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1. INTRODUCTION

High velocity interceptors operating at low altitudes in the range from ~20 to 30 km will
experience a stressing aerothermal environment which can impact performance of the infrared
sensor/designator system. This environment includes: high levels of aerothermal heating which
can cause pyrolysis/ablation of nosecone/heatshield materials and affect window performance
through undesirable temperature rise; flowfield IR background radiation produced by heated air
and ablation species; and a turbulent flowfield which can provide optical distortions affecting the
end-game target analysis.

Recently, there has also been a focus in the interceptor community to engage targets at
even lower altitudes due to the proliferation of cruise missile and maneuvering threats. These
engagement scenarios provide aerothermal environments that are even more severe than alluded
to above. New window material technology and lightweight thermal protection material are
required for these very low altitude interceptors. Furthermore, there is also current interest in
developing passive seeker windows that do not require an external cooling flow to maintain
satisfactory operating window temperatures.

This report addresses primarily two aspects of high velocity interceptors: a novel
passively cooled window concept and the control of boundary layer transition to turbulence. In
Section 2, a totally new concept for maintaining the IR transmitting window of an interceptor at
low temperature so as to minimize background interferences introduced by aerodynamic heating
effects is described. The concept involves immersing a nest of fiber optics within a matrix of a
low temperature pyrolysis material, a transition metal hydride. These hydrides have the ability to
absorb heat at low temperatures through the desorption of H, molecules, i.e.,

AB, Hy 2A B +v2H,

and thus behave like low temperature, high energy ablators. In addition, thermal response
calculation of candidate hydride/thermal conductor material designs, scoping calculations for
potential fiber temperatures and ablation rates for realistic aerodynamic heating rates and
material properties are shown. These calculations show that our window concept is viable. In
addition, a preliminary metal-hydride-bed window design using viewing parameters defined in
the Atmospheric Interceptor Technology program was developed. We conclude that our optical
train will have to be more complex than simple fiber optics in order to meet system field of view
requirements.

In Section 3, our modeling of boundary-layer transition control over seeker windows
under situations when the surface of the interceptor remains very cool during atmospheric flight
is described. This situation occurs naturally for our “passive cool window” approach which
employs a transition metal hydride to maintain window temperatures near 300 K at typical
interceptor heating levels of several hundred watts per square centimeter. Such low surface
temperatures provide a passive means of preventing boundary-layer transition from laminar to
turbulent flow, but the synergistic solution is not universal since it depends critically on the local
flow Mach number over the window. A three-dimensional stability code was utilized to

1




demonstrate that high-speed (Mach 15) boundary layers on typical seeker head geometries are
stabilized by extreme wall cooling. The detailed laminar flow field computation over the
wedge-like geometry for an advanced interceptor at 20 km was used as input into the stability
code.




2. PASSIVE WINDOW COOLING TECHNIQUES

2.1 Background

An innovative passive window cooling technique using transition metal hydrides was
studied. Our window cooling concept is defined by the use of the endothermic heat of
decomposition of transition metal hydrides to remove aerodynamic heat loads.

Transition metal hydrides of the form A B, ,H, are characterized by their rapid absorption
and release of hydrogen via the equation:
ABH,=AB, +y/2H, (1)

The release of hydrogen from these compounds has a high positive (exothermic) heat of reaction.
Two examples of these reactions are:

LaNisH, ~ LaNis + 3 H, (AH = 15.1kJ/gmH,) (2)
(VosoTig 11y95F€00sH, = (VogoTig 1) osFegosH + 1/2H, (AH = 21.5 kJ/gmH,) (3)

For these two compounds, the hydrogen pressure is greater than 1 atm at room temperature.
Hence these compounds are quite unique in that they are low temperature, high energy ablators.

A schematic of the window cooling concept is presented in Figure 1. A porous bed of
metal hydride surrounds optical fibers. The optical fibers provide optical access to detectors
within the vehicle. Heat from aerodynamic heating is balanced by the heat of the metal hydride
decomposition reaction. The decomposition reaction releases hydrogen into the boundary layer.
The amount of hydrogen gas release from hydride is quite small because of the high endother-
micity of the reaction. For example, for (V5T 11)o0sF€00s Hz @ 100 W/cm? aerodynamic heat
load is balanced by a hydrogen production rate of 4.7 x 10 gm/cm?/s.

AH from H, Release into
Atmosphefc Heating  Boundary Layer

!

<1— Window Containing
Transition Metal
Hydride and Thermal
. Conductor
- —~ - D-0710
Optical Fibers
to Sensors

Figure 1. Schematic of Window Cooling Concept



We report here the results of a modeling
effort to verify the feasibility of the transition
metal hydride window cooling concept.

2.2 Aerothermal Environment and General
Considerations

Figure 2 shows aerodynamic heat loads as
a function of altitude for vehicle velocities
between 3 and 5 km/s for a window placed on the
vehicle.

Q (MW/m2)

The heating rates over the optical window
are very high at low altitudes where turbulent flow
prevails. As the altitude increases, the flow over
the window becomes laminar and the heating rates
decrease. This figure was obtained by taking the
heating rate at 25 km and 4 km/s (see Ref. 2 in
Section 3) and scaling it with pmvj to the other
conditions. Even though this approach is approx-

imate, the results are representative of the local 20 30 40
heating rates for a typical interceptor. Calcu- H (km) D-9803
lations for a different configuration provided Figure 2. Heating rate, Q, versus
similar heating levels as noted in Section 3. From Altitude, H, for Several Vehicle

the figure we can conclude that heating rates of Velocities. Vehicle nose radius is

100 to 200 W/cm? are appropriate for the present 0.2 in. and cone angle is 15 deg.

interceptor application. Although these heating
rates have been used as a guide for the assessment of passive window cooling problems, the
window is capable of cooling effectively at higher heating loads as shown in subsequent

calculations.

