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FOR NONHERMETIC FORMATION SPACECRAFT
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Based on the proposed computational model including a two-dimensional system of equations of thermal balance
characteristic of the surface of thermal control system of nonhermetic formation spacecraft the algorithm and the cal-
culation program of the temperature control system are developed. It allows to calculate integrated thermal parameters
and conduct simulations of the system response. We consider the case of a two-dimensional problem, when arising tem-
perature gradients in the transverse direction (Y-axis) and longitudinal direction (X-axis) is taken into account, while
the conductive heat transfer inside the skin along the X-axis of the profile of the liquid circuit of the thermal control
system is neglected. In this case the transverse gradient (along the Y-axis) is formed by Fourier heat conduction equa-
tions through characteristic surfaces, while the longitudinal gradient (along the X-axis) is determined by the heat and
mass transfer processes by the refrigerant flow in the liquid ring circuit. The number of docking thermal balances
(equations) and, accordingly, the determined temperatures are correlated by the constructive elements of the spacecraft
thermal control system: radiation surfaces (N — North, S — South); structural honeycomb panels; heat pipes; liquid
circuit.

Keywords: unpressurized performance spacecraft, radiation surface, liquid circuit, thermal control system, heat
balance equation.
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Ha ocnose npeonodicennoii pacuemnoil mooenu, 8KI0Yaroweli cucmemy ypasHeHull 08yMepHO20 Menaiogozo Oanian-
Ca XapaKmepHvix NOBEPXHOCMEl CUCEMbL MEPMOPESYIUPOBAHUs Kocmudeckoeo annapama (KA) necepmemuunozo
UCNOAHEHUs], PA3PaAboOManbl ANOPUMM U NPOSPAMMA pacyema cucmemvl mepmopeyauposanusi (CTP), noszgonsiowas
paccuumams  00WEUHMESPATbHbIe MENI08ble NAPAMEempsbl U HPOBOOUNDb MOOEIUPOBAHUE PEeaKyutl CUCMEMbL.
Paccmompen cnyuaii 08yxmepHoil 3a0auu, Ko20a yHumvleaomcs 603HUKAIOWUe paouenmovl memMnepamyp 6 nonepey-
Hom (ocv Y) u npodonvhom (ocy X) HanpasieHusx, npu 3mom KOHOYKIMUGHOU menjionepeoayell Hympu 00uusox 800
ocu X npoguns  srcuoxkocmuoeo konmypa CTP npenebpezaem. B smom ciyuae nonepeunvlii epaduenm (80016 ocu Y)
Gopmupyemcs ypasnenusmu menionpogoorocmu Pypve yepes xapaxmepnvle NOBEPXHOCMU, d NPOOObHBIIL 2PAOUEHIN
onpeoensiemcsi menioMaccoOOMEeHHLIMU  NPOYECCAMU 8 HCUOKOCHHOM KOAbYEBOM KOHMYpPE PACX000M X1addzeHmd.
Konuuecmso cmuikogounvix meniosvix 0anaHco8 (YypasHeHuti), a COOMEEMCMEEHHO, U ONpPedessemMblx MeMnepamyp,
Koppenupyemcs koncmpykmusuvimu snememamu CTP KA: paduayuonnvimu nogepxrnocmsamu (N — cesep, S — 102); kon-
CMPYKYUOHHBIMU COMONAHENAMU; MENI0GbIMU MPYOAMU; HCUOKOCTHHBIM KOHMYPOM.

Kniouesvie crosa: xocmuueckue annapamel He2epMemMudHO20 UCNOJIHEHUSA, PAOUAYUOHHbIE NOBEPXHOCHU, HCUOKO-
CMHBII KOHMYP, CUCTHEeMA MePMOPe2YTUPOBAHUs, YPABHEHUA Menjio8020 baianca.
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Introduction. Satellite communication systems are
one of the fastest growing varieties of space information
systems that are widely used in various areas of human
activity [1; 2]. Every year in the world there is an ever
more intensive development of satellite communication
systems for various purposes. Among many, two main
types of systems can be distinguished: connected systems
for civil (commercial) use and military communications
systems. Every year the information flow becomes more
and more and this requires the appropriate development of
communication systems. In this regard, satellite commu-
nication systems have a great future.

