and slot
height. The simplifying assumption of axisymmetric flow was
made to increase the number of cases considered in the
available time. With this assumption, the procedure for restar-
ting the code at the slot exit is particularly simple, which
allowed multiple computer runs to be made using the same in-
itial solution.

Figure 3 shows the geometry and summarizes the flight con-
ditions simulated. Only matched exit pressure conditions were
considered. The calculations used a grid with 8-to-10 cells
across the slot height, and approximately 35 total cells
radially. Three points were used in the circumferential direc-
tion to model an axisymmetric body.

Another assumption in this study concerned the thermal
boundary condition at the cone surface. Since the recovery
temperature for equilibrium air flow at Mach 15 will approach
9000°R (5000 K), thermal protection is required over the entire
vehicle, not just the window. Since the specific method of pro-
viding such protection is not the topic of this study, the study
assumed that a constant wall temperature of 4000°R (2200 K)
can be maintained up to the window station.

Finally, the flows under consideration were turbulent, ex-
cept for a short region near the nose tip. Therefore, real gas
routines were not used to calculate laminar viscosity or
Prandtl number.

Computational Considerations

The sudden introduction of an embedded coolant slot flow
on the external flow solution required that precautions be
taken to ensure solution accuracy. Specifically, to minimize
the nonphysical effects of artificial viscosity on the mixing of
the coolant with the hot boundary-layer flow, the smoothing
coefficients were set to zero in the momentum, energy, and
turbulence model equations in the vicinity of the mixing layer.
To reduce truncation errors, small marching steps were taken
initially and then increased as the layer spread. To avoid the
difficulties encountered in dealing with subsonic pockets in
PNS formulations, all streamwise velocities were made super-
sonic when restarting the code.
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Main flow field
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Fig. 2 Computational mesh for coolant slot modeling.
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Computation time for a series of runs, marching over the
entire body for a single case, averaged 1 CPU minute or less
on a Cray-1/8S.

Parametric Study Results

The raw data calculated by the PNS code consists of the
temperature, density, and pressure profiles, along with veloc-
ity vectors and turbulence quantities, at selected body stations.
For example, Fig. 4 depicts the wall temperature rise as a func-
tion of cooling distance for three different coolant flow rates
on a 12.6 deg cone at the nominal flight condition of Mach 15
and 100,000 ft (30.5 km) altitude. The gas temperature at the
surface rises sharply after the mixing layer touches the surface,
with the sharpest rise occurring for small flow rates. .

Heat-transfer rates to the window surface, required for
design purposes, were estimated by using the Reynolds

Mixing layer

Bow shock

12.6° cone Window

Freestream
M=15
a=0

®Vehicle geometry
¢ Cone half-angle = 12,6 deg
e Slot geometry: Tangential flow injection
* Step-down slot {axisymmetric)
* Conformal window
® Slot station (Zslot) =12.0 t0 21,7 in.{30,5 to 55.1 cm)

o Slot height (hslot) =0,10 to 0.25 in.(2.54 to 6,35 mm)

» Window length = 6.0 to 12,0 in.{15.2 to 30,6 cm)
® Flight conditions
Mach = 7.0 to 15.0
¢ Altitude = 70 to 100 kft (21,3 to 30.5 km}
¢ Angle-of-attack = zero
® Coolant flow conditions
« Static pressure ratio = 1,0
* Velocity ratio = 0,10 t0 0,33
« Total temperature = 540°R (300°K)

Fig. 3 Geometry and flight conditions for cooling-effectiveness
study.

Film cooling calculation using PNS code

Mach = 15 ’

= o ! L] 4
9 cone 12.6 / mg = ./

1500}Nsior = 0:20in

Altitude =
100,000 ft
Q=0

N
Q
o
o

1000

Adiabatic wall temperature °r)

500F
0 1 I \ 1 1
0 2 4 6 8 10 12

Distance downstream of slot (in)

Fig. 4 Wall temperature rise vs distance from slot.
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analogy between skin friction and heat transfer:

1 /dV
h=utcp7 O
e w

where

u, =turbulent ‘‘eddy’’ viscosity
Cp =specific heat of air (const. P)
V, =estimated velocity at edge of wall boundary
layer
(dV/dy)w=wall velocity gradient based on u at first
mesh point away from wall.