The required depth, 0, of the hydride bed can be computed from energetic considerations.
For an areal heating rate, Q (W/cm?), over a period T, the bed depth required to balance the
aerodynamic heat is

MW 1
o) 4
P ) hyarce AH @

where MW denotes the hydride molecular weight, p its density and AH is the enthalpy of the
decomposition reaction. For a T=10 s and Q=100 W/cm?, the respective bed depths for LaNisH
and (VygeTi 1) osF€00sH, are 0.78 and 0.45 cm. The critical aspect of this quantity is that for the
bed to effectively cool the outside surface, the aerodynamic heat flux must be transported the
distance & without significantly raising the surface temperature. The heat flux balance can be

written as




Q=K :K_G— (5)

where K is the bed thermal conductivity, T,is the window surface temperature and T, is a
characteristic temperature for the hydride. Metal hydrides and the residual metals are not good
thermal conductors. For illustrative purposes, we assume K = 0.1 to 0.5 W/cmK. For LaNisHg
the predicted value of AT is in the range 156 to 780 deg. It is obviously desirable to reduce AT
to as small a value as possible. Two strategies are obvious.

First, metal hydrides can be chosen with low values of T, ~ 200 to 250K. This implies
that the window must be a pressurized vessel since the room temperature H, vapor pressure will
be several atmospheres. Both LaNigH, and (VT 11)g.05Fo0sH, satisfy this criterion. Secondly,
the hydride can be mixed with a high thermal conductor such as Cu or SiC to increase the bed
conductivity. For example a 50/50 mixture Cu/LaNisH, with a thermal conductivity of approxi-
mately 2W/Kcm will have a value of AT = 39°C and a predicted surface temperature of about
280°C after 10 s of acrodynamic heating at 100 W/cm®. Note that these calculations are quite
conservative in that the evolved hydrogen enthalpy is neglected.

The dilution of the metal hydride bed leads to a trade off between the bed capacity and the
thermal conductivity. Increased bed dilution decreases bed capacity and therefore increases the
required thermal penetration depth 6. The optimization of materials constituents will be major
consideration in the design of a robust optical window. In this study, we consider two metal
hydrides: LaNigHg and (Vg Tl 1)oesF€00sH,. Simulations were performed for mixtures of these
hydrides with Cu metal to assess their response under realistic heating conditions.

2.3 Simple Kinetic Model for Hydrogen Production

We assume that the hydrogen pressure above the metal hydride is in equilibrium so that
the hydrogen pressure is only a function of the local temperature in the bed. The transport of
hydrogen through the bed is described by simple pipe flow, i.e. the flow rate, Qy, , is given by

4

Qu, = N, g A 6)

where N, is the number of pipes, I, is the pipe radius, { is the pipe length, u is the viscosity of
hydrogen and Ap is the pressure drop along the pipe and is assumed to be equal to the hydride
hydrogen pressure. For the simulations presented we take

1, = 100 um (7)
and
{=10cm




The number of pipes is calculated from the areal porosity, «, and given by

()

-
N =
p o (8)

.

(=]

In all calculations o was set equal to 0.1.

The behavior of the system is quite insensitive to the choice of these parameters because
of the low gas flows required to balance heat fluxes. Gas flows required to balance varying
heating rates are shown in Figure 3 for LaNisH,. Approximately 70 sccm/cm’s of hydrogen flow
balance 100 W/cm? heating. Using the above expressmn for QH and assuming a pressure drop of
1 atm, the value of QH is equal to 1.389 x 10° sccm/cm’s. If the effective pipe radius is reduced
to 10pm and the effective pipe length increased to 20 cm, the value of Q,; is reduced to 695
sccm/cm?s. The implication is that the flow rate will not be limited by bed characteristics but by

the local temperature.

140 1l I 1 1 T T 1 T 1

120 -

100 1

801 o

60 .

40 -

H,, Flow Rate (sccm/cm@/sec)

201

0 1 | 1 I} [ 1 ! Il 1
0 20 40 60 80 100 120 140 160 180 200

Heating Rate (watts/cm?) 01302
Figure 3. H, Flow as a Function of Heating Rate for LaNisH,

The experimental hydrogen pressures, PHz’ above LaNisH, and (V4,Tig ) osF€g0sH, have
been fitted to expressions of the form

P

4, = eXp(-AH/RT + AS/R) )

Values for these two materials are listed in Table 1 from Libowitz.!

The hydrogen vapor pressures above LaNigHg and (V49Tig 11)g0sF€005H, are shown as a
function of temperature in Figure 4. Both materials have vapor pressure above 1 atm at 300 K.
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Table 1. Vapor Pressure Parameters

AH (kcal/mol) AS (cal/deg mol)
LaNisH, - 74 -35.5
(V39T 11)005F€0.05H, -10.3 -25.8
(from Ref. 1 Libowitz, G. G., Electrochem, Soc. Proc. Vol 92-5,3 (1992)

1000

100

10

1

0.1

Pressure (atm)

0.01

ll| T 1 l‘lllllllll] T lll' T IIIl LR}

0.001

0.0001 | ] | | I 1 1 1 1
200 220 240 260 280 300 320 340 360 380 400

Temperature (k) D-1303
Figure 4. H, pressure Above LaNisH, (solid line) and (VgT1;;,)9.95F€00sH, (dot-solid line)
as a Function of Temperature

This will require the use of a pressure tight bed. It will also result in the initial cooling of the
window surface below ambient when the window is opened. This effect is seen in the simula-
tions discussed below.

2.4 Initial Thermal Response Simulations

Calculations were performed using the PSI composite materials thermal response code.
The code simulates the response of a multicomponent system with one ablating species and
heat transfer by conduction and ablation. The thermal profile for a non-ablating material
heated at 100 W/cm? is shown in Figure 5. The curves display the temperature at the surface
and depths into the material. The thermal conductivity of the material is taken as 1.97 W/cmK.
This value corresponds to an equimolar mixture of LaNisH/Cu. Figures 6 and 7 show thermal
responses for non-ablating materials with thermal conductivity equal to 1.0 and 0.25 W/cmK.

