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A mathematical model of the aircraft avionics thermal state describing the heat exchange of the onboard equipment
housing with a honeycomb structure made of a carbon fiber composite, the process of heat transfer of the onboard
equipment elements and the air is developed. The considered heat transfer process in a heterogeneous medium is de-
scribed by the boundary value problem for the heat equation with boundary conditions of the third kind. To solve the
direct problem of the onboard equipment housing with a honeycomb structure thermal state, the Monte- Carlo method
on the basis of the probabilistic representation of the solution in the form of an expectation of the functional of the dif-
fusion process is used. The inverse problem of the honeycomb structure heat exchange is solved by minimizing the func-
tion of the squared residuals weighted sum using an iterative stochastic quasigradient algorithm. The developed
mathematical model of the onboard equipment in the unpressurized compartment thermal state is used for optimizing
the temperature and airflow of the thermal control system of the blown onboard equipment in the unpressurized com-
partment of the aircraft.

Keywords: mathematical model, thermal state, honeycomb structure, parabolic boundary value problem.
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Paspabomana mamemamuueckas moodeib meniogo20 COCMoAHUsL 6OPMOB020 PAOUOILEKMPOHHO20 0OOPYOO8AHUS
JlemamenbHo20 annapama, ORUCbIBArWds MenioooMer KoOpnyca 60pmoeo2o 060pyo006aHus ¢ COmMogol KOHCMPYKyuel
U3 Yeneniacmuko8020 KOMNO3UMA, NPoYecc Menionepedayu 3J1eMeHmos 60pmogoco 000pyO0SaHus U 6030YUHOL
cpeovl. Paccmampusaemviil npoyecc nepeHoca menia 6 HeOOHOPOOHOU cpede ONUCLIBAemcs Kpaegol 3adaueil O
VPABHEHUsL MENJIONPOBOOHOCU C SPAHUNHBIMU YCAOBUAMU Mpembe2o podda. J{iia peuleHuss npamoll 3a0ayu menyiogo2o
COCMOSAHUSL COMOBOU KOHCMPYKYUU KOpnyca 60pmogozo 060py008anus Ucnoib308an memoo Mowme-Kapno Ha ocHose
6EPOSIMHOCIHO20 NPeOCMABICHUS. PEUUEHUsL 8 GUOe MAMEMATNUYECKO20 0HCUOAHUSL (DYHKYUOHANA Om OUPPY3UOHHO20
npoyecca. Obpamuas 3a0auu MenioooMeHa cOmoBol KOHCMPYKYUU PEUleHa nymem MUHUMUZAYUU QYHKYUU 636CUlCH-
HOU CyMMbl K8AOPAMO8 HEBA30K C NOMOWDLIO UMEPAYUOHHO20 CMOXACHMUYECKO20 K8A3USPAOUCHMHO20 AN20PUmMA.
Paspabomannas mamemamuyeckas Mooeib Meniogo20 COCMOosHUL 6OPMO8o20 0O0PYOOBAHUs 6 He2ePMEeMUSUPOBAH-
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Introduction. To design the aircraft avionics with a
given reliability is necessary to determine the required
thermal characteristics of the insulated body of avionics
and thermal control system. To do this, the study of the
thermal state of avionics in the aircraft compartment, us-
ing a mathematical model of their thermal state is con-
ducted. The model should take into account the unsteady
heat transfer of the insulated housing, the transfer of heat
energy from one part of the equipment to another by the
air flow, the convective heat transfer of the equipment
elements.

The mathematical model will be a system of partial
differential equations and ordinary differential equations,
the number of which can reach tens or hundreds for real
equipment. Therefore, it is necessary to develop effective
methods for solving direct and inverse problems in the
study of heat transfer of elements of onboard equipment
and estimation of the error of parametric identification.

A physical model of the thermal state of onboard
equipment in the compartment of the aircraft. The
thermal condition of the onboard equipment in the aircraft
compartment is formed by external and internal factors.
External factors include heat exchange between the outer
surface of the avionics and the air environment, radiation
heat exchange of the outer surface of avionics and other
surfaces in the compartment. Inside the onboard equip-
ment, thermal energy is released by the elements of the
onboard equipment and is withdrawn or supplied by the
heat supply system [1].