Such a procedure should serve as a reliable guide to estimate
instantaneous local heat-transfer rates, even though the
calculation assumes steady flow and does not account for
transient heating effects.

Figure 5 presents dimensional heat-transfer coefficients ver-
sus cooling distance for the nominal flight condition. It may
seem unusual at first to observe that the coefficient increases
with added coolant mass flow. This behavior, however, is con-
sistent with the developing boundary layers in the three cases.
By far the more important effect of the coolant is to reduce the
gas-to-window-surface temperature differential (Fig. 4). As
the boundary layer and mixing layer develop, the coefficient
approaches the sharp cone value (dashed line on Fig. 5). Tur-
bulent heat-transfer coefficients may be approximately scaled
for other conditions using the Eckert formula as a guide:

h=0.034(K*/z) (Pr*)" (Re*)"’

where Re* < 107 and the asterisk denotes the Eckert reference
temperature.5

For a more detailed parametric analysis, it is desirable to ex-
press the calculated results in terms of a functional relation-
ship among dimensionless variables. For a fixed geometry, it is
convenient to select the following variables:

Variable Definition
Mach number Ve/a
Coolant mass flux ratio o V. /0, V,,

Cooling-distance ratio

(Z—~Zs orY hsLor
Cooling effectiveness

(Taw - TH)/(TC - TH)

Figures 6 and 7 iilustrate cooling-effectiveness results ex-
pressed in this form, for Mach numbers of 7 and 15 on a 12.6
deg cone. Cooling length versus mass flux ratio may be ap-
proximately correlated via a 4/5-power law formula, similar

I L 1 A

0 2 4 (] ¥ 10
Distance downstream of slot (in)

Note: Heat transfer coefficient increases with coolant mass
flow due to delayed development of the slot flow
boundary layer, The actual heat flux will decrease
as more coolant is injected

-4

& 200 -
l me =
~N
4-; {lbm/sec/ft) 2.3
< 180
3
s
2 100~ 12
2 0.6
% .
8 b — = —— e T
5 B0} Shamp cone without slot cooling ('l'W = 4000° R)
2
s
g
T

Fig. 5 Heat-transfer coefficient versus distance from slot.

PNS PREDICTION OF HYPERSONIC WINDOW COOLING 285

to Eckert’s formula for turbulent flow. The effect of flight
conditions on thermal protection requirements is evident when
comparing the two figures. Increasing Mach number, cone
angle, and angle-of-attack all contribute to more severe
heating. By normalizing the results with respect to flow prop-
erties inside the ““inviscid’’ part of the shock layer, and for-
ward of the window, it should be possible to develop a set of
curves applicable over a range of flight conditions and
geometries.

Figure 8 illustrates the linear dependence of cooling distance
on slot height (hence coolant mass flow rate), attributed to the

3
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40

Cooling length ratio {Z-Z W, o
S
|

V4 T, = 540° R
Ty, = 1200° R
0 | 1 1 |
0 2 4 6 8 10

Mas flux ratio {p Ve/PVoo !
Fig. 6 Cooling effectiveness at Mach 7.

Film cooling caiculation using PNS code
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Fig. 7 Cooling effectiveness at Mach 15.
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nearly constant spreading rate of the mixing layer as the tlow
is convected downstream. Because the spreading rate in
general can be a function of Mach number and velocity ratio
(V./V,), these results may not hold for other conditions. (See
section on ‘‘Mach Number Effects.”’)

Angle-of-Attack Calculation

The PNS flow-analysis code was also used to examine the
effectiveness of slot cooling for a body at Mach 15, an altitude
of 100,000 ft (30.5 km), and an angle of attack of 10 deg. The
body shape was the same as that used in the parametric study
(see Figs. 1 and 3). For this analysis, the coolant slot was
oriented to the windward side of the body.

The computational mesh modeled one-half of the axisym-
metric body and consisted of 35 circumferential grid points
and 40 body radial grid points. Of this mesh, a 9 x 10 section
modeled the 0.20-in.-high coolant slot flow. The grid spacing
near the wall and throughout the coolant slot was 1.9% of the
local shock standoff distance. Although additional mesh
would have been appropriate to provide better flow resolu-
tion, this distribution was sufficient to resolve the main
aspects of the flow, and to test the code.

