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Study of Aero-Thermal Effects of Two Heat Conditions on Optical
Side Window

Li Chun-Chij&*
4Department of Mechanical and Aerospace Engineering, Chung Cheng Institute of
Technology, National Defense University,
No.75, Shiyuan Rd., Daxi District, Tauyuan City 33551, Taiwan, ROC
E-mail address: davidli560607@gmail.com

Abstract

Under hypersonic flow environment, the optical side window of optical guidance
missile triggers aerothermal heating effects that create high heat and cracks in optical
windows, leading to optical windows failure. This study adopted computational fluid
dynamics to compare the effects of two types of thermal boundary conditions (i.e.,
adiabatic and heat flux conditions) on the surface temperature of an optical side
window at a flight speed of Mach 6, simulated altitude of 20-60 km, and under a
transient detached eddy simulation (DES) turbulence model. The simulation results
revealed that after a flight time of 60 seconds, the surface temperature of the optical
side window was 100-200 K cooler in a heat flux condition compared with that in an
adiabatic condition. This temperature range approximated more closely to that
observed in reality. At an altitude of 20-40 km above sea level, the surface
temperature of the optical side window exceeded the safe working temperature of 500
K, indicating that the optical side window requires a cooling mechanism. When the
flight altitude exceeded 50 km or more, the surface temperature of the optical side
window was less than 500 K, suggesting that no cooling mechanism is necessary.

Keyword: Hypersonic Flow, Aerothermal Heating Effect, Aero-Optics, Optical
Window, Computational Fluid Dynamics

1. Introduction

When interceptor missiles are flying at high speeds in the atmosphere, complex
flow-fields form between the optical windows and the airflow. This results in high
heat, thermal radiation, and interference with image transmission in the seeker,
leading to target image offsets, jitter, and fuzziness. This is called the aero-optical
effect. The aero-optical effect includes the high-speed flow-field optical transmission
effect, shock waves, the window aerothermal radiation effect, and the optical window
aerothermal heating effect, as shown in Fig. 1[1].
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Fig. 1. Schematic diagram of aero-optical effects [1]
The aerothermal heating effect of an optical window is generated when high-speed
airflow approaches the optical window. Due to the viscous effect of the inner
boundary layer and the no-slip condition on the surface of the optical window, the
kinetic energy of airflow is converted into heat energy, heating the optical window
and exposing the optical window and infrared seeker to an adverse aerothermal
environment.

Bertin and Cummings[2] indicated that during hypersonic flight at altitudes of 30 to
50 km, the aerothermal effect impacted the reliability of the material structure of
optical windows, forcing the installation of a temperature protection system (TPS) on
the flying body. In general, cooling technology must be used for protection and for
lowering temperatures. Two methods are primarily adopted for optical window
cooling, external jet cooling and internal convection cooling. The external cooling
method is simple and easy to implement, but cooling gas and the gas boundary layer
mix, forming a shear/mixed layer. Thus, complex turbulence flow fields and the
aero-optical effect easily occur. The internal cooling mechanism of an optical window
is extremely complex. However, inappropriate cooling mechanism and quantity of
coolant will engender problems related to missile payload. Therefore, accurately
calculating the surface temperature of an optical window is a crucial issue in
aero-optics.

Li et al. [3-4] simulated Terminal High Altitude Area Defense (TAAD) missiles at
angles of attack from 0° to 30°. The turbulence method used was the Spalart-Allmar
(SA) model. At a flying altitude of 30 km with a flight speed M = 6, by using active
external cooling jet controls, when cooling air mass flow reached 0.15 kg/s, the entire
optical window could be cooled to 500 K or less, protecting the function of the optical
window. However, Li found that the surface temperature of optical windows is
typically overestimated. Previous studies generally use a steady state simulation
condition, in which the viscous effect of the boundary layer and the no-slip condition
cause kinetic energy to be completely converted into heat. The surface of optical



windows features adiabatic heat that cannot be dissipated. Therefore, the surface
temperature of optical windows continues to rise, resulting in overestimated results.
By contrast, transient simulation considers time step calculations and involves a slow
heat transfer rate, which more closely reflects real-life situations.

In this study, the optical side window of an interceptor missile was composed of a
single-crystal sapphire with a safe working temperature below 500 K. The effects of
two types of boundary condition (adiabatic and thermal flux conditions) on the
surface temperature of the optical side window were investigated under the following
simulation conditions: an altitude of 20—-60 km, flight speed of Mach 6, transient time
of 60 seconds, and DES turbulence. Subsequently, this study aimed to determine the
flight altitudes that would cause an optical window to require or not require a cooling
mechanism to maintain a safe working temperature.

2. Problems and Methods

2.1 Governing Equation and Numerical Methods
The governing equations are the Reynolds averaged Navier-Stokes equations, the
conservation can be expressed as follows

U  OF oG oH _oF, G, oH

ataxayaz_axayﬁzv (1)

In solving equation (1), convection terms (F,G,H) are calculated by AUSM™ scheme,
while viscosity and diffusion flux terms (F., G,, H,) are calculated using the central
difference method. Discrete space terms are to form a group of ordinary differential
equations followed by time integration to obtain the numerical solution. Turbulence
model adopted the DES equation.

2.2 Boundary Conditions

Inlet boundary condition should be set to pressure-far-field condition, outlet boundary
for the pressure-outlet condition, projectile and the optical window is set to no-slip,
and added the real gas equation modified specific heat ratio. The adiabatic and heat
flux conditions were adopted the thermal boundary on the surface temperature of an
optical side window. Regarding the settings for heat flux boundary condition, the
thickness of the optical window was assumed to be 0.5 cm; the thermal conductivity
coefficient was defined according to the physical properties of the sapphire; and the
convection heat transfer coefficient h was set as 100 W/m2.K.

2.3 3-D Physical Model and Grid Configuration



This paper assumes the optical window to be rectangular for ease of modeling and
prediction of flow field. Besides, the former configuration shows a groove tilt with a
deep front and shallow end. Schematic model of missile is shown in Fig. 2. The
domain is divided into many sub-domains, yielding a grid number of approximately
800,000 grids. Adopted in this study three-dimensional computational grid of
structural grid configuration shown in Fig. 3. All the results presented in this study are
grid insensitive.

Fig. 2 Guidance section model diagram Fig.3 Optical window grid diagram

3. Results and Discussion

3.1 Numerical Code Validation

In order to verify the accuracy of numerical programs, this paper compared with the
experimental and theoretical solution three-dimensional blunt body by Rakich &
Cleary [5] shown in Fig. 4-5. Simulate conditions under the conditions of Mach
number = 10.6. Simulation results show that the cone at different azimuthal angel 0°,
90°, 180° of the surface pressure values are very good agreement, indicating that this
program can be used for hypersonic flow simulation.

Note : All dimensions in inches
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Fig. 4. 3-D blunt body configuration diagram
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Rakich and Cleary.

3.2 Hypersonic Flow Characteristics

The hypersonic flow characteristics of the optical side window at a flight speed of
Mach 6 were simulated. Using a flight altitude of 20 km as an example, the pressure,
density, and Mach contours were compared shown in Fig. 6. The front end of the nose
cone clearly produced a bow shock wave, and within the sonic line range, a strong
shock with high pressure, high temperature, and a Mach number of <1 was observed.
The intersection of the nose cone and optical side window exhibited characteristics of
expansion waves. The optical window groove produced expansion fan at the front and
oblique shock waves at the back.
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Fig. 6. Pressure, density and Mach number contour respectively.

Because of viscosity and friction, the airflow in the boundary layer produces heat and
thus increases the temperature of the boundary layer. The boundary layer was
substantially thinner than the shock wave layer. However, the speed distribution from
the boundary layer to the shock wave layer still exhibits hypersonic flow, which
quickly transfers the heat in the boundary layer. Under the two boundary conditions,
the pressure, density, and speed distributions in the shock wave layer are nearly
identical, and only the temperature in the boundary layer differed significantly, as
shown in Fig. 7-10.
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Fig. 8. 20km, 60sec, density contour in adiabatic, heat flux condition respectively.
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Fig. 10. 20km, 60sec, Temp. contour in adiabatic, heat flux condition respectively.