The computed surface temperature depends strongly on the thermal conductivity, K.
The surface temperature reaches 540, 630 and 970 K after 10 s heating for thermal conductivities

7



Temperature (K)

Figure 5. Thermal Response of Reference Material (No Pyrolysis) 100 W/cm?, K = 1.97W/cmK
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Figure 6. Thermal Response of Reference Material (No Pyrolysis) 100 W/cm?, K = 1.0 W/cmK

of 1.97, 1.0 and 0.25 W/cmK. Note also that the distance that the thermal wave reaches
decreases as the thermal conductivity decreases. For K = 0.25 W/cmK, the thermal wave barely
reaches 4 cm below the surface at 10 seconds. This will also be true for a hydride containing
bed. Therefore, in order to efficiently access the hydride, the bed thermal conductivity should be
maximized. It should also be noted that 10 seconds is only a characteristic interception time for

8
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Figure 7. Thermal Response of Reference Material (No Pryolysis) 100 W/cm?, K = 0.25 W/cmK

window exposure to the aerothermal environment. Some systems require one half the time to
seek and impact threatening targets.

Figures 8 through 10 display the thermal history of a LaNi;H, hydride bed heated at
100 W/cm?. Figure 8 corresponds to a 50/50 LaNisH/Cu mixture with k = 1.97 W/cmK.
The thermal response is markedly different than that of the non-hydride case shown in Figure 5.

400 T T T T T T T T T
375 L | — Surface J

350
325
300
275

250

225\ - i
_——’/

200 N = — - — 7 7 —_———

175 m_I 3

150 8&10¢c .

125 .

100 1 L 1 1 1 1 i 1 1
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Time (s)

Temperature (K)

D-1439

Figure 8. Thermal Response of LaNisH¢/Cu to 100 W/cm?® Heating; K = 1.97 W/cmK
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Figure 9. Thermal Response of LaNisH/Cu to 100 W/cm? Heating; K = 1.0 W/cmk
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Figure 10. Thermal Response of LaNisH¢/Cu to 100 W/cm? Heating; K = 0.25 W/cmK

Initially, the bed temperature drops from the 300 K to about 250 K. We assume that the window
is opened at t = 0. Upon opening, hydrogen is released causing the window to cool. The cooling
continues until a temperature is reached where the hydrogen pressure is very low and mass flow
becomes small. This occurs at about 220 K. The surface temperature remains approximately
constant for almost 3 seconds and then begins to rise slowly. The results shown are accurate to
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within the magnitude of the abrupt increase, 10 to 15 deg. After 10 seconds heating, the surface
temperature has risen to about 285 K. This can be contrasted to the value of 540 K for the non-
hydride case. The calculation clearly shows the capability of the hydride bed to maintain low
window temperatures.

Calculations in Figures 9 and 10 show the thermal response of hydride beds with lower
thermal conductivities. For K = 1.0 W/cmK, the surface temperature reaches 350 K after
10 seconds and for K = 0.25 W/cmK, a surface temperature of 640 K is reached. These
calculations emphasize the importance of constructing a hydride bed with maximum thermal
conductivity for efficient window cooling.

Calculations were performed to examine the sensitivity of the simulations on the hydro-
gen flow rate. Calculations for a K = 1.97 W/cmK LaNisH/Cu bed with the flow rate reduced by
a factor of 10 and 100. The results are shown in Figures 11 and 12 respectively. A factor of 10
reduction in the hydrogen flow rate increases the surface temperature at 10 seconds by about
25 deg to 310 K. A factor of 100 results in a surface temperature of 340 K after 10 seconds. The
results show that the hydride bed can successfully cool the window even with a factor of 100
reduction in hydrogen production kinetics.

Several calculations were performed at heating rates of 200 W/cm?. Figure 13 shows the
behavior for a non-ablating window with a high thermal conductivity equal to 1.97 W/cm°K.
The surface temperature is about 650 K after 5 seconds heating and increases to nearly 800 K
after 10 seconds. Figure 14 shows the response of an LaNiH,/Cu hydride window to 200 W/cm?
heating. After 5 seconds heating, the surface temperature is about 360 K and after 10 seconds,
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Figure 11. Thermal Response of LaNisHy/Cu to 100 W/cm? Heating; K = 1.97 W/cmK;
Hydrogen Production Rate Reduced by Factor of Ten
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Figure 12. Thermal Response of LaNisH¢/Cu to 100 W/cm? Heating; K = 1.97 W/cmK,
Hydrogen Production Rate Reduction Rate Reduced by Factor of 100
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Figure 13. Thermal Response of Reference Material (No Pyrolysis) to
200 W/cm?, K = 1.97 W/cmK
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Figure 14. Thermal Response of LaNisH¢/Cu to 200 W/cm® Heating; K = 1.97 W/emK

the surface temperature reaches 470 K. Thus the hydride window is capable of substantial
cooling at this heating rate. It is most probable that this heating rate over these time periods is
substantially greater than anticipated in realistic scenarios.

Simulations have also been performed for (VoTiy1)g95F€00sH,/Cu mixtures. The
mixture was formulated with a 1:3 Cu:hydride ratio yielding a thermal conductivity of
1.21 W/cmK. This hydride is potentially more effective than LaNisH, for window cooling since
it has a higher heat of decomposition. Its vapor pressure dependence on temperature is shown in
Figure 4 and is similar to LaNi Hj.

Figures 15 and 16 show the temperature variation of a (Vg Tl ;,)905F€00sH,/Cu window
heated at 100 and 200 W/cm? respectively. The behavior is qualitatively similar to that for the
LaNiH, formulated window. Initially the window temperature drops to between 200 and 250 K.
For the 100 W/cm? heating case the surface temperature is nearly constant over the 10 seconds
heating period; its value after 10 seconds is 270 K. Subsurface temperatures are maintained at
constant values of about 220 K. The results for the 200 W/cm?, shown in Figure 16, indicate that
the surface temperature is maintained at or below 300 K for 5 seconds and reaches 380 K after
10 seconds. Subsurface temperatures are virtually unaffected by the 200 W/cm? heating. These
calculations show that this mixture is capable of effective cooling at heating rates up to
200 W/cm?. In subsequent simulations, we will examine variable heating rates to represent
realistic scenarios as well as attempt to optimize the hydride/thermal conductor formulation.
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Figure 15. Thermal Response of (VT ;)005F€00s/Cu for a Heating Rate of 100 W/cm2
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Figure 16. Thermal Response of (V9T )o9sF€00s/Cu for a Heating Rate of 200 W/cm?

14




2.4.1 Initial Assessment of Passive Window Cooling

We have simulated the thermal response of window materials composed of hydride/
thermal conductor mixtures. The examined hydrides were LaNisH, and (V50T ,)005F€00sHa
mixed with Cu. No significant effort was made to optimize mixture compositions. The
simulations were performed using the PSI composite material thermal response code modified to
account for the kinetics and thermochemistry of the metal hydride hydrogen evolution.

Both hydride formulations showed that window temperatures can be maintained at or
below 300 K at heating rates of 100 W/cm?®. The (V59T 11)o.0sF€00sH, is seen to be more
effective at 200 W/cm? heating rate and can maintain a window surface temperature at or below
300 K for heating periods up to 5 seconds. These simulations demonstrate the feasibility of the
window concept. They also point to several areas for further investigation.

Additional hydrides should be examined. A vast variety of reversible metal hydrides
have been characterized for hydrogen storage and other applications. The optimal hydride or
class of hydrides for the window cooling concept needs to be determined.

The simulations indicate that the hydride bed thermal conductivity is a critical parameter
for effective cooling performance. The initial bed formulations contained mixtures of hydride
with copper. Additional high thermal conductivity material/hydride compositions need to be
examined. Silicon carbide/hydride formulations are an obvious choice as well as diamond/
hydride mixtures. The goal of examining different formulations is to produce a mixture with a
high thermal conductivity and high hydride density that will minimize window temperature
increase under a prescribed heating scenario. It is anticipated that the optimal mixture will be a
function of the specific projected heating pattern.

2.4.2 Alternative Window Concept Using Extraordinary Thermal Conductors

One offshoot of the present effort is the potential of alternative concepts for window
temperature maintenance. The thermal response simulations clearly indicated that the window
bed thermal conductivity is critical to window performance. Windows containing hydride but
having low thermal conductivity do not maintain the surface temperature at low values. This is
seen clearly in Figure 10 where after 10 s of 100 W/cm? heating the surface temperature increases
to 630 K while the subsurface temperatures are maintained at about 200 K. This behavior is due
to the effective thermal insulation of the hydride bed in the subsurface region. The defeat of the
hydride bed concept by poor thermal conductivity suggests an alternative strategy using the fiber
optic sensing concept embedded in an extraordinary thermal conductor as discussed in
Subsection 2.6.2.

Figure 17 shows the thermal response of material heated at 100 W/cm? as a function of
time. The material has a thermal conductivity equal to 4 W/cmK. After 10 s, the surface
temperature has reached 420 K. For less severe heating scenarios, this response might be
adequate for sensing, i.e., if a 5 s engagement at 100 W/cm? is anticipated, the surface
temperature would only rise to 380 K or 80 degrees above ambient. If materials having higher
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Figure 17. Thermal Response of High Thermal Conductivity Reference Material
(No Pyrolysis) to 100 W/cm* Heating Rate; K = 4.0 W/cmK

thermal conductivities such as SiC (K = 5.0 W/cmK) or diamond (K ~ 20 W/cmK) are used,
temperature rises can be further reduced. Moreover, conventional heat pipe devices can be
incorporated into these materials to further aid heat transport.

2.5 Empirical Hydrogen Desorption Kinetics

The above predictions assume that the bed temperature can be maintained at ~ 300 K
under the prescribed heating rates. In our initial feasibility calculations, we employed a simple
kinetic mode! to describe the kinetics of hydrogen desorption from the considered transition
metal hydrides. We have obtained empirical data for the hydrogen desorption of LaNisH,/Cu
bed.? The empirical rate law for hydrogen desorption is

'Ed) [Pg—Peq] L _em H, "

m = C, exp .
RT Pg " bed volume s

where P, is the local hydrogen pressure, P, the equilibrium hydrogen pressure over the LaNi;H,
bed, p, the density of the hydride bed. The constants E, and C, are equal to 16,473 J/mol and

9.57 s™!, respectively.
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2.6 Improved Thermal Response Calculations

We have performed thermal response calculations for LaNi;H,/Cu mixtures with k =
1.97 W/cmK heated at 100 W/cm?®. These improved calculations using Eq. (1) are compared to
the initial calculations presented in Subsection 2.4 (Figure 8).

Figure 18 shows the thermal response of a LaNisH,/Cu bed to 100 W/cm? using the above
empirical hydrogen kinetics. The results are shown for 10 s heating periods. Over this time
duration, the response is nearly identical to that of Figure 8. This is the case because for either
hydrogen desorption rate law, the controlling factor in the bed temperature profile is the thermal
conductivity. As long as the desorption kinetics are fast compared to the conductive heat flow
this will be the case.
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Figure 18. Thermal Response of LaNisHy/Cu to 100 W/cm? Heating: k = 1.97 w/cmK.
Hydrogen desorption kinetics described by Eq. (10) (see text).

2.6.1 Thermal Response Dependence on Bed Thickness

The design of an optical viewing system is facilitated by a thin hydride bed. We per-
formed calculations to determine the thermal response of beds of varying thicknesses. The cal-
culations were performed for heating rates of 100 W/cm®. The results are shown in Figures 19
through 22 for the thermal response from 10, 6, 4, 3 and 2 cm thick beds. For beds 3 cm or
more, thick thermal response is virtually identical. Only the 2 cm bed shows a significantly
different response, that is due to all its hydrogen desorbing after about 7 to 8 seconds. The
conclusion from these calculations is that the hydride bed will maintain cooling effectiveness as
long as its hydride is not totally depleted of hydrogen independent of the bed thickness. The
condition of not depleting all the hydrogen from the bed puts a minimum thickness on the bed
from purely thermochemical considerations.
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Figure 19. Thermal Response of LaNisHg/Cu to 100 W/cm? Heating: k = 1.97 W/cmK, bed
thickness = 6 cm. Hydrogen desorption kinetics described by Eq. (10) (see text).
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Figure 20. Thermal Response of LaNisH¢/Cu to 100 W/cm? Heating: k = 1.97 W/cmK, bed
Thickness = 4 cm. Hydrogen desorption kinetics described in Eq. (10) (see text).

18




Figure 21.

Figure 22.
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Thermal Response of LaNisH¢/Cu to 100 W/cm? Heating: k = 1.97 W/cmK, bed
thickness = 3 cm. Hydrogen desorption kinetics described in Eq. (10) (see text).
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Thermal Response of LaNigH/Cu to 100 W/cm? Heating: k = 1.97 W/cmK, bed
thickness = 2 cm. Hydrogen desorption kinetics described by Eq. (10) (see text).
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2.6.2 Bed Fabrication and Thermal Conductivity Characteristics

We have begun a study of the fabrication of metal hydride/thermal conductor mixtures.
The motivation for the use of additives is to increase the hydride bed thermal conductivity. The
straightforward addition of powdered hydride to a powdered thermal conductor is not an efficient
use of the conductor. Higher conductivity mixtures can be obtained by mixing the powdered
hydride with fibers of thermal conductor. This can readily be done with copper metal by using a
fine mesh copper "steel wool." Similarly, SiC is obtained in a fiber form. Diamond is not
available in a fiber form and the simple mixing of metallic hydride with diamond powder may
not result in a particularly high thermal conductivity mixture. We note that the use of fibers is
dictated by the need to retain thermal connectivity throughout the bed.

An intriguing material is made by Amoco Performance Products, Inc. They produce a
graphite fiber K-1100 for thermal management applications. It is produced as a continuous fiber
and is a highly oriented crystalline pitch fiber. Its thermal conductivity is three times that of
copper, i.e., k= 11 W/cmK. A 50/50 volumetric mixture of LaNisH, with K1100 might have a
thermal conductivity as high as 5.5 W/cmK. Actual conductivities will have to be determined

empirically.

Figure 23 shows the thermal response a LaNisH,/K1100 bed with k = 5.0 W/cmK to
100 W/cm? heating over a 10 s interval. As can be seen, the bed temperature quickly drops from
its initial value of 300 K to about 270 K where it remains over the entire heating period. The
ability of the bed to maintain a nearly constant, low temperature is a consequence of its high
thermal conductivity.
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Figure 23. Thermal Response of LaNisH¢/K1100 to 100 W/cm? Heating: k = 5.0 W/cmK.
Hydrogen desorption kinetics according to Eq. (10) (see text).
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In conclusion then, these calculations show that a mixed metal hydride bed can keep a
fiber optic system cold against nominal aerodynamic heating over two typical engagement times.
More detailed predictions are warranted once a specific window design has been established.
Alternative techniques for improving bed conductivity would be to introduce high conductivity,
e.g., diamond, bed cover, and bore-hole walls.

2.7 Fiber Optic Heating

The proposed cooled window concept consists of a hydride bed with fiber optic ports
through it to allow viewing. An issue of importance is the amount of temperature increase in a
fiber optic. The potential consequences of such heating are discussed elsewhere in this report.
The fiber optic heating model is discussed here.

We consider a cylinder of fiber optic material embedded in a hydride bed. The hydride
bed is assumed to maintain the radial surface of the fiber optic at a constant temperature, T,. We
assume T, = 300 K. The exterior surface of the fiber optic is heated from above at a constant
rate, [,. The initial temperature of the fiber optic is assumed equal to the hydride bed. A

schematic is given in Figure 24.
Hydride Bed
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Figure 24. Schematic of Fiber Heating

The solution of the heat conduction equation for the increase in fiber optic temperature,
AT (r, z) in the steady state case is

21, 7 , _ da
. [e A J‘0 (Ar){sin Ar - Arcos Ar} — (11)

AT (r, z) =

o 22

where k is the thermal conductivity of the fiber and A is in units of inverse length. Figure 25
shows the thermal conductivities of silicon and germanium as a function of temperature. These
two materials are candidate fiber materials.
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Figure 25. Thermal Conductivities of Silicon and Germanium as a

Function of Temperature

At the fiber surface, the value of AT is given by:

o

21
AT (r) = Ttk" f J, (Ar){sin Ar - Arcos Ar} —

0

dA
AZ

(12)

We have employed Egs. (11) and (12) to compute the centerline increase in fiber temperature for
fibers of varying thermal conductivities as a function of fiber radius for varying heating rates.

The results are shown in Figures 26 through 31. Each curve is labeled by the fiber thermal

conductivity. Silicon fibers have thermal conductivities at 300 K of about 1.4 W/cmK, Ge about

0.6 W/cmK.

As can be seen, an Si fiber surface will experience less than 25°C maximum increase in
temperature at a heating rate of 100 W/cm?, Figure 26. For Ge fibers the temperature increase is
about 50°C, Figure 29. The temperature increase 0.5 cm below the surface is reduced to about
10 and 20°C for Si and Ge respectively. The behavior at other heating rates is seen readily in
Figures 27, 28, 30, and 31. The consequences of fiber heating on optical signal evaluation is

discussed in the next subsection.
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Figure 26. Fiber Surface Temperature Increase at Surface on
Centerline: I, = 100 W/cm?
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Figure 27. Fiber Surface Temperature Increase at Surface on
Centerline: I, = 200 W/cm®
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2.8 Preliminary Window Design

A task was carried out to develop preliminary optical design concepts for the proposed
transition metal hydride-cooled IR seeker window. The basic objective was to establish the
feasibility of designing a multi-aperture optical window with thermal, mechanical and optical
properties that enable efficient metal hydride evaporative cooling of the window elements, while
providing the required optical viewing access and resolution needed for the seeker's mission.
Guidelines for mission requirements, operational scenarios, and geometries were derived from
published data from recent optical seeker design efforts carried out by Loral Infrared Imaging
Systems® and McDonnell Douglas.*

Figure 32 presents some of the principal window mount and viewing parameters that
must be considered in designing an IR seeker window. The various geometric parameters shown
play an important role in window design and performance. In particular key parameters that must
be taken into account include vehicle cone angle (0,), nose radius (R,), window cavity location
(s,), window cavity dimension (1), desired sensor viewing angle 6, ), and the required sensor
field of view (FOV) (or "field of regard"). The nose configuration and window location will
affect window surface heat flux and, along with the other parameters mentioned, must be
considered in the window optical design. A realistic range of values of these parameters was
considered for our preliminary design study.** For illustrative purposes, we present here values
of some of these parameters used in the baseline design of Reference 3.
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Figure 32. Geometric Parameters that must be Considered in Designing
an IR Seeker Window
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2.8.1 Basic Design Concept

Figure 33 below schematically illustrates the basic design concept investigated.
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Figure 33. Basic Design Concept for Multi-Aperture IR Seeker Window Employing
Transitional Metal Hydride Evaporative Cooling

In its simplest possible embodiment the window assembly would consist of a limited
array of separate window ports filled with IR transmitting optical material. (As will be shown
later, practical sensor FOV requirements combined with geometric constraints for effective
cooling necessitate a more sophisticated optical design.) The objective of the array of smaller
diameter window ports is to enable effective radial cooling of the window optics by the metal
hydride-filled cooling jacket.