A no-slip boundary condition was used over the entire ex-
terior surface, including the coolant slot. A fixed wall
temperature of 4000°R (2200 K) was specified on the exterior
body surface, while an adiabatic wall condition was applied to
the coolant slot surfaces. A law-of-the-wall was used to deter-
mine the shear forces along all wall surfaces.

Figure 9 illustrates a typical profile of the cross-flow
velocities in the vicinity of the coolant slot, at a location ap-
proximately 16 slot heights downstream of the exit plane. The
flow vectors within the coolant slot have not been adversely
affected by the exterior flowfield. Similar results were seen at
50 slot heights downstream, thus eliminating concerns (at least
for this condition) that the coolant flow would be “blown”’
out of the slot.

Figure 10 presents the pressure contours for the same loca-
tion as Fig. 9. The figure depicts a well-developed flow about
the body. The surface pressures are approximately 18%
greater than those predicted by inviscid theory due to the com-
pression wave generated by the initial mixing between the
coolant flow and the external flow. This compression wave is
more clearly seen in Fig. 11, which illustrates the pressure con-
tours along the center axis of the window.

Figures 12 and 13 provide the associated flow temperature
and density profiles along the center axis of the window. The
calculation indicates that, for the analyzed coolant flux rate
(.e., p.V./p Vo) of 24.3, adequate cooling was maintained
for over 60 slot heights downstream.

-0.040 |- Axial station, Z/L = 310
Body surface

< O
> Coolant slot
©-0.060 |- \ T
y=l o AT
LS
“©
°
©
@ .0.080}

-0.100 1 1

0.000 0.020 0.040 0.060

Radial location, R/L

Fig. 9 Cross-flow velocity profile for o =10 deg.
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The density profile in Fig. 13 illustrates the major problem
introduced by film cooling for this application. The low-
temperature flow required to provide effective cooling results
in large and varying density gradients which, in turn, bend or
refract the light in a varying manner. The bow shock will of
course cause a similar effect. Together, the coolant flow and
the bow shock will present a formidable problem to the suc-
cess of any sensor which depends on light rays for detection.
However, the use of flow-analysis tools such as the one
described in this paper can provide a better understanding of
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Fig. 10 Pressure contours for a =10 deg.
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the density variations that will be encountered at different
flight conditions.

Mach Number Effects

The effectiveness of the slot-cooling process is determined
primarily by the mixing rate in the shear layer formed between
the cool wall jet and the hot, high-Mach-number, external
flow. It is well known’ that the mixing rate in a planar mixing
layer is a strong function of Mach number for Mach numbers
greater than one. Initial conditions also have a strong: in-
fluence on the mixing rate for a considerable distance
downstream.® Unfortunately, detailed experimental data are
at present limited to constant total temperature flows.

For the slot-cooling application considered here, and for
most practical applications involving supersonic mixing
layers, there is a strong total temperature gradient through the
mixing layer. This introduces an uncertainty into any estimate
of cooling effectiveness and highlights the need for detailed
experimental data for supersonic mixing layers that are closer
to those encountered in practical applications.

For the calculations presented here, the turbulent mixing
was calculated using a standard two-equation k-¢ turbulence
model without any Mach number corrections. The resulting
data were then scaled to approximately account for expected
Mach number effects. The results are believed to be at least
qualitatively correct, but additional work is obviously
required.

Conclusions

An effective analysis tool for the study of hypersonic slot
cooling flows has been developed and demonstrated. Much of
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the efficiency of the new analysis is due to the use of a rela-
tively simple PNS marching algorithm, coupled with an effi-
cient real gas routine. The resulting analysis was used to con-
duct a parametric study of slot cooling effectiveness. The ma-
jor conclusions of this study were as follows:

1) The gas temperature at the window surface remains
nearly constant until the mixing layer touches the surface, then
rises sharply.

2) The length of window protected by the slot cooling flow
is nearly directly proportional to the coolant mass flow rate
(per unit width) and inversely proportional to the free stream
mass flux (per unit area), for the range of conditions con-
sidered here.

3) The above conclusion appears to be nearly independent
of slot height.

4) Large temperature and density gradients are present
across the mixing layer at high Mach numbers.

5) Preliminary results indicate that slot cooling should be
an effective means of thermal protection for angles-of-attack
up to at least 10 deg.

6) A need has been identified for additional data to
establish the turbulent mixing rate for high-Mach-number slot
flows.
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