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Abstract—In hypersonic environments, the aerothermal effect The high temperatures produced by the aerotherffedte
makes it difficult for the optical side windows obtical guided result in heat loads, cracks, failure, and evertunapin the
missiles to withstand high heat. This producesiénacor breaking, - gptical windows, influencing the normal operatiohoptical
;Iegultmg in an inability to function. This studged computational o0 tion systems. In general, cooling technologgtrbe used

uid mechanics to investigate the external cooligigconditions of . .

optical side windows. The turbulent modelss kand ke were for protection and for lowering temperatures. Twetihods are
simulated. To be in better accord with actual demonal Primarily adopted for optical window cooling, extet jet
environments, a thermal radiation model was addedexamine cooling and internal convection cooling. This stumyestigates
suitable amounts of external coolants and the abtigindow the aerothermal effect of external jet cooling.elxternal jet
problems of aero-thermodynamics. The simulationltesndicate that cooling, low-temperature airflow is sprayed frone tiiont of
when there are no external cooling jets, becaufiewion the optical the window (or all around it) on the outside of thmdow,

window and the tail groove produce vortices, thegeratures in these . . . .
two locations reach a peak of approximately 1600V¥hen the [Orming a membrane and separating the optical winfom

external cooling jets worked at 0.15 kg/s, the aueftemperature of the external hot airflow, thus providing insulatiand cooling
the optical windows dropped to approximately 280vhen adding for the window. This demands that a uniform, stabbes
thermal radiation conditions, because heat flugigaion was faster, membrane forms on the outside of the window duttiegentire
the surface temperature of the optical windows fleim 280 K to 51k process. This method is also called exterealfijm

approximately 260 K. The difference in influence tbe different

turbulence models k-and ke» on optical window surface temperature

was not significant.

Keywor ds—aero-optical side window, aerothermal effect, aomli
hypersonic flow

|. INTRODUCTION

cooling. The external cooling method is simple aady to
implement, but cooling gas and the gas boundargr layix,
forming a shear/mixed layer. Thus, complex turbegefiow
fields and the aero-optical effect easily occur.

Currently, two forms for optical windows exist. Tfiest is a
mosaic window, which has a superior line of sigid &acking

range, and does not require external aircrafomitrol systems

ESERCHinto aero-optics includes probes by high-spee@r alignment. However, the substantial opticalfrdiftion

flow on onboard imaging, the influence of atmosgher

turbulence on optical images, and their correctionkis
method is primarily applied to the new generatibimterceptor
missiles, the hood sides of which are called opticads. In
general, these hoods are composed of three sectiasings,
optical windows, and optical window cooling systerihie
nearby optical windows receive infrared rays todguiracking
and intercepting high-speed aircraft. When inteteemissiles
are flying at high speeds in the atmosphere, coxrffie fields
form between their optical windows and the airfld@is results
in high heat, thermal radiation, and interferendéh vimage
transmission in the seeker, leading to target indfgets, jitter,
and fuzziness. This is called the aero-optical ckffelhe
aero-optical effect includes the high-speed floeldfioptical
transmission effect, shock waves, the window aerotal
radiation effect, and the optical window aerodyraimeating
effect, as shown in Fig. 1. [1]
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effect, low aperture efficiency, and complex staet and
processes are difficulties that must be overcone Jecond
type is the side-cooled optical window. In genegalplanar
optical window is installed on the surface of tiief the hood
region. The position of the window is slightly lomthan the
missile surface maintaining the hood's appearahbe.beams
are not restricted by the optical window apertuiférattion

limit, and are easy to install. However, the magni§icant

problem yet to be solved is that a large area efdhtical
window is exposed to the extremely hot boundargdaywhen
flying in the atmosphere, the optical window mustdooled.

Li et al. [2] simulated Terminal High Altitude Ardaefense
(TAAD) missiles at angles of attack from 0° to 30rhe
turbulence method used was the Spalart-Allmar (88Jlel. At
a flying altitude of 30 km with a flight speed M6 by using
active external cooling jet controls, when coolaigmass flow
reached 0.15 kg/s, the entire optical window cdadctooled to
500 K or less, protecting the function of the ogtiaindow.
However, this study did not include thermal radiati
conditions. Cooling jet may be over-forecast, lagdb missile
payload problems. In the study described abovesithpler SA
turbulent model was adopted, and the problems efntal
radiation were not investigated. The actual opfiaismission
effect was caused by turbulence flow fields. Thevemoent of
turbulence flow fields was random and without rukasd there
is yet no complete theoretical description of thigiws of
motion. This has been a hot topic in the fieldloitf mechanics,
and discussion of which turbulence model is moptiegble to
the aerothermal of aero-optical hoods remains iclcsive.
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Bertin et al. [3] indicated that during hypersofiight at
altitudes of 30 to 50 km, the aerothermal effegbacted the
reliability of the material structure of opticalwdows, forcing
the installation of a temperature protection syst€RS) on the
flying body. Neale and Max [4] divided TPS concegiiyiinto
passive, semi-passive, and active models, as showig. 2.
However, because the introduced cooling jets preduore
complex mixed shearing phenomena with the mainstrelae
chaotic features of the flow field are further mgéied,
influencing the interpretation of images by theanéd system
within the optical window. Thus, calculating aenotioal
influence quantitatively and adopting effective hmets for
calibration is a key issue in the development afhkepeed
interceptors. Hirschel [5] indicated that at alliés of 50 km and
less, the flow fields of flying bodies were goveunby the
viscous effect. The wall heat radiation effect muost be
overlooked. Therefore, in actual conditions, thugnce on
temperature brought by the aerothermal radiatifeceénd the
interfering noise of thermal radiation must be ddesed. In
actual situations, the emissivity, absorption ratejex of
refraction, and reflectivity of a material are ftinos of
temperature and wavelength. Bartl et al. [6] int#idathat the
emissivity of opaque aluminum materials decreaséidwing
increases in radiation wavelength, whereas refliggti
increased. Similarly, semitransparent materialschsias
sapphire crystals, showed different optical prapsrtunder
changing environmental temperatures and
wavelengths. Dobrovinskaya et al. [7] indicatedt thie
emissivity, reflectivity, absorption rate, and peagon of
sapphire all change following changes in incideatelength.

Following Li's research on external cooling jets fiptical
side windows, this study adds two different turibgke models,
k-¢ and kev. In addition, a thermal radiation model was ineldd
to better conform to actual aerothermal environsmiemd to
investigate suitable amounts of external coolantl d@he
aerothermal problems of optical windows.
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Fig. 1 Schematic diagram of aero-optical effec}s [1
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Fig. 2 Diagram of external cooling in different {eaih [3]

radiation

Il. PROBLEMS AND METHODS

A. Governing Equation and Numerical Methods

The governing equations are the Reynolds averaged
Navier-Stokes equations, the conservation can peeseged as
follows

oU oF 0G oH _oF,  0G, A oH,

= VTV 4V

ot oOx dy 0z Ox oy 0z

In solving equation (1), convection term&,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 grouprdihary
differential equations followed by time integratittnobtain the
numerical solution.

B. Turbulent and Radiation Models

In this paper, two different turbulence models @ddpinclu
ding the realizable k-and standard k> model. The majority of
wave bands considered for use in heat-seekinglesisgere i
nfrared bands, with radiation wavelengths betwean®B5 pum.
In addition, the research model in consideratirestigated t
he optical transport phenomena of radiation ab&orppenetra
tion, refraction, reflection, and diffusion in opsgprojectiles a
nd semitransparent optical window materials. Tthesnon-gra
y discrete ordinate radiation model was used iowkition, wi
th the radiative transfer equation provided below.

1)

(1.9 +(a +o)1, (.9 =aril, + =4 (rs)ofsizjo @)

C.Boundary Conditions

This paper adopts computational fluid dynamicsttoly the
external cooling characteristics of optical sidendaw under
different jet flow rates with flight speed of Maéhand 30 to 40
km altitude above sea level. The ambient pressuleaanbient
temperature are 50,000 Pa and 300K, respectivaly. T
condition of inlet boundary and outlet boundaryidide set at
pressure-far-field condition and pressure-outleindiiion,
respectively. Besides, the cooling jet port is teetass flow
rates conditions. The projectile and optical windiswset to
no-slip and radiation conditions. Additionally, theal gas
equation modified specific heat ratio is added.

D.3-D Physical Model and Grid Configuration

This paper assumes the optical window to be reatandor
ease of modeling and prediction of flow field. Acding to the
observation, it is known that the cooling jet hisléocated at the
bottom of leeward and its size is approximately tta¢ height
of leeward. Besides, the former configuration shangroove
tilt with a deep front and shallow end. Schematicdel of
missile is shown in Fig. 3. Adopted in this study
three-dimensional computational grid of structurgtid
configuration shown in Fig. 4, for the confirmatiai the
computational grid is independent of the charasties of the
grid, for 300,000, 500,000 and 800,000 three kofdse mesh
window in the same flow conditions (cooling jet =
0.15kg/s ) test. The test results on the opticablew position
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(0.11~0.3m) of the surface temperature are showhign5.
500,000 and 800,000 in the optical window grid hamore
consistent temperature performance, and ultimabedyresults
will be 500,000 of total grid as a follow-up study.

o
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Fig. 4 3-D THAAD optical window grid diagram

320 . - -
- | o S0 cemperature g9 | |
T SoTtemporature (9 o
300~ | e — 50 temperature (K) :
280 e /j?
o5 F s
= 1 [ FS%
= 260 el
e =
=2 |
S 240
QL
g B
g 220 =
- - -
200 |-
180
188 65 0.1 0.15 0.2 0.25 0.3 0.35
X (m)

Fig. 5 Surface temperature of optical window iry3et grid system

Ill. RESEARCHMATRIX

The different turbulent models are named Model ATBe
external cooling jet flow is divided into 2 categgsr according
to their spray flow rates (J) including O (kg/sdah15 (kg/s).
Table 1 indicates the research matrix.

TABLE |
URESEARCHMATRIX
Jet _ _ J=0.15&
Flow(kg/s)| 70 92015 1 1 iation)
k-¢ A0 A1l A2
k-0 B O B 1 B 2

IV. RESULTS ANDDISCUSSION

A.Numerical Code Validation
To verify the correctness of the formula in thistsare, the

numerical simulation results of hypersonic flowgiag through
a ramp channel obtained by Algacyr Jr. [8] werenefced for
comparison. The operating conditions included avisaid

flow, a Mach number of 3.5, an environmental terapee of
300 K, and a pressure of one atmosphere for tweiasional
flow field simulation. The isobaric charts for tlsémulation

results are shown in Figs. 6 and 7. Comparisomefigobaric
line distribution indicated that angles of the gbk shock
waves, characteristics of the expansion wavesttengosition
and angle of the reflected wave on the wall werextemely
similar. The expected high-speed flow field chaggstics were
captured correctly, indicating that the simulatgmitware used
in this study can be feasibly applied to high-spied fields.
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Fig. 6 Numerical simulation dAlgacyr Jr.[8]
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Fig. 7 Numerical simulation of present study

B. Optical Side Window Simulation Results

First, optical hoods flying at Mach 6 were simuthti
conditions without cooling jets and without considg thermal
radiation conditions. The results indicated thag #urface
temperature of the optical window was between apprately
1550 and 1620 K. Hot airflow on the optical windamd the tail
groove formed vortices, thus temperatures wereehigiihe
optical window surface temperatures of the two wight
models did not differ much, as shown in Figs. 8 &ndrhe
surface temperatures of the optical windows alleexied the
upper limit heat resistance temperature of 500 Kapphire
optical windows. Therefore, cooling jets had toulsed.

When jet cooling was performed on optical side wins, the
high-speed mainstreams that were initially clos¢hto optical
window surface were lifted upward due to injectioh the
cooling jets. In situations where the speeds ofje¢te and the
mainstreams differed, the two produced a clearrslagar, as
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shown in Fig. 10~11. In conditions with coolinggetvhen no
thermal radiation was observed as shown in FigttiOsurface
temperature of the optical windows dropped to axipnately
280 K. Outside of the optical window, with no cogjijets, the

hood nose and the surrounding area maintained & hig

temperature of approximately 1500 K. Fig. 11 revethe
situation with thermal radiation. The surface terapgre of the
optical windows dropped to approximately 260 K, veas the
hood nose and the surrounding area, which had alinggets,
declined to approximately 1100 K. The simulatiosutes when
adding thermal radiation indicate that this moddiétter able to
conform to the aerothermal conditions of actualvflfields
because of the addition of heat flux dissipation.

Fig. 12 shows the optical side window surface tapee
distribution at different turbulences and with nbermal
radiation. Without radiation, the side window sgda
temperatures of different turbulence simulationsrewell
approximately 280 K. With radiation, the side windsurface

temperatures were approximately 260 to 270 K. The

temperatures at the ends of the side windows sdi, ra result of
weaker coverage from the cooling jets, as shoviigne. 13 and
14. In addition, the surface temperatures of theajpwindows

were all less than 500 K. If thermal radiation amsidered, the
amount of cooling jets could be reduced to decréasenissile

payload.
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Fig. 14 Surface temperature of optical window indeicB_2
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