In the design represented in Figure 33, the maximum diameter allowed for each optical
channel is set by requirements for good radial cooling of the window element by thermal
conduction. Effective cooling is needed not only to limit overall window temperature rise by
aerothermal heating, but also to minimize thermal gradients across the aperture which will cause
optical wavefront aberrations. The total number of ports needed, on the other hand, is
determined by the total light collection aperture required to achieve acceptable sensor S/N as well
as to meet diffraction-limited requirements for achieving angle measure accuracy (AMA)
specifications of the seeker. These various design trades are discussed in detail below along with
our proposed optical design approach for achieving sensor FOV requirements.

2.8.2 Heat Transfer Considerations

Preliminary "zeroth" order heat transfer calculations were performed to assess the effect
of individual window port diameter on window temperature rise and temperature uniformity.
The geometry and conditions assumed for these preliminary calculations were that of a
cylindrical optical element heated at the front surface and cooled on the sides by immersion in a
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fixed temperature (T,) "bath" or heat sink assumed to be in excellent thermal contact with the
window. If we assume the surface heat flux to be I, the radius and thickness (length) of the
window element to be r,, and 1, respectively, and the thermal conductivity of the window
material to be k, we estimate the temperature rise at the center of the window to be:

AT =1, /21,k [where AT = T, (r=0) - T,] (13)
(see earlier analysis of Subsection 2.2). It 52 , . i
should be noted that this relationship is valid
for long heating times under which steady 48 r s
state conditions have been approached, i.e., aal II
theating > T (and 1,%)/%, where x is the thermal /
diffusivity of the window material. Thus, for 40 b ,l
mission heating times > 4 s and sapphire as /
the window material ( = 0.11 cm?s), this 36 /
relationship would apply for characteristic | ,’
window element dimensions < 0.7 cm. For /
silicon ( = 0.6 cm?s), on the other hand, the o 28 | ,'
relationship applies for window dimensions E II
<1l5cm. 24 1 /‘
: 20t /
In Figure 34 we present a plot of the I’
estimated centerline temperature rise of a 16 L /
sapphire and a silicon window as a function /
of window radius. Temperatures were com- 12 s
puted using Eq. (13), an assumed front //
surface heat flux of 200 W/cm?, and a 81 e Sapphire
window thickness (length) of 6.5 mm. 41 » ——— Siliign
Temperature rises for other conditions will _a’
scale directly with heat flux and inversely 0 s . ' :
. . . 0 0.2 0.4 0.6 0.8
with window thickness (as long as the f (cm)
window remains thermally thin as described _ , o b
above), Figure 34. Computed Centerline Window

Temperature Rise versus Window Radius

One can see from this plot the clear
advantage of a higher thermal conductivity window material such as silicon for limiting the
window temperature rise. For example, for the same window dimensions, the temperature rise is
about 5x lower with silicon than with sapphire. Alternatively for the same design limit on
window temperature rise, the acceptable diameter for the silicon window is about 2.2x larger
than that for sapphire. For example, to limit the centerline window temperature rise to <40 K, a
sapphire window would have to have a diameter < 0.58 cm while a silicon window could be as

large as 1.3 cm.
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In the Loral Imaging Systems study (Reference 3) a design was developed for an IR
seeker window which is recessed in a cavity to reduce aerodynamic heating. The objective of
this design was to reduce window temperature rise to the point where active window cooling
could be dispensed with. With that design, for example, it was shown to be feasible to limit the
maximum window temperature rise at the end of a 4s intercept at 25 km altitude to < 150 K.

(A sapphire window was assumed.) We think a reasonable goal of the current window design
would be to limit the maximum window temperature rise under similar aerodynamic heating
conditions to at least a factor of 5 to 10 lower, i.e., < 15to 30 K. The preliminary results shown
in Figure 34 indicate that to achieve this requires limiting the radius of each individual window
to < 0.2 cm for a sapphire window and < 0.4 to 0.5 cm for a silicon window.

In addition to a requirement to limit the overall window temperature rise to reduce back-
ground signal seen by the IR sensor, there is also a need to limit thermal gradients across the
window aperture so as not to introduce undue wavefront distortions to the target signal. The
estimated edge to center wavefront distortion is approximately given by:

WPFD = nAt +tAn where

n is the window index of refraction at temperature T, t is the window thickness and,
At and An are, respectively, the change in thickness and index of refraction at the window
centerline due to the rise in temperature.

Let us now estimate the window temperature rise at centerline that is required to assure
that the wavefront error introduced is small, i.e., < one wavelength of light (3 to 5 x 10™* cm).
Using handbook values for the temperature dependent linear expansion coefficients and refrac-
tive indices of sapphire and silicon and assuming a window thickness of 6.5 mm, we then find,

AT, (sapphire) < 23 K and
AT, (silicon)<3to 5K .

The lower allowable temperature rise for silicon as compared to sapphire arises from silicon's
index of refraction having a significantly higher temperature dependence. It should be noted that
the index of refraction of germanium has an even higher temperature dependence than that of
silicon.

From the thermal considerations and results presented above, we therefore conclude that,
for proper cooling and temperature uniformity, the individual window elements of the proposed
multi-aperture window design will likely have to be no more than 0.5 cm diameter (0.25 cm
radius). We now discuss below the implication this has for the overall window design in light of
anticipated requirements for sensor FOV, total light collection, and sensor spatial resolution/
angle measurement accuracy.
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2.8.3 Optical Design Considerations
FOV Requirements

For the purpose of the present analysis we have assumed engagement geometries and
interceptor/target velocities similar to those considered for the EndoLEAP mission® and,
therefore, also assume similar FOV requirements for the sensor. In Ref. 3, it was shown that for
direct-hit missions (the majority of missions of interest) the desired aperture FOV is approxi-
mately 2.5 to 12.7 deg from the vehicle axis, thus a total FOV of 10.2 deg. This is illustrated in

Figure 35.
Required
FOV =10.2°
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Figure 35. Field-of-View Required for Proposed Direct-Hit Endoatmospheric IR Seeker
Missions (according to Reference 3).