Mathematical model of the thermal state of on-
board equipment in the aircraft compartment. The
body of the onboard equipment in the aircraft compart-
ment is a structure that includes a heat-protective honey-
comb panel made of carbon fiber composite filled with
air. The process of heat transfer in honeycomb panels is
described by the boundary value problem for the heat
equation with discontinuous coefficients. To solve this
boundary value problem, the Monte-Carlo method based
on stochastic differential equations is used in combination
with the method of wandering in moving spheres [2]. In
general, the heat transfer process in the carbon fiber panel
is described by the equations [1; 3]:

Ccv(x)T'cv,t :(Xcv('x)]—'cv,x)x’ O<X<l, 0<t£tk’ (1)

}\‘cv (x) F:‘V T;v,x =
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It means, that the coefficients C

> A, depend on
which layer the heat transfer is considered.
In equations (1)—(4) the following notations are used:

T.(t,x) — the temperature of the honeycomb panel;
T,,, —the first derivative 7, of t; T,

vt

— the first deriva-

VX

tive 7, of x; T

VXX

— the second derivative T, of x;

C,, (x) — volumetric heat capacity of the case honeycomb

panel, determined by the heat capacity of the composite
C and air capacity C,, ; A_ (/) —the thermal conduc-

compo air 2
tivity of the honeycomb panel, determined by the thermal
conductivity of the composite A and air thermal con-

compo

ductivity A . ; a — heat transfer coefficient of the

air cv,out

outer surface of the equipment housing; o — heat

transfer coefficient of the inner surface of the equipment
housing; F, — the area of the equipment body for exter-

cv

nal and internal heat exchange; O, . — heat energy of

v,out

external sources; T

air ,out

—time; T

air,in

— the air temperature in the com-

partment; ¢ — air temperature in onboard

equipment or its part; [ — the thickness of the honeycomb
panel.

The process of heat transfer of the elements of the on-
board equipment is presented in the form of an ordinary
differential equation describing the convective-radiation
heat transfer with the surrounding structures:

T, =a,, (OF,.,/C\(T,)~T,)+

m. air,m air,m air

m-m

+>.8,,/C, T /T, —cg, F,/C,T+0,/C,, (5

where T — the temperature of m-element of onboard

equipment; 7, , — the first derivative 7, of ¢; o, ,

heat transfer coefficient of m-element of onboard equip-
ment; F_~ — the area of m-element of onboard equip-

ment in convective heat exchange; C, — heat capacity of
m-element of onboard equipment; g, — radiation heat

transfer coefficient of the system “j-element — m-element
of onboard equipment”; € — emission black ratio of m-

m

element; O, — heat dissipation or heat absorption energy

of m-element by onboard equipment from the air condi-
tioning system and converted from electrical energy.

The equation of air heat exchange in the unpressurized
blown onboard equipment is presented in the form of an
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ordinary differential equation describing the convective
heat transfer of the inner surface of the housing of the on-
board equipment, the elements of the on-board equipment
and the enthalpy transfer from one part of the on-board
equipment to another:

Ty = O OF,/ Ca[r,k [T, x)_T;[r,k +
+ Zaair, J Ezfr, J / Cair,k(]} _Ei)',k)_'_
J
tc, oiri Fr /Cair,k (Tys =Ty )y x=1, (6)
where T, , |, T, , — air flow temperatures respectively in
(k-1) and k parts of onboard equipment; J, , — the

mass rate of the air flow in & part of onboard equipment;

F, — the total area of the air channels in &k part
of onboard equipment; ¢, — specific heat capacity of air;
C,., — heat capacity of air in k part of onboard equip-
ment.

Summation in equation (6) is carried out according
to the j-element included in the k-part of the on-board
equipment.

Heat capacity of air C,, , is calculated by the equa-
tion:

F:zir,ent At + Vair,k )’ (7)

where p,, . — air density in k-part of onboard equipment;
174

air ent

ment;

Cair,k = cp pair,k (W

air ent

— air velocity at the inlet to the on-board equip-
F

wren — the area of air channels at the inlet
to the first part of the on-board equipment; A¢f — time
discretization interval in solving a system of differential

equations; V., — air volume in k-part of the on-board

air,k
equipment.

Heat transfer coefficients of surfacesa o

cv,out ? cv,in

0, in equations (2)-(6) will be calculated using the

methods described in [3; 4].
The coefficients of radiation heat transfer in equation
(5) are determined by the Monte-Carlo method [5].
Application of the Monte Carlo method to solve the
direct problem of the thermal state of
the honeycomb structure of the housing of onboard
equipment. In the case where the honeycomb panel

(figure) the housing of the onboard equipment is consid-
ered as a homogeneous medium with averaged
coefficients of volumetric heat capacity and thermal con-
ductivity, heat transfer through the housing of the onboard
equipment is described by equations (1)-(4). However,
the averaged thermophysical properties of inhomogene-
ous medium can vary with a change in the direction of
heat flow [6]. For this reason, we also consider the deter-
mination of the thermal state of a honeycomb panel as a
solution to a three-dimensional boundary value problem
for the thermal conductivity equation with a discontinu-
ous thermal diffusivity. Due to the peculiarities of the
method used, it is assumed that the thermal diffusivity
coefficients of the composite and the air are constant.
There is a description of the boundary value problem
below. The area in which the boundary value problem
under consideration is defined is a rectangular parallele-
piped G=(-,1)-(-1,,1,)-(0,1;). Where G is the union of
two disjoint subsets: G =G, UG, , where G, —is a subset,
corresponding to the frame and plates limiting the panel,
G, is the union of subsets, corresponding to the cells with

air. The considered heat transfer process takes place on
the time interval [0,T] and is described by the following
boundary value problem for the heat equation:

oT 30 oT,
— =% —la(x)— |, 8
Py ;ax,.[()ﬁxij ®)
where
, G
a () ={awm e
a,..x <G,
aT’cv — O’ aT;V = O’ (9)
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0L, _o, 2Ll _y (10)
ox, |, » 0x, |, .
oT
ey < = a‘cv,out (t) (TZ,V - TZzir,out (t)) ’ (1 1)
ox, et
7\‘6\1 aT;V = acv in (t) (ch - Tair in (t)) (12)
ox, et | ’

Honeycomb housing design of onboard equipment

CoToBast KOHCTPYKIIMS KOpIyca
6opToBOTO 000PYAOBAHNUS
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In (8)—(12) equations the following designations are
used: a a, — thermal diffusivity coefficients of

— heat

transfer coefficients of the panel surface and the air envi-
ronment outside and inside the onboard equipment,
respectively; T T — air temperature at the outer

side of the panel and the inner, respectively.

In [7] the existence of generalized solutions of bound-
ary value problems with discontinuous coefficients is
proved. Moreover, these solutions can be approximated
by solutions of boundary value problems, in which the
coefficients are the approximations of the initial discon-
tinuous coefficients. For example, it is possible to obtain
an approximate solution of the original problem by
solving the problem with smoothed coefficients based
on integral averaging [8]. In this paper we propose to de-
termine the approximate solution of the problem as a
problem with smoothed coefficients by the Monte-Carlo
method based on the probability of representation of the
solution in the form of a mathematical expectation of the
functional of the diffusion process. Initially, in work [9]
the estimates of the mathematical expectation of this func-
tional were determined on the basis of the numerical solu-
tion of stochastic differential equations by the Euler
method. The disadvantage of this method is its great com-
plexity. A significant acceleration of the calculation was
obtained using the combined method proposed in [2], in
which the calculation of the trajectories of the diffusion
process in air — filled cells (G2) was carried out by the
method of wandering through moving spheres, and along
the frame, bounding the plates (G1) and in their close
area — by the Euler method. Note that the use of the com-
bined method is possible only in the case of constant
thermal properties of the substances that make up the
honeycomb panel. A detailed description of the combined
method is given in work [2].

Algorithm of parametric identification of mathe-
matical model of thermal condition of onboard
equipment. To determine the vector of the coefficients 0
of the model of the thermal state of the honeycomb panel,
the minimum of the function ®(0) of the weighted sum
of squares of residuals [10] using an iterative minimiza-
tion algorithm with the derived functions @ (8) should be
defined. For this purpose, it is suggested to use a variant
of the stochastic quasigradient algorithm with variable
metric [8], in which approximations to the minimum point
are constructed according to the rule:

0" =0"—p H'V* D, k=0,1,...,

compo > air

the composite and air, respectively; o o

cv,out ? cv,in

(13)
where H* — a random square matrix of size /x/; V*® —

gradient of the objective function at a point 6; p . — step
parameter.
Matrix sequence H* is calculated by the scheme:

H® =7, H" + (I _ukvkﬂq) . (Ak+le)T)Hk’

Ak+le — 6k+1 _ek (14)

Parameter p, is chosen from the equality

W, :p/(|Vk”CD|'|Ak“6 , where p — is such a constant,
that 0 < p < 1.

65

At each step of the algorithm, the step parameter is
automatically adjusted p,. If ®©O"")>dO), so

Pia =P, /Y, where y>1 — is a fixed parameter. If
®(0"") <d(0"), so the following sequence of actions is
performed: p,, =p,'y, 0 =0"—p, HV' @, and the

calculation ®(®*""), i=0,1,....

These actions are performed until the value of the
function @ decreases and the conditions are met:
pmin S pk,i S pmax (pmin’pmax - minimum’ maXimum Step

length, respectively) and i<i_ (i

max

— the specified
maximum number of iterations to increase the step). The
values 0", p, ., are assumed to be equal to the values

ek+1,i’ pkj
values @ (0).

Parametric identification of a mathematical model of
the thermal state of the other elements of onboard equip-
ment proposed to carry out the composition method of the
steepest descent method, Newton method and quasi-
Newton method of Broyden — Fletcher — Goldfarb —
Shanno [11].

When solving a rigid system of ordinary differential
equations, it is proposed to use the implicit Rosenbrock
method of the second order [12].

Estimation of the parameters of the mathematical
model of the avionics compartment of the aircraft.
Verification of the proposed theoretical method was per-
formed for onboard equipment in the aircraft compart-
ment, which is a block of onboard equipment in the body
with a honeycomb design. The unit is blown with air from
the thermal control system. The air cools or heats the
elements of the onboard equipment located in the com-
partment. The elements of the block are separated by air
layers. At the same time, the thickness of the honeycomb
structure, temperature and air consumption of the system
for ensuring the thermal regime of the onboard equipment
unit were optimized.

The main criterion for optimizing the thickness of the
honeycomb structure, temperature and air flow of the
thermal control system is the air temperature in the
equipment unit within the limits of 283.15-293.15 K.

The air temperature in the compartment is adjustable
from 253.15 K to 328.15 K [13; 14]. At the same time,
the values of the airflow in the thermal control system
must be within the range of 1.5-2.0 kg/s.

The coefficient of thermal conductivity of the honey-
comb structure of the block body is A, =810 W/(m'K).

The thickness of the honeycomb structure [, of the

block body took 2:102-5-10 m.
The vector of coefficients of the model

e=[l, T. G T (15)

cv stm stm
includes the thickness of the honeycomb structure [, in

that are equal to the minimum of the obtained

m, the necessary characteristics of the system to ensure
the thermal control (the values of air temperature 7, in
K and air flow consumption G, in kg/s).

stm
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Estimates of the coefficients of the model ® thick-
ness of the honeycomb structure, for temperature and
airflow consumption, respectively, are equal:

® =[0.003 2874 197 .

Joint confidence intervals A®" of uncertainty of coef-

ficient estimates (15) © with confidence probability
B =0.99 are, respectively, equal to

A®' =10.0004 5.0 0.08]".

Joint confidence intervals A®’ of each of the sought
coefficients are obtained by the method given in [15].

Conclusion. A theoretical method for determining the
parameters of the housing of avionics with honeycomb
structures and the system of providing the thermal control
of avionics on the basis of the developed mathematical
model of the thermal state of avionics of the aircraft
is proposed.

The determination of the thermal state of the honey-
comb structure is carried out by a combined method, in
which the calculation of the trajectories of the diffusion
process in the cells filled with air is based on the method
of wandering through the moving spheres, and along the
frame, limiting plates and in their close area — by the
Euler method.

A stochastic quasigradient algorithm with a variable
metric is used for parametric identification of the mathe-
matical model of the thermal state of the honeycomb
structure of the housing of the onboard equipment.

The proposed method makes it possible to optimize
the thermal parameters of the housing of the onboard
equipment and the system of ensuring the thermal control
in the design of onboard equipment.
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