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Mathematical models have been developed to describe the heating of optical fairings of infrared (IR) devices
with various geometric shapes (hemispherical, pyramidal, etc.) under the influence of an external supersonic
airflow. Areas on the surface of the fairings subjected to maximum thermal shock impacts have been identified for
different flow regimes (laminar, turbulent), which lead to their destruction and IR device failures during firing and
flight conditions. The advantages and disadvantages of the considered fairing geometries have been established
depending on their flight speed. It has been established that, for the specified ranges of flight velocities, as in the
case of hemispherical fairings, a turbulent flow regime is realized over most of their surfaces, and hazardous areas
emerge. By additionally treating these areas with an electron beam (which increases the resistance of surface
layers to thermal and mechanical impacts), their destruction during operation can be prevented. In this case, the
intensity of the pressure gradient's impact on the fairing is reduced. Therefore, during the operation of fairings
with different geometric shapes at high flight speeds (above 2-103...3-103 m/s), the thermal and mechanical
impact (due to pressure gradients in the shock wave) is more intense for fairings with sharp leading edges
(pyramids, cones, etc.), leading to their faster destruction under flight conditions.
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1. INTRODUCTION

The continuously increasing demands for the
application of infrared (IR) devices with optical fairings of
various geometric shapes (hemispherical, pyramidal, etc.)
for self-guidance and observation of different objects
(with firing velocities exceeding 2102 m/s and angular
velocities of axisymmetric rotation exceeding 4 -103 rad/s)
have led to significant operational instabilities,
anomalies, and failures. The primary cause of these
issues is the uneven surface heating of optical ceramic
fairings (e.g., KO1, KO2) under conditions of supersonic
airflow, resulting in substantial thermoelastic stresses.
These stresses occur on surface areas subjected to
maximum external thermal shock impacts that exceed
the critical thresholds of the specific ceramic materials.
This leads to cracking, chipping, and, ultimately, the
destruction of the fairings. Experimental studies of IR
devices [1-6] have shown that the location of these critical
areas on the surface of fairings, as well as the nature of
their destruction, significantly depends on the geometric
shape of the fairing and the airflow regime (laminar or
turbulent). Therefore, to enhance the reliability of IR
devices during firing and flight, it is necessary to predict,
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at the design stage, the areas on the fairing surface that
are exposed to maximum external thermal shock impacts
under various airflow regimes and exposure times. These
critical areas can be further thermally strengthened
during the final processing of the fairings, for example,
using electron-beam technology, which is widely applied
in optical instrumentation [5-8, 11, 12, 17].

To date, the above-mentioned issues have not been
sufficiently studied. Specifically, the processes of heating
optical ceramic fairings (e.g., KO1, KO2) in the form of
hemispherical shells under counter-flow supersonic air
streams over a wide range of velocities (exceeding
2...3 103 m/s) remain unexplored. Furthermore, the influence
of the geometric shape of the fairing on its heating processes
under conditions of supersonic airflow and the identification
of areas subjected to maximum external thermal shock
impacts have not been adequately investigated.

Therefore, the aim of this study is to develop a
mathematical model of the heating process of fairings
under a supersonic gas flow and to determine the
influence of their geometric shape on the location of areas
subjected to maximum external thermal shock impacts
on the fairing surface under different flow regimes.
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2. THE RESULTS OF THE RESEARCH AND
THEIR ANALYSIS

Currently, in the study of heat transfer in solid bodies at
the gas-solid boundary, third-kind boundary conditions
(Newton's law) are typically applied, which incorporate the
heat flux gw [9-11]. This approach attempts to describe the
complexity of heat exchange processes in the boundary layer
and the solid body through the introduction of a single
coefficient qu. This coefficient is determined using empirical
or semi-empirical formulas derived from experimental data
obtained during aerodynamic tunnel tests of the objects [12-
14]. However, such a formulation does not account for the
mutual thermal influence between the solid body and the
gas. Evidently, this approach to external heat exchange
problems is not physically rigorous and thus requires
specific justification for each particular case.

