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The thermal control system (TCS) is one of the most important systems, which largely determines the design of the
spacecraft. At the present stage of development of methods and tools for spacecraft design, a promising direction is the
creation of thermal mathematical models of the TCS, calculation algorithms, which allow to create effective design so-
lutions at various design stages. The purpose of this work is to bring the system of equations of heat balances of the
liquid circuit (LC) of TCS to a form that allows programmatic numerical integration in the solution search algorithm
along the length of the middle line of the heat and mass exchange fluid circuit taking into account certain complex
thermal resistances. In fact, this means that the terms of the temperature of the contour and the linear coordinate, the
integration variable, should remain as variables in the equation record, everything else should be numerically deter-
mined from the properties of the real object.

For the boundary conditions of the LC TCS of the spacecrafi, the coefficients of complex heat transfer were calcu-
lated taking into account the actual topology of the circuit and the thermal properties of the coolant. Using these val-
ues, the system of thermal balances of the spacecraft of the spacecraft on the characteristic surfaces of constant tem-
peratures was reduced to a form that allows a numerical solution: the number of equations corresponds to the number
of detected temperatures along the north and south panels and is closed through the temperature of the liquid circuit
refrigerant. The resulting system of equations allows us to investigate the thermal state of nonhermetic formation
spacecraft at the stage of preliminary design with varying operational and design parameters in order to determine
the area of efficiency and the area of optimal operation under certain performance criteria.

Key words: thermal control system, liquid circuit, thermal resistance, complex heat transfer.
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Cucmema mepmopezyauposanus (CTP) saeniaemcs 00HOU U3 8ANHCHEUWUX CUCTEM, KOMOPAs 80 MHO20M Onpedeisen
NnpoeKmublll 00auUK U napamempwvl Kocmudeckozo annapama (KA). Ha cospemennom smane pazsumusi mMemooos
u cpedcme npoexmuposanusi KA nepcnexmugnoll A61semcs Hanpasilenue co30anus Meniosblx MAmemMamuieckux Mo-
oeneii CTP, ancopummos pacuema, nO380II0OWUX HA PA3TUYHBIX IMANAX RPOEKMUPOSAHUs (opmuposamsv d¢hpexmus-
Hble KOHCmpyKkmopckue peutenust. Llenvio nacmosweti pabomsl A61s1emcst npugedenue CUCHeMbl YPAGHEHUL MenI06biX
banancos sxcuokocmuoeo konmypa (FKK) CTP k udy, no3eonsowemy eecmiu npocpamMmHoe YUCIeHHOEe UHINeZPUposa-
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HUe 6 anzopumme NOUCKA peuleHus No OluHe cpeoHell TUHUU MeNnIoMACCOOOMEHHO20 IHCUOKOCIHO20 KOHMYpPA C yye-
MOM OnpedeNeHHbIX KOMNIEKCHbIX MeNI06blX Conpomusienuil. @axmuiecku 9mo o3Haivaem, 4mo 8 3anucu ypaeHeHui
8 Kayecmee NepeMeHHbIX OONNCHbL OCHAMbCsL WIEHbl 3HAYEHUU meMnepamyp KOHmypa u JUHEUHOU KOOPOUHAmMbL —
nepeMeHHOU UHMEe2PUPOBAHUSL, 6CE OCMAIbHOE OO0INCHO OblMb YUCIEHHO ONPEOeNleHO NO CEOUCMBAM PeaibHO20
obvexma.

Jns epanuunvix yenosuti KK CTP kocmuueckozo annapama npousgeden paciem KoIQOOUyueHmos KoMnieKcHou
menionepeoayu ¢ y4emom peaibHoli MONnoI02UU KOHmMypa u meniogusuveckux ceovcme menionocumens. C ucnonv3o-
8aHueM dmux 3naveHuti cucmema menioswix oanrancog CTP KA no xapaxmepHvim no8epxHoCmsam NOCMOSIHHbIX memne-
pamyp bvLia npugedena K 6U0y, NO360AAIOUWEMY 6eCIU YUCIEHHOE peuleHie. YUCLO YPAGHEHUL COOMBEMCMEYen YUCILY
OnpeoesieMblX MeMNEPamyp no CeBePHOlL U I0AICHOU NAHENU U 3AMKHYMO Yepe3 MeMnepamypy X1a0azeHma HCuoKocm-
Hozo koumypa. Tlonyuennas cucmema ypagnenuil n0O360sem ucciedogams mepmudeckoe cocmosnue KA necepmemuu-
HO20 UCNOJIHEHUSl HA 9Mane ICKUZHO20 NPOeKMUPOBANUS NPU BAPLUPOBAHUU PEHCUMHBIX U KOHCIMPYKMUBHBIX NaApa-
Mempog ¢ yenvio onpedeieHuss 00aacmu pabomocnocooHoCmu u 00AACmuy ONMUMATILHOU PAdOMmbl NPU ONPeOeIeHHbIX
Kpumepusx 3¢hgpexmusHocmu.