Vehicle Axis
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For the currently proposed design utilizing a multi-aperture window plate, the maximum
FOV that is possible is given by the aspect ratio of an individual port, that is the ratio of the
diameter of the port to the length of the port. Assuming a maximum port diameter of 5 mm as
determined above, and a total port length of 20 mm (see earlier section of report on hydride
loading requirements), we find that under the best of conditions, (assuming the principal
objective lens can be mounted virtually flush to the back of the window), the maximum full
angle FOV is about 14 deg. Because of the highly acute angle of the nose cone, the need for
small "look angles" with respect to the vehicle axis, and the substantial size of the overall
window assembly required to meet fotal aperture requirements (see discussion below), this most
favorable viewing situation cannot be achieved, however.

Figure 36 helps to illustrate some of the geometric constraints. In short, for a 15 deg half-
angle nose cone, a required minimum "look angle" of 2.5 deg, and assumed window assembly
length, 1, of no less than 6.8 cm (a discussion which follows suggests that an even longer
window may be required), one finds that the closest practical center to center spacing between
the window assembly and the lens is about 32 mm. The effect of this required lens to window
spacing is to reduce the maximum FOV to under 5.5 deg - less than is required for the interceptor

mission.

The solution to overcome the FOV limitation introduced by the multi-aperture window is
to incorporate in each port a "fish-eye" objective lens to expand the field of view that can be
observed through each port. This approach is similar to that used in entry door security viewers.
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Figure 36. Viewing Constraints Imposed by Requirements for Shallow “Look” Angle Through
Multi-Aperture Window Mounted on Shallow Angle Nose-Cone.

D-3025

Figure 37 depicts the complete optical assembly we propose for each viewing port of the
window. It consists of a front beam turning prism for establishing the desired direction of view
with respect to the axis of the window port, followed by a relay lens assembly consisting of a
front objective lens, a field lens and a final objective lens. After the lens assembly is an optional
optical phase corrector (discussed in a later section on spatial resolution) and, finally, a wedge
prism.
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Figure 37. Proposed “Periscope” Optics Design for Metal Hydride-Cooled IR Seeker Window

31



The front beam directing prism serves to establish the desired direction of view while
obviating the need for placing optical ports at a highly oblique angle with respect to the cooled
window housing. The relay lens assembly serves the function of a miniature periscope establish-
ing the field of view and transferring the view seen from the front end of the “periscope” to the
back end. The final wedge prism then directs the port image to the rest of the sensor optical
system which ultimately directs the scene image on to the sensor.

It should be mentioned that at an early stage in this study it was thought that an array of
infrared fiberoptic lightguides might provide an ideal solution for achieving the necessary image
transfer. However, on closer examination, it was found that the state-of-the art in mid-IR
fiberoptics is still not adequate to produce a coherent bundle that competes with an image guide
utilizing miniature refractive relay lenses. This is particularly true when the application only
requires, as does the present one, short, rigid image guides that are several mm or more in
diameter. This conclusion is consistent with the fact that the first generation of mid-infrared
laparoscopes just now being developed utilize refractive relay lenses rather than IR fiber bundles
for the image guide. Of course as mid-IR fiberoptics technology advances it may eventually
present a preferred solution.

Total Light Collection Requirements

As indicated above, the diameter of an individual window port in our design is likely to
be limited by heat transfer constraints to a rather small effective aperture of <5 mm. To increase
the overall light collection capability, however, an array of several such ports can be used. The
total light collection aperture needed will ,of course, depend on the expected background noise
level and the desired sensor S/N. While the ultimate reduction in thermal background we can
achieve with our proposed approach is not yet known, we can, in the meantime, base a conserva-
tive preliminary estimate of the required light collection aperture on the analysis of Reference 3.

In the investigations performed in Reference 3, the performance of an IR optical seeker
using an uncooled but cavity recessed window was analyzed. A key conclusion of that study was
that with a light collection aperture of ¥2 in. (1.27 cm) - and f/#5 optics - a sensor system design
minimum S/N of 10 could be exceeded for all mission scenarios. Assuming for our design an
individual optics diameter of 5 mm, and 0, + 6,=22.6 deg (see Figure 36), we estimate that a
total of about 15 equivalent 5 mm optical ports would be required to yield an equivalent total
projected aperture for light collection. This is depicted in the sketch in Figure 38 where we have
chosen to arrange these ports in a five by three rectilinear array. Further studies, including
detailed heat transfer analyses, are required to determine the preferred optimum arrangement and
center to center spacing.

It should be noted that for the investigations of Reference 3, considerably higher window
temperatures were allowed than are proposed for the cooled window concept we put forward
here, and thus higher thermal background noise had to be assumed in that study. For this reason,
it is likely that with our approach total light collection requirements would be reduced and,
therefore, a smaller total light collection aperture may, in fact, prove adequate. This would, of
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Figure 38. Candidate Multi-Aperture Array Configuration for Rotal Projected Light
Collection Area of Approximately 1.2 cm?

course, translate to fewer ports being required in the window assembly than are shown in
Figure 38.

Spatial Resolution/Angle Measurement Accuracy Requirements

A final parameter that must be considered in the optical design in addition to field of view
and total light collection requirements is that of sensor spatial resolution or, more specifically for
the seeker mission, angle measurement accuracy (AMA).

In the LIRIS Endo LEAP study’ it was indicated that the required AMA for hit-to-kill is
< 0.2 mrad. It was also shown that such an accuracy can be achieved, using point spread function
(PSF) methods, with a diffraction-limited (Rayleigh criterion) sensor IFOV of only 660 micro-
radians and assumed sensor S/N of > 10. This condition was achieved with a limiting optical
aperture of 1.27 cm diameter. If for the present design, on the other hand, we were to assume
only a single 5 mm light collection aperture, the corresponding Rayleigh criterion limited IFOV
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would be only 1.7 mrad. By analogy, with such a degraded IFOV, the minimum sensor S/N
would have to increase by a factor of 6.5 (S/N > 65) in order to achieve a similar AMA via PSF
techniques. With effective window cooling such an increase in sensor S/N may be possible.