3.3 Analysis of Optical Window Surface Temperature

The surface temperatures of the optical side window at flight altitudes of 20—40 km
and 60 seconds of open-cover flight were compared, as shown in Fig. 11-13. At an
altitude of 20 km, the surface temperature of the optical window reached
approximately 1400 K in an adiabatic condition, whereas the temperature reached
approximately 1200 K in a thermal flux boundary condition. At 30 km (40 km), the
air density decreased with increasing altitude, the surface temperature of the optical
window reached approximately 1000 K (680 K) in an adiabatic condition, whereas the
temperature reached approximately 830 K (580 K) in a heat flux boundary condition.
Thus, at a constant flight speed, an increase in flight altitude decreased air density and
decreased surface temperature of the optical window.
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Fig. 11. 20km, 60sec, optical window Temp. in adiabatic, heat flux condition.
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Fig. 12. 30km, 60sec, optical window Temp. in adiabatic, heat flux condition.
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Fig. 13. 40km, 60sec, optical window Temp. in adiabatic, heat flux condition.
The surface of the optical window was assumed to exhibit an adiabatic condition, in
which heat flux cannot dissipate when the external wall surface of the optical window
is heated, causing the temperature of the optical window to rise. Although
experimental data on the true convection heat transfer coefficient of optical windows
are lacking, this coefficient can be defined on the basis of the missile body’s speed
flight condition. Therefore, air convection heat transfer coefficient was assumed to be
100 W/m2.K. The transient simulation results of the optical window subjected to
aerodynamic heating at flight altitudes of 20-60 km were compared with those
generated under adiabatic conditions. This study then analyzed the maximum
temperatures of the optical window surface in a 60-second flight process at flight
altitudes of 20-60 km under adiabatic and heat flux conditions, as shown in Fig. 14.



At a flight altitude of 20 km, the air density was high. For both types of boundary
conditions, the maximum temperatures of the optical window surface exceeded the
safe working temperature of 500 K when the optical window was subjected to
aerodynamic heating for 4 seconds . At a flight altitude of 30 km and exposure to 12
seconds of adiabatic condition and 14 seconds of heat flux condition, the maximum
temperatures of the optical window surface exceeded the safe working temperature of
500 K. At a flight altitude of 40 km and exposure to 24 seconds of adiabatic condition
and 34 seconds of heat flux condition, the maximum temperatures of the optical
window surface exceeded the safe working temperature of 500 K. At a flight altitude
of 50 km and exposure to 50 seconds of adiabatic condition, the maximum
temperatures of the optical window surface exceeded the safe working temperature of
500 K. Under the heat flux condition, only the maximum temperature of 450 K
conformed to safety regulations. At a flight altitude of 60 km, the maximum
temperatures of the optical window surface fell below 500 K for both types of
boundary conditions.
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Fig.14. 20~60km, optical window Tmax-Time in adiabatic, heat flux condition.

4. Conclusion
Accurately calculating the surface temperature of optical windows in a
high-temperature, low-pressure hypersonic flow environment is difficult. Particularly,
an adiabatic condition yields overestimated surface temperature. Although a thermal
flux condition more closely reflects real-life conditions, its high-temperature,
low-pressure hypersonic flow field poses difficulties in determining the correct
convection heat transfer coefficient. Nevertheless, regardless of convection heat
transfer coefficient, the surface temperature of optical windows must not exceed
adiabatic temperature. Therefore, a comparison of the simulation results for the two
types of heating conditions provides a basis for assessing the characteristics of
interceptor missiles (e.g., interceptor altitude) to determine whether to install cooling



mechanisms. At a flight speed of Mach 6 and altitudes of 20—40 km, optical windows
require a cooling mechanism. When the cover is opened at an altitude of 50 km or
more, the optical windows do not need a cooling mechanism. Using computational
fluid dynamics to simulate the aero-optics of a hypersonic flow environment
facilitates the reduction of ground testing costs.
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