This way, in studies [10, 14, 15], it was shown that for
highly conductive materials (ir=10...20 W/m'K), with
parameter values y = 0.5%(1./A1)*(Rex)2 <1 (A1, L. being the
thermal conductivity coefficients of the gas flow and the
solid material, respectively; Re« = U l/vr, where U, vr are
the velocity and kinematic viscosity of the gas flow, and [ is
the characteristic dimension of the body, such as the
diameter of an axisymmetric object or the thickness of a flat
body), the differences in temperature distributions on the
body’s surface obtained by solving the coupled problem and
using the described method do not exceed 10-15%. Thus,
strictly speaking, in this specific case, the use of Newton's
law and the application of the standard Nusselt number
formula (Nu=quw Ul A (Tw— T:), where Tw, T: is the surface
temperature of the body and recovery temperature in the
boundary layer, representing the air temperature in the
immediate vicinity of the body’s surface) is justified [15, 16].

Thus, for values 1 < y <o (which typically correspond to
poorly conductive materials under realistic incoming flow
parameters), heat transfer calculations based on commonly
used formulas that do not account for the thermophysical
and geometric characteristics of the body — i.e., those that
neglect the mutual thermal interaction between the body
and the incoming flow — will result in significant errors
(exceeding 10-15 %).

At the same time, for values 0 < y <1 (which typically
correspond to highly conductive materials), commonly used
formulas can be applied.

If, for example, to estimate the value of the parameter y
for optical ceramics KOl (ir=15Wm'K), KO2
(ir=17 Wim'K), KO3  (Ar=17,5 Wm'K), KO5
(Ar=44 Wim'K) and KO12 (Ar=14,7 W/m'K), then for the
real parameters of the oncoming turbulent flow
(Ux=103m/c; Rerx=106; Ar=2,04-10-2 Br/m'K), we obtain
the following parameter values y: for KO1 — y~ 0,66 < 1; for
KO2-y~0,59<1; for KO3 - y~0,57<1; for
KO5 - y~0,23 < 1; for KO12 - y~ 0,68 < 1.

Thus, for calculating the heat transfer between fairings
made of the considered ceramics and an incoming
supersonic turbulent flow, the specified method can be used
with an error not exceeding 10-15%.

For laminar flow regimes (Rex < 105), for all the
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considered ceramics, the value y << 1, meaning that this
method can indeed be applied in this case, but within the
previously  mentioned error margin. However,
significantly more accurate results (with an error range
of 5-10%) can be obtained by solving the problem of the
body's airflow as a coupled problem.

Mathematical Modeling of the Thermal Impact of
Supersonic Airflow on Hemispherical Fairings.

The gas-dynamic problem (Fig. 1) will be considered as
quasi-steady, which is valid for most practical cases, except
for impulsive regimes. This is due to the fact that the
volumetric heat capacity of the gas flow (Cwy) is small
compared to the volumetric heat capacity of the fairing
material (Cvy), 1e., (Cvi/Cw) << 1. Assuming that the gas
flow is  incompressible  (which is  wvalid for
Uo < 2:103...3:103 m/s), the heat flux g¢n=const from the
boundary layer (with zero attack and slip angles) is given by
the following expression:

f(Pr)

[p() xugxle%
Hs

where f(Pr) — is a given function of the Prandtl number,
which depends on the geometric shape of the body and the
flow regime (Pr=Cp*ulir; p, u, i, Cp, &r — respectively,
density, speed along the x coordinate, dynamic coefficient
viscosities, heat capacity and coefficient of thermal
conductivity of the gas flow; Tw — fairing surface
temperature; index “8” — conditions on the outer boundary of
the boundary layer [9, 18].

Tr:Té(1+O,2-;~M2) )

q, = Xpa‘xuaXCPx(Tr_wa) @

where 7 — is the recovery coefficient, which characterizes
the portion of the kinetic energy of the external air flow that
transitions into heat capacity upon complete flow
deceleration (for laminar flow, typically ¥ = 0,85, and for
turbulent flow 7 = 0,88...0,90); M is the Mach number
(M =uq/u,, where u, —is the speed of sound in air).

It is further assumed that for regions near the critical
point, the equality u., = f - x holds, where f8 is a function of
the u, number for the undisturbed flow just before the
shock wave (for laminar flow, this relationship was derived
through pressure measurements and velocity calculations).
Substituting equality ue, = f - x into (1) gives:

4, =1(Pr) By Cpo(L-T,) )

By substituting known gas-dynamic relationships [9,
18] into Eq. (3), we obtain the following expression for the
heat flux in the case of turbulent flow:

— 4/5 1/5 4/5
q _0,00042 (B R, | v, [Ps]
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DETERMINATION OF AREAS ON THE SURFACE OF OPTICAL FAIRINGS ...

Fig. 1 - Schema of the heating of a hemispherical fairing: 1 —
hemispherical shell made of optical material, B — frontal critical
point (flow velocity equals zero); 2 — outer boundary of the
boundary layer with thickness & r, 8 — spherical coordinates; Ru,
Ru — radii of the outer and inner surfaces of the fairing,

«_ 9

respectively; index “0” — parameter values in the incoming air flow

Similarly, for the laminar flow regime over a
hemisphere, the heat flux can be expressed as:

— 12 1/2 1/2
q _0,0083 (B-R,| [ v, [ps]
" pp?3 u, U, X, Lo

1/2
(] po (11

®)

ﬂd}

In formulas (4) and (5), the expression for § has the form:

u, 8~(;/w—1)-M2+2X
2R, | (y.+1)-M?

B-

1/2 (6)

1

_ —1)-M? =

g 7L (7. 1)2|v| +2 |7
2 2.7,-M*—(y,-1)

The relationships ps/ . and us/ - are determined by
calculating the pressure using Newton's method and the
adiabatic expansion from the critical point along the fairing
surface (in the direction of x).

Ps _g,35 (1 —1j2'5 .(1 + 5]1 P
’ 7-M* M?

P

5 V" 1+8/T, —8ns
&=0,447.M(1+—2j T2 e p ®)
My M 1+S/T;

where S — is Sutherland's constant (S=110,4 K); P is the
ratio of the pressure at the outer boundary of the boundary
layer Ps to the stagnation pressure Pr; and 77 is the
stagnation temperature. Based on the comparison of
experimental data, a fairly accurate formula for determining
the pressure distribution in the @ direction was obtained:

P=1-(1,525-1,85-ko)-(sin )’ +
_ €)
+(0,487-1,323- ko )-(sin0)"
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where k ; — is the air compression factor across the normal
shock wave:

- 7, —1 2

ko = 10
0 ;/OQ+1+(;/30+1)-M2 (10)

The stagnation pressure at the critical point 1is
determined using the formula:

1

P=P, M 1=

. 1.{ (r,-1)-M*

-1
11
4-yw~M2—z-(yw—1)} o
The braking temperature has the form:

T, =Tw-[1+7/°'é_l-M2J 12)

In the calculations, the Prs for air can be considered
constant and equal to 0,71, as it has minimal dependence on
temperature. Similarly, the specific heat capacity of air Cp
for the case of ideal gas flow can also be assumed constant,
with a value of Cp= 103 J/kg-K.

Using the derived formulas (4) and (5) and standard
application software packages, calculations of heat flux
distributions from the boundary layer qr along the surface of
the fairing were performed for various flight conditions of
the objects (Figs. 2-5).

From the results of the calculations presented in
Figs. 2-5, it follows that the locations of the maximum heat
flux values (gmmax on the surface of the fairing significantly
depend on the flow regime. For the laminar flow regime
(gmmax, the maximum heat flux values are located near the
front critical point (6= 0°) of the fairing. For the turbulent
flow regime, the maximum heat flux values (qm)max shift
from 6 to 6nax. As the airflow velocity increases from
Un=T-102 m/s to ux=2-10% m/s, the heat flux values (qn)max
increase from 0,3-108 W/m?2 to 2,3-10¢ W/m? for the turbulent
flow regime and from 0,2-108 W/m?2 to 1,3-10¢ W/m? for the
laminar flow regime. Regarding to the value 6nax for the
laminar flow regime, 6max=0 regardless of the airflow
velocity wuw. For the turbulent flow regime, within the
investigated change range wu.=7-10-2...2:103 m/s values
Gnax range from 19 ... 23°, showing minimal variation for
Bnax. These results are in full agreement with the
experimental data.

q“ -
10° W/m?

] 20 40 60 80 a."

Fig. 2 — Heat flow distribution along the surface of the fairing
during its supersonic blowing by air flow (7o=300K;
Ryw=1,5'10-2m; u,=2-103m/s): 1 — turbulent flow regime; 2 —
laminar flow regime
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(q, Dnaxs
106 W/m?
2.0

/
1,0 - 7 /
) / N2

7 10 13 16 19 1,
107 m/s

Fig. 3 — Dependence of the maximum values of the heat flow
(@mmax on the speed of the supersonic air flow of the fairing
(To=300K; R,=1,510-2m): 1 — turbulent flow regime; 2 —
laminar flow regime

0
By »
A

T~ .

10> m/s

Fig. 4 — Dependence 6max(ux) for different supersonic flow
regimes (To = 300 K; R, = 1,5:10-2 m): 1 — turbulent flow regime;
2 — laminar flow regime; A, m — results of experimental studies

11” .
10° W/m? 1

1,5 4

10° m/s

Fig. 5 — An image of the heat flow ¢.(6,u.) distribution on the
outer surface of the hemisphere flowing around the supersonic
flow (To= K; Ry =1,510-2m): 1 — turbulent flow regime; 2 —
laminar flow regime

Mathematical Modeling of the Thermal Impact of
Supersonic Air Flow on Pyramidal Fairings.

When optical fairings of pyramidal shape are
subjected to supersonic air flow, as in the case of
hemispherical fairings, uneven heating of their surfaces
occurs. This leads to the formation of cracks, chips, and
other defects, which ultimately result in the destruction
of the fairings [5, 6, 18] (Fig. 6).

The heat evaluation of the fairing will be carried out for
the case of its symmetric air flow (with the angles of attack
and slip being zero) (see Fig. 6).

JJ. NANO- ELECTRON. PHYS. 17, 01030 (2025)

Fig. 6 — Heat map of the fairing: 1 — polyhedral pyramid; AA —
shock wave front (oblique shock compression); B — front critical point
(flow velocity is zero); 2 — outer boundary of the boundary layer with
thickness & ¢ — heat flux from the boundary layer to the surface of
the fairing; index "«0" — values of parameters in the incoming air flow

In this case, in the first approximation, it can be
assumed that each face of the pyramid is heated
equally. Therefore, we will consider the heating of the
pyramid using the example of heating one of its faces,
which we will approximate as a flat plate with
thickness H (Fig. 7) [7, 8, 12, 17].

Z[ | | q.(%) 5
— . B | Tl l ¥
&' el >~ 7 A y—
. 2 |H
Y Xo

Fig. 7— Heating scheme of the plate: 1 — external gas flow; 2 —
plate; U, = U, - cosa (a — angle of inclination of the pyramid's
faces relative to the Ox axis; & — thickness of the dynamic
boundary layer; xo, B — length and width of the plate, respectively;
qu(x) — distribution of the heat flux along the plate's surface

Also, as in the case of a hemispherical fairing, using the
known gas-dynamic relations [5, 6, 18], we obtain the
following expression for the heat flow in the case of a
turbulent flow regime:

0.001 ﬁ 4/5 1/5 4/5
_ "X Uy p(?
9w (x) T 506 , N7 N x
Pr Uoo Uoo 'xO P
1/5 3/5
[“5] -pw~U;-cp-(71—Tw)A["]

Hey %o

13)

where Vs = i/ po - is the coefficient of kinematic viscosity of
the undisturbed gas flow.

Similarly, for the laminar regime of flow around the
plate (for zero angles of attack and slip), the heat flow
can be given in the form

0.05 ﬂ 1/2 1/2
s *Xp Uy

x)= . . X
% (%) Py’ [ U, j [U;O-xoj

1/2 1/2
[”5} [”“J P U, Cp(T,-1T,)

P Hy

(14)
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For further detailing of formulas (13) and (14), we will
use the known gas-dynamic relations:

B =

U, [8~(yw—1)~M2+2
. X
2-x

(7/OO +1) .M?
1 \V2 (15)

2 B —
X|:1+7cx>_1. (703*1)-M +2 )} V-1

2 29, M —(y,-1

where % = Cp/Cyv=1,4 (air).

The ratios ps/po» and us/u are determined by
calculating pressure according to Newton's method and
adiabatic expansion from the critical point along the sur-face
of the plate (in the x direction):

Ps 1 25 5 -1 s
70 =6,35-|1— 5 |1+—5| P (16)
Po M M

1/2
izj 1+8/T, p an
M 1+S8/T;

ﬁ=0,447-M(1+
ﬂoc

where S - is Sutherland's constant (S = 110,4 K); P -
the ratio of the pressure on the outer boundary of the
boundary layer Ps to the braking pressure Pr; Tr —
braking temperature.

Based on the comparison of experimental data, a fairly
accurate (relative error 3...5%) formula for determining the
pressure distribution in the x direction was obtained (for
M>2...3 and x/x0 < 1,2...1,5):

2
p-b ~1-(1,525-1,85-k))-| — | +
Py %o
(18)
4
+(0,487 —1,323‘k0).[x]
%o
where ko - is the air density after a direct jump:
-1 2
ky =72 (19)

Voo +1+(7%\+1).M2

The pressure at the braking point is determined by
the formula:

2 _
P=p, M7= (y“’;l)'M "o
2 |4y, M -2(y,-1)

The braking temperature is:
TT:Tw-(1+%_l-M2j 1)

When performing calculations, the Prs number for air
can be considered constant at a value of 0,71, as it exhibits
minimal dependence on temperature. The specific heat
capacity of air Cp for the case of ideal gas flow can also be
regarded as a constant value, equal to Cp= 10? J/kg-K.
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Using the derived formulas (13) — (21) and standard
application  software packages, calculations were
performed to determine the distributions of heat flux from
the boundary layer along the surface of the plate under
various operational conditions of the devices (Figs. 8-10).

The calculation results presented in Figs. 8-10 indicate
that the location of the maximum heat flux values (qw)max
on the plate surface depends on the flow regime: for
laminar flow, (qw)max values are located near the leading
critical point (x=0) of the plate, whereas for turbulent
flow, the (qu)max shift from x=0 to Xme. As the airflow
velocity increases from M = 2 to M = 6, the heat flux values
(qw)max rise from 0,5-10° W/m?2 to 7-105 W/m?2 (turbulent
flow) and from 0,2:105 W/m? to 3,5-105° W/m?2 (laminar
flow). Regarding Xmax, for laminar flow, Xmex~0 remains
independent of M. For turbulent flow (within the
investigated range of M=2..6), Xmeu lies within
(0,38...0,43) -x0  (for example, for x=0,1m -
Xmax = 0,038...0,043 m), showing negligible variation, which
fully aligns with the obtained experimental results.

q,.10° ~
W/m?

05 H

0 02 0.4 0.6 o8 XX

Fig. 8 — Distribution of the heat flow qw along the surface of the
plate during supersonic blowing by air flow over the object
(To=300 K; x0=0,1 m; M=3): — — — — turbulent flow regime; —
— laminar flow regime

(@i 107
W/m> 6

5

v
5 e .

—_- L—]
o =T
20 25 30 35 40 45 50 55 M

Fig. 9 — Dependence of the maximum values of the heat flow
(quw)max on the speed of the supersonic air flow of the plate
(To=300 K; x0=0,1 m): — — — — turbulent flow regime;
— laminar flow regime

Thus, for the practical airflow velocities used for
pyramid-shaped fairings (M= 1,4...3,6), a laminar flow
regime (Reynolds criterion Re = (L-Ux)/v.< 105, where
U, =470,93...1201,59 m/s, v.=0,147-10-4 m?/s for
T =300 K)) is observed only near the leading critical
point (at distances on the order of 10-3...10-2 m).
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Xia,)

f1an2
Wim® ) o

;

max? l [

0.06

0,04 T & L "

|
|
|l
L3

0,02

20 25 30 35 4,0 45 5.0 55 M

Fig. 10 — Dependence of the location on the plate surface (guw)max
on the supersonic airflow velocity over the object (7o= 300 K;
x0=0,1 m): — — — — turbulent flow regime; — laminar
flow regime; A, m —results of experimental studies

At greater distances, flow turbulence occurs (Re > 10-9),
leading to the emergence of additional heat generation and
the formation of regions on the pyramid-shaped fairing's
surfaces with maximum values of external heat flux from
the boundary layer (gw)max at distances on the order of
(0,3...0,4)-S (S - being the distance from the leading critical
point of the fairing). In this case, the intensity of external
thermal impacts on the fairing increases sharply, which
may result in the destruction of these regions

3. CONCLUSION

1. It has been established that, for the specified
ranges of flight velocities, as in the case of hemispherical
fairings, a turbulent flow regime is realized over most of
their surfaces, and hazardous areas emerge. By
additionally treating these areas with an electron beam
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DETERMINATION OF AREAS ON THE SURFACE OF OPTICAL FAIRINGS ... JJ. NANO- ELECTRON. PHYS. 17, 01030 (2025)

BusHaueHHsa OiJIaHOK HA IMOBEPXHI ONTHYHKNX OOTIYHHKIB pidHOI reomeTpuuHOi hopmu, 1o
OiagaThCa MAKCUMAJIBHUM TEPMOYJAPHUM BILJIMBAM

1.B. Auenxol, B.C. Auronok?, B.A. Bamenxro!, B.I. l'opmienxro?, C.O. Komiubko!, T.I. Byrenxol,

1 Yepracvruli deporcasHuli mexrono2iunuli yrnisepcumem, 18030 Yepracu, Yrpaina
2 HauyjionanbHuli mexniunuti yrisepcumem Yipainu «KIII im. Toopsa Cikopcvroeon, 03056 Kuis, Vipaina

Pospobsieri maremaTtudHi Moesi HArpiBy onTHYHUX 00TiuHmKIB [Y-tiprtamiB pisHol reoMeTpudHol Qop-Mu
(mBcepuyHol, mpaMimaibHOI Ta 1H.) 30BHINIHIM HAJA3BYKOBUM IIOTOKOM MOBITps. BuaHauveHl TIIAHKKA HA
TOBEPXHI O0TIYHHUKIB, IO M/YTAI0THCI MAKCUMAJBHAM TePMOYIAPHUM BILIMBAM JJIS PISHUX PEKUMIB 00TIKAHHSI
(mamimapuui, TYypOYJIEHTHUM), K1 IIPU3BOIATD J0 iX PyHHYBaHb 1 BimMoBaMm [Y-mmpuiiamiB B yMoBax MMOCTPLIY Ta
moJIb0Ty. BeTaHOBIIEH] mepeBaru 1 HeJOIIKK PO3TJISIyBAHUX OOTIYHUKIB B 3aJI€MKHOCTI Bl IITBUIKOCTI X IOJIBOTY.
BeranosiieHo, mo [y BKA3aHWX JIAAa30HIB 3MIHU IMBHIKOCTEH ITOJIBOTY BHPOOIB, TAKOMXK, AK U y BHIIAIKY
mBcepUIHUX OO0TIYHUKIB, HA OLIBIMIN YaCTHHI IX ITOBEPXHI peaidyeTbes TYpOYJIEHTHHN PeKUM OOTIKaHHS Ta
BUHHUKAIOTh He0E3MeUH] TIJITHKN, J0JATKOBO 00POOJIIOIUH K1 €JIEKTPOHHUM IIPOMeHeM (ITIIBUIILYEeThCS CTIAKICTD
[IOBEPXHEBUX IIIApIB [0 TEPMIYHHX TA MEXaHIYHUX yaapiB) MOMKHA IIONEpeKATh IX pPYHHYBAHHS IIPHU
ekcruryararii. Tomy mpm excmiryaraiii OOTIYHHKIB Pi3HOI TeOMETPHUYHOI (OPMU HPU BEJUKHX IIBUIKOCTAX
nosbory (Buie 2-103 ... 3-103 m/c) OGL/IBII IHTEHCUBHUI TEPMIYHUN Ta MEXaHIYHUI BIUIUB (Yepe3 I1eperas TUCKIB
B yJapHIN XBUJI1) Oy1e i1 OOTIYHUKIB 3 TOCTPOIO MePe HBOI0 KPOMKOIO (IIipaMisia, KOHYC Ta 1H.), 0 IIPU3BOUTD
10 OLJIBII MIBUIKOrO IX PYHHYBAHHS B YMOBAX IIOJIBOTY.

Kimouori cioea: Orrruko-esekTpoHHe Hpriiano0yaysaHHs, Martemaruuni monesd, HansBykoBuil mHOTIK IOBITPS,
Tudpaueproni (IY9) mpunaay B ymoBax moctpiiy 1 mossory, Omrrrasa kepamika, EIeKTpoHHO-IIpoMeHeBa TeXHOJIOTIS.
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