Another approach for achieving the desired AMA would of course be to coherently add
the signals from multiple apertures. This would, in principle, increase the effective limiting
aperture for focusing as the square root of the number of individual apertures and, by also
increasing the collected light signal, could yield dramatic improvements in sensor performance.
Similar techniques are employed in large area array astronomical telescopes.

2.8.4 Design Conclusions

A preliminary optical analysis has been carried out to assess the feasibility of developing
a practical IR seeker window design that exploits the proposed metal hydride-based window
cooling technique. The zeroth order analysis performed suggests that a window employing an
array of small diameter optical ports (probably < 5 mm diameter) is required to enable effective
radial cooling of each optical element. In addition, to achieve the required FOV for the seeker
mission, each port will likely have to contain, at a minimum, a field-of-view expanding objective
lens followed by a short, simple “periscope-like” image guide. A preliminary assessment
indicates that, based on the current state-of the-art, fabricating the image guides from refractive
optics is preferred to using coherent bundles of IR fibers. The total number of ports or apertures
required for the window assembly will depend on the degree of window cooling that can
effectively be achieved and on the corresponding improvement in S/N that ultimately results. A
preliminary scheme for coherently combining the signals from multiple window apertures has
also been examined.

In conclusion, our preliminary analysis suggests that a feasible optical design solution for
the metal-hydride cooled IR seeker window appears possible. The next step is to validate this
design through more detailed and rigorous optical engineering analyses as well as extensive
laboratory performance tests.
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3. INTERCEPTOR BOUNDARY LAYER TRANSITION CONTROL

3.1 Background

Hypersonic boundary-layer flow control has potentially important applications in
atmospheric interceptor technology development. The boundary-layer control could either be
laminar or turbulent flow control and it could be used primarily for two purposes: decrease the
aerothermal heating load to the interceptor or minimize the optical distortions over the seeker
window. At sufficiently high altitudes, the flow over the entire vehicle, including the window,
is laminar. In this regime one minimizes aerodynamic heating with proper geometric design and
obtains the optimum seeing through the boundary layer over the seeker. In the other extreme at
very low altitudes, where the Reynolds number is so large that the flow over the nose of the
vehicle and the remainder of the body surface is turbulent, large heating rates and poor optical
seeing can result. This study emphasizes the altitude regimes between these extremes where it
may be possible to control the location of boundary-layer transition and the concomitant
turbulent flow regions.

Our efforts have concentrated upon boundary-layer transition control under situations
when the wall of the interceptor remains very cool during atmospheric flight.>® This situation
occurs naturally with the use of our “cool window” approach as outlined in the noted references
as well as in the previously proposed studies.”® It was found that one could maintain the wall
temperature at values near 300 K even though a heat flux of 100 to 200 W/cm’ was being
absorbed by the surface. The physico-chemical behavior of these hydride materials is described
in the previous references. This study assumes that such a window material would be available
to provide a cold wall boundary condition during the critical 5 to 10 s of seeker operation.

Cooling stabilizes a hypersonic boundary layer under Mach number conditions which fall
below the appearance of the second-mode instability. This critical Mach number M, depends on
the Reynolds number or flight altitude. This well-established behavior of supersonic boundary-
layers has been used to guide the assessment of boundary-layer transition on a typical atmos-
pheric interceptor geometry from the Atmospheric Interceptor Technology (AIT) program.’

A simple redesign of the original shape provides lower edge Mach numbers that fall below the
critical value.

3.2 Motivation for Boundary Layer Control on Interceptors

Kinetic energy interceptors fly different trajectories depending upon the specific Theater
Missile Defense (TMD) mission requirements. The most challenging environmental flight
involves high-speed transit in the lower portions of the atmosphere where the boundary layer
over the window is turbulent. The overall altitude range of interest is from about 10 to 40 km.
Boundary-layer transition movement for a candidate Atmospheric Interceptor Technology (AIT)
design’® is shown in Figure 39 using a typical empirical transition relationship. '
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Figure 39. Transition Movement Across the Optical
Window for an M = 15 Interceptor

The window region is
shown shaded and the end of the
intereceptor is also indicated. The
regime of interest here is between
about 22 to 25 km and above
27 km, the flow over the vehicle
would be entirely laminar. The
approximate geometry of the
interceptor is shown in Figure 40.
Even though the interceptor is
predominantly an axisymmetric
conical shape, the window region
has flat surfaces that make the
geometry wedge-like over these
regions.

The basic aim of hypersonic
boundary-layer control is to move
the boundary layer transition
location back beyond the end of the
window region. From Figure 39, it
is evident that at an altitude of
25 km and higher, the window
boundary flow is laminar. As the
altitude is decreased, however, the
turbulent flow initiation moves’
forward on the interceptor as
indicated in the figure. At an
altitude of 10 km, a significant

increase in the transition Reynolds is required to control transition until aft of the window. The
factor (F) improvement needed is nearly 11. This quantity decreases with altitude as shown in
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Figure 40. A Candidate Interceptor Geometric Configuration (McDonnell Douglas Design)

from the AIT Program'
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Figure 41 until at 25 km, it becomes unity.

12
It will be shown later that cooling the wall
has been demonstrated experimentally with
F factors up to about 4 for Mach numbers of

10—

interest. This would imply from Figure 41
that control could be achieved down to

17 km, at least. The required F factor of
near 11 at 10 km will be much more 8
challenging. Stability and transition studies
have, however, indicated that complete
control with laminar flow over the window i N
is manageable.
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ration at Mach 15. These were then faired in o 10 20 30 40
at the window-location transition altitudes of H (km) D-1306
22 to 25 km. These curves suggest that Figure 41. Increase in Boundary _Layer
above 27 km, the laminar heating rates Transition Reynolds Number to Achieve
would be below 200 W/cm?®. At very high Laminar Flow Over the Optical Window

altitudes, the laminar a