One of the indispensable conditions for reliable func-
tioning of the spacecraft, its service systems and payload
equipment is to provide the necessary thermal regime for
all its elements [3; 4].

However, this task under the conditions of outer space
has its own specifics: for the most part of the operational
period, various external radiation heat fluxes (thermal
radiation from the Sun and the Earth), which can vary
over a wide range (in general, the temperature at different
points of the surface of the spacecraft at the same time
can be in the range from —150 to +150 °C), operate on the
spacecraft [4]. In addition, the thermal conditions of the
spacecraft are influenced by the optical properties of the
surface of the apparatus, its orientation in outer space, the
power of the fuel-generating airborne equipment (which,

as a rule, varies depending on the operation modes of the
spacecraft), and the thermal-radiative thermal bonds in the
spacecraft. In connection with this, the thermal load is
nonstationary [5; 6].

At the same time, satellites are equipped with various
equipment and devices that have a strictly limited tem-
perature range of operability, and this raises the problem
of providing this range. Therefore, modern spacecraft is
unthinkable without a special on-board system — a thermal
control system.

Statement of the research task. The thermal regime
of the thermal control system is determined by the
positional heat load from the spacecraft instrumentation,
evenly distributed over the outer skin by the solar heat
flow, by radiation into the open space, and by convective
heat and mass transfer in the liquid loop of the thermal
control system [7]. Fig. 1 shows the calculated two-
dimensional thermal model of the liquid loop of the
thermal control system with N and S (N — North,
S — South) cell panels and liquid circuits embedded in
them. Let us consider the case of a two-dimensional
problem, when the emerging temperature gradients in the
transverse (y-axis) and longitudinal directions (the
x-axis) are taken into account, while conductive heat
transfer inside the skin and along the X axis of the the
liquid loop of the thermal control system profile is
neglected.
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Fig. 1. Calculated two-dimensional thermal model of the thermal control system:
1 — compressor; 2 — heat pipes; 3 — throttle valve; 4 — honeycomb panel

Puc. 1. Pacuetnas nsyxmepHas temioBas monens CTP:
1 — xomnpeccop; 2 — TEIIOBbIe TPYOBI; 3 — APOCCENbHBIN BEHTHIb; 4 — COTOIAHEb
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Fig. 2. Isothermal surfaces for the southern honeycomb panel

Puc. 2. M3oTepmMuueckue MOBEPXHOCTH [UIS FOXKHOW COTOIIaHENH

Consider the process of two-dimensional complex
heat transfer in the form of heat balance balance from the
southern panel (Qs), internal heat sources (0, ) and heat

release from the northern panel (Qy). The balance is a
particular case of the energy conservation equation

Qs+Qim:QNa (1)

where (s is the heat flux passing successively through the
isothermal surfaces of the southern panel (fig. 2): 1 — the
outer surface of the southern panel with the temperature
T1; 2 — inner surface of the southern honeycomb panel
with temperature 75; 3 — conditional inner surface of the
liquid circuit with temperature 73; 4 — the surface along
the average cross-section of the channel of the liquid
circuit with the refrigerant temperature 7.

It is obvious that the heat flux Qs, passing through the
surfaces 1-2-3, is accumulated by the mass flow of the
liquid circuit, in series (integrally) along the contact
length /5 of the liquid contour of the southern panel. It
should be noted that surfaces 1-2-3—4 are formed con-
structively by various boundary surfaces, thermodynamic
properties of materials and types of heat transfer. In addi-
tion, the temperatures 77—7, are indicative values, that is,
necessary for comparison with the maximum permissible
values. For example, the temperature of the refrigerant 7,
is necessary to evaluate the cavity supply of the liquid
circuit.

Mathematical model. In the finite-difference form,
the heat transfer at the i-th section of the southern panel
(fig. 2) is determined by the following system of process
equations [8]:

1. The heat flux from the Sun enters the surface 1 of
the panel S:

(+)As- S, -AF}, -sina.,

where Ay is the absorption coefficient of solar radiation;
S, — solar constant, W / m?; F, is the area of the radiation
surface; a is the angle between the normal of the radiation
surface and the direction to the sun.
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This is emitted back into the open space [8]:
(_) £,6,AF, T,

where g; is the degree of blackness of radiation from the
radiation surface; oy = 5.67 - 10°® — radiation constant,
W/ m2~grad4; F), is the area of the radiation surface, m’;
T is the temperature of the radiation surface, K.
The heat flow is diverted inside the honeycomb panel
by heat conduction:
AL AF,

() S 121(]~Ii_]~2i)’
12i

where A, is the thermal conductivity of the honeycomb
material; 6, — distance between surfaces 1-2.
The heat balance for surface 1 will be written as [9]:

Ag - S, AF,, -sino.— g,6,F,, T —
AR, @
5 = (Tli_TZi)=07

12i

formally, the heat flux at the surface element AF,; is de-
termined like this:

AQq, = A, S, -AF,, -sina.—g,6,F, T =
_ }\‘ AEZI
)

(Tli _TZi)’ (3)

12i

2. The heat flux from the honeycomb panel is fed to
the isothermal surface 2 by heat conduction

121 ( Tz:‘)7

12i

(+) 5

and is also taken away by the thermal conductivity to the
inner surface (3) (fig. 2) of the liquid circuit

(1) 22551, 1),
6231

where Ay; is the thermal conductivity of the honeycomb
material; 9,3 is the distance between surfaces 2-3.
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The heat balance for surface 2 is expressed by the
equation

A, AF,

Ay AF,,
Vil VI (Ti,_Tz)

SES(T, ST ) =0 (4)

12i 23i

3. The heat-conducting heat flux considered in (4) is
fed to the surface 3
Ay AF,,,

(12, -1,
23i

and the convective heat flow is already diverted into the
liquid circuit

(_)aiAFMi (T31 T4i) >

where o, is the heat transfer coefficient.
The equation of balance over the surface 3 takes the
form

Ay AF,

5 B (Tzi_Tsi)_aiAFw(Tsi_thi)zo' )
23i

We group the equations of balances on surfaces 1-2—3
into the system:

A+, - "Sina_SIGOFiZi];?_
- 2Bl g 7)o,
12
6
}\‘ AEZI (T T ) 7\‘ AF‘Z}: (Tzi_T3i):O’ ( )
12 23i
Ay AF,

5 22 (Tz; _T3i)_ o, A, (Tsz _]:w) =0.

It should be noted that (6) at a known coolant tem-
perature at the i-th element T} is completely determined
by the number of unknown variables — Ty, T», T%;, the
system (6) is the basis of the marching algorithm when
integrating along the length of the liquid contour of the
southern panel [10]:

23i

i=4
= Z AQSi,
i=0

The temperature change Ty;, T5;, T3;, Ty4; forms the pro-
jection of the temperature gradient on the transverse y(;)
axis (fig. 2). The projection of the temperature gradient on
the longitudinal axis x(7) is formed by the balance of the
thermal power received during the heat transfer through
the lateral surface (3) of the elementary calculated
i-volume (fig. 2) and the difference in the thermal power
of the refrigerant flow through the cross-sections at the
output and input of the liquid circuit elementary calcu-
lated volume in step AX;:

4l+1 ) (7)

AQg; =mC (T,
where m is the mass flow rate of the coolant in the liquid
circuit, and C, is the heat capacity.
In this case, the temperature at the entrance to the next

calculated volume will be determined as
AQ.

QSI + n -
inC
p

]:wrl =
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Given Ty, — at the entrance to the liquid contour of the
southern panel, given the values of thermophysical, geo-
metric and regime determining parameters at the integra-
tion step, we calculate the system (6), (7) with respect to
the unknown temperatures Ty, T5;, T5;, Ty, along the x(i)
(fig. 1) at the length of the thermal contact of the liquid
line with the honeycomb panel /;5. Obviously, the integral
heat output from the southern panel, including radiation
and internal heat sources, is determined from an expres-
sion similar to (7) with regard to (1)

st = Qs + s = me '(Zm _7:10) 5 (®)

where T, is the temperature of the refrigerant at the inlet,
and Ty, is the temperature of the refrigerant at the outlet
of the liquid circuit, O, = O, is the heat from the in-

ternal sources supplied to the liquid circuit along the
length of the thermal contact /;5 (fig. 1) from the southern
panel side, Qg is the radiation component of the heat
input. It should be noted that heat from internal sources of
Q... 1s physically formed from two components:

Oiis = Qe ¥ Cincir. > 9

where Q.5 is the frictional loss in the liquid circuit, turn-
ing into the heat of the coolant; Q. yp is the zonal thermal
power transmitted by the heat pipe from the working de-
vices of the spacecraft. The temperature of the heat pipe,
the area of the contact zone and its coordinates along the
length /g are to be determined in the calculation scheme
[11] (position 2 in fig. 1)

Let us consider the zonal heat input from the space-
craft through the heat pipe contact calculation case.

We assume that, as in the case of the radiation con-
stant, the zonal thermal power is given and uniformly
distributed over the contact area of the heat pipe at the
finite length of the liquid loop Al;s = Alyp [12], then the
input thermal power at the integration step is defined as:
AqupAFgs. Let us pay attention that in the design scheme
additional isothermal surfaces modeling heat transfer
in a zone of contact of a heat pipe are entered: surfaces 6
and 5 (fig. 3).

Accordingly the system is supplemented with two
equations:

AgsAF,
Gup - AFgs; — —a (T -T5,)=0;
65i
Ao AF
=8 (T, = Ty)) ~ x,AFy,, (T;, = T,)=0.  (10)

65i

The system ((6) and (10)) is completely determined by
the number of unknowns. The zonal internal heat flux at
the integration step is determined by one of the terms
(10), for example:

651 (

65i

AQint.HPi 54: ( ) = Ts;)

or

7\‘ AF'GS: (T
6i

65i

AQy npi = up " AFgs; = -T) (1)
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/

Fig. 3. Zonal heat input from the spacecraft through the heat pipe contact calculation case

Puc. 3. PacuerHslii ciydail ¢ y4eTOM 30HaJABHOIO TEIUIOIPUTOKA
ot npu6opoB KA uepe3 KOHTaKT TEII0BOH TPpyOb!

The heat influx from internal friction at the integration
step is equivalent to frictional losses [13]:

1 Axi Siv .
AQ, e :AHﬁ-m:Xﬁ-T-T.m (12)

where Aj; is the coefficient of hydraulic friction; Ax; is the
integration step; d; is the hydraulic diameter; 3 ,, is the
average flow refrigerant velocity in the liquid path; m is
the mass flow.

Taking into account (3), (11), (12), the total heat flux
at the integration step is written as

AQE[ :AQSI +AQm fr.i +AQm HPi (13)

Then, as in the case of a simple radiation heat load
(13) from the balance of thermal power

AQy =mC, (T}, ~Ty) (14)

the temperature at the entrance to the next calculated
(elementary) volume is determined by

AQ,

P

AT, = +T1,;.

Taking into account the fact that the temperature along
the perimeter of the cross-section of the inner surface of
the channel of the liquid circuit is a mean-integral value

[14], the last equation in (10) is replaced by T3; = Ts;, then
the record (10) becomes simpler
Gpp - AFgs; = hgsAFgs; - (T, = T5,) = 05
L =T 15)

Taking into account all the above-mentioned notations
(1...15), we finally write down the heat balance equation
for the southern panel:

AL, AF

Ag - SAF,sino.— -6+ AF,, - T;) ——2—12(T - T,) = 0;
12i
L, AF,
e Vil VI ( )_ 23 231 ( i):();
oy O3
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Ay AF,

—E—2(T,,~T,;) — AR, (T, = T,) = 0;
8231
T, =T
Grr - AFs; — Ao AF (T, = Ts,) = 05
AQZS, =AQg + O iri + Cintiivis (16)

AQq; = As- S, AF.sinoc—s-cs-AI"l,.-Tl;l =
A AR

M2 120
= ( T2i);
6121
hesAF,
Oueri = Gup - AFgs; = —— ——(T;—Ty,);
65i
Q )\‘ Axi Szv .

int.fr.i fr d 2

AQ, = mcﬁ (T —Ty)
AQZS =05+ Qs =mC, (T43n —]150) .

With the known determining parameters and thermo-
physical properties of materials, the set of equations (16)
allows numerical integration over the length /;5 of the
thermal contact of the liquid contour of the southern panel
with the final result AQss (8) and temperature field T
technically accessible for the measurement.

For the northern panel, we will retain all the methodo-
logical approaches and designations associated with con-
structive (isothermal) surfaces: T; is the temperature on
the outer surface of the honeycomb panel; 7, is one on the
inside, etc. Solar radiation decreases (in our calculation
case it is reset). Integration is conducted in the direction
of the average flow rate along the thermal contact line of
the liquid contour A/;y from the side of the north panel.
We perform the necessary inversion of the signs and the
specified additions we transform (16) into the thermal
energy complex of the heat balance on the north panel:
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—&-6-AF,, T+ hoAh —R—i(7 ~T,)=0;
2i 6 1i
12i
}\’ AEZ:( }\‘23AF‘231' (T3i_TZi):0;
12i 8231’
X JAF,
S =BT, - T,) -~ AF, (T, - T,) = 0;
23i
T, =T
Grr - AFgs; = A AFs, (T, =Ty, ) = 0;
AQZ Nl AQNI + int.fr.i + int. HPI’ (17)

A, AF,
AQy, =€-6-AF),, Ti? 5 (T, T,,);

12i

AesAF,

Oenpi =Gup " AFs; = % —— (T T5,);
65i
x 9%
s = gy gy
th,fr,z fri di 2
Osy, =mC o (T =Ty );

AQEN = QN +Qim.N = mcp (Zwo Ty, )

It is necessary to pay attention to the fact that if exter-
nal heat sources are insignificant, then on the northern
panel there is an unambiguous decrease in temperature.

With the joint integration of heat and power balances
((16) and (17)), a mandatory condition

AQs \ +A0s ¢ =0, (18)

(see the last equations in (16) and (17)) is satisfied when
the temperature differences are equal

Tys, —Tiso = Tino = Tinns

or in another presentation — the temperature of the coolant
at the output of the thermal contact of the liquid circuit of
one panel basically determines the temperature at the in-
put to the other:

T,

4Sn

=T,

4N0’ (19)
clarification is possible with a specific topology of the
hydraulic circuit of the liquid circuit outside the thermal
contact lengths on the panels and hydraulic losses in the
electric pump unit and the control throttle (fig. 1) [15].
Conclusion. The considered system of thermal bal-
ances of the thermal control system of the spacecraft on
the characteristic surfaces of constant temperatures is re-
duced to the form allowing to conduct a numerical solu-
tion: the number of equations corresponds to the number
of detected temperatures along the north and south panels
and is closed through the coolant temperature of the liquid
circuit. The system of equations makes it possible to in-
vestigate the thermal state of the spacecraft of a leaky
design in the stage of preliminary design with varying
mode (the angle of inclination of the radiation surfaces to
the sun, the heat release of the service module and the
payload module, etc.) and the design parameters (the spe-
cific dimensional topology of the object, diameter of pipe
cross-sections, refrigerant flow, etc.), in order to deter-

T;tSO T:th 4
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mine the area of efficiency and the area of optimum per-
formance under certain performance criteria (for example:
the ratio of mass of the thermal control system to power
of diverted heat flow).
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