Knioueswvie crosa: cucmema mepmope2yiupoeanus, HCUOKOCMHBLIL KOHmMyp, menjioeoe conpomuejilernue, KOMNieKkc-
Has memonepedaua.

Introduction. The thermal control system (TCS) is  obtained, which significantly simplify the computational
one of the most important systems, which largely deter-  procedures for calculating the main characteristics of the
mines the design and parameters of the spacecraft (SC) TCS.

[1]. The characteristics of the TCS have a significant im- Statement of the research problem. The aim of this
pact on the circuit solutions for the placement of heat- work is to bring the system of heat balance equations of
generating equipment inside the SC, the layout of heat- LC TCS [6] to the form that allows to perform numerical
emitting radiation panels, which in turn forms the geomet-  integration in the algorithm for finding a solution along
ric and weight dimensions of the SC [2; 3]. the length of the middle line of the heat and mass transfer

Priority tasks of modernization and technical im-  of liquid circuit, taking into account the complex thermal
provement of rocket and space technology require the resistances determined by the real topology and thermal
creation and development of appropriate software and  properties of the LC. In fact, this means that in the record
algorithmic support for the calculation of all major SC  of equations [6] as the variables should remain the mem-
systems, including TCS [4; 5]. bers of the temperature values of the contour and the lin-

The work on creation of thermal mathematical models  ear coordinate — integration variable, everything else
of TCS, algorithms of calculation allowing forming effec-  should be numerically determined by the properties of the
tive design solutions at various stages of constructing is  real object.
conducted in this sphere. Calculation scheme. Currently designed LC TCS can

At the previous stages of the study, the authors [6; 7] have different topology, which determines the placement
obtained systems of equations for the liquid circuit of the  of the basic elements, which forms the final design ap-
spacecraft TCS in the form of heat balances determined pearance of the TCS [8—10]. As an example, consider a
relatively to the temperatures of the specific heat ex- fragment of the heat transfer circuit in the TCS, which
change surfaces. Mathematical models and algorithms for  includes a honeycomb panel with a liquid circuit pipe
determining the complex thermal resistances for LC were  placed on it (fig. 1).

Fig. 1. Calculation scheme of the fragment of the heat transfer circuit

Puc. 1. PacuerHas cxema (parMeHTa KOHTYpa TeIUIonepenadn
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Fig. 2. Finite-element model of the TCS liquid circuit

Puc. 2. Koneuno-anemMeHTHas: MOZENb )XKUAKOCTHOTO TpakTa CTP

As the initial data, we take the following: the value
of the thermal conductivity coefficient for the honeycomb
in the transverse direction A, = 6 W/m-K; the width of
the honeycomb /;5 = 0.18 m; the width of the heel of the
pipe of the liquid circuit /,5 = 0.02 m; the thickness of the
honeycomb 3;; = 0.03 m; the total length of the liquid
circuit /;, = 50 m.

This design solution forms three characteristic heat
exchange surfaces [11]: the outer surface of the honey-
comb panel F, the surface of the heel of the pipe F, and
the inner surface of the pipe F3, which determines, respec-
tively, three isothermal surfaces Ty, T», T5.

For the outer surface of the honeycomb panel corre-
sponding to the isothermal surface 7; at the integration
step Ax; the area of increment is determined by the ex-
pression:

AF,; =AF,;, = Ax; - = 0,18Ax;. (1)
For the process of heat transfer between surfaces T

and T, the equivalent thermal resistance R;;,; can be rep-
resented as:

7\'12AF121' _ 1
812 RMZi
8 l
Ry = 2 121 ] n[;—sj =
12 A - (hs —s) 1S
~ 0.03 .ln(o.ozj 0.068
6.0-Ax,-(0.02-0.18) (0.18) Ax; ~
My Ay 1 14.71Ax, )
812 RMZi

To define an expression for the equivalent thermal re-
sistance between the isothermal surfaces 7, and T3, form-
ing a channel profile, you must also determine the thick-
ness of the equivalent thermal resistance, which in this
case requires numerical calculation of the thermal
resistance on the lineal meter of LC TCS profile [12]. For
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these purposes, the finite element method implemented in
the Ansys software package is applicable. Fig. 2 shows
the finite-element model of the TCS liquid circuit.

Numerical investigation of temperature fields of
the liquid circuit. To solve the problem of definition the
thermal resistance across the pipe cross section we use the
following boundary conditions: heat flux on the LC flange
is 10 W; inner diameter profile — 12 mm, flange width —
20 mm; wall thickness — 2 mm; constant temperature on
the inner wall of LC — 0 °C; coefficient of thermal con-
ductivity — 155 W/K-m. In fig. 3 the results of the station-
ary calculation for the stated boundary conditions are pre-
sented.

Fig. 3 shows that the maximum temperature drop
across the pipe section does not exceed 0.0755 °C, and
due to the high thermal conductivity of the LC profile, the
drop in the pipe section is negligible. It follows that the
thermal resistance for the transverse direction can be de-
fined as:

AT 0.0755
Rysyy=—=——

Q

To solve the problem of definition the thermal resis-
tance along the cross section of the pipe, the following
boundary conditions should be settled: heat flow on the
cross section of the end profile of LC 10 W; a constant
temperature at the cross section of the opposite end of the
profile LC 0 °C; inner diameter profile 12 mm, flange
width 20 mm; wall thickness 2 mm; the coefficient of
thermal conductivity 155 W/K'm; length of profile 1m;
cross-sectional area profile of LC F = 4.6357-10m?.

Fig. 4 shows the results of stationary calculation of the
temperature field for this case.

In this case, the thermal resistance is directly propor-
tional to the length of the section of the profile and is de-
fined as:

=755-10° K/W. (3)

AT / 1
AS23 = 7

= = =139 K/W . (4
O A-F 155-4.6357-107 @
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Fig. 3. Results of stationary calculation of the temperature field

Puc. 3. Pe3ynpTaThl cTAallMOHAPHOTO pacdeTa MOl TEMIIEPATyp
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20848
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0,09493
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Fig. 4. The results of the stationary calculation of the temperature field
for the pipe in the longitudinal direction

Puc. 4. Pe3ynbTaThl cTallMOHAPHOIO pacdeTa Mol TEMIIEPaTyp
JUIst TpyOBI B IPOIOJIBHOM HAIpaBICHUN

From the comparison of the data it can be seen that the
thermal resistance coefficients in the longitudinal and
transverse directions differ ~ 200 times. This means that
the main direction of heat transfer will be transverse when
modeling the TCS. In this case, the longitudinal direction
in the first approximation can be neglected.

378

The above calculations had fixed flange and pipe sur-
face temperatures as boundary conditions. Thus heat
transfer from the heat carrier to a wall was not considered.
This approach makes it possible to obtain the value of
thermal resistance, due only to the mechanism of thermal
conductivity [13].
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Consider the effect of heat transfer on the value
of thermal resistance. To do this, as a boundary condi-
tion on the wall of the pipe, we indicate the convective
heat exchange with the flow of the coolant. We use
the following boundary conditions: heat flow to the LC
flange 10W; internal diameter of the profile 12 mm;
width of the profile flange 20 mm; wall thickness 2 mm;
constant temperature of the coolant flow LC 0 °C;
thermal conductivity of the material: 155 W/K'm; to
determine the heat transfer coefficient of the coolant
used experimentally obtained the dependence on tem-
perature (fig. 5).

Fig. 6 shows the results of the stationary calculation of
the temperature field of the pipe cross-section taking into
account the effect of heat transfer.

Analysis of the results. The calculation resulted in
temperature fields on the surfaces of the pipe and flange,
the maximum temperature difference was 0.168 K.
Accordingly, the thermal resistance in this case
is 1.68:10% K/W. Thus, the lowest thermal resistance
characterizes the case of heat transfer in the transverse
direction without taking into account the convective heat
transfer. In this case, the thermal resistance value will be
equal to 7.55-107 K/W.

1@ W/m’K
950
850 //
750 /
650 //
550 |~
15 5 5 15 25 35 45

B ¢

Fig. 5. Experimental dependence of the heat transfer coefficient on temperature

Puc. 5. DxcnepuMeHTanbHas 3aBUCUMOCTE KO PHUIHUEHTA TEIIOOTAAYH
TEIIIOHOCUTEIS OT TEMIIEPATYPBI

2,7465e-002 1

5,332%-002 3

8,28 15e-002 &

016007 B 15475

5,4335e-002 A

8,7384e-002

o,15324 . 16005 g

Fig. 6. The results of the stationary calculation of the temperature field of the cross section
of the pipe, taking into account the effect of heat transfer

Puc. 6. Pe3yspTaThl CTalIMOHAPHOTO pacyeTa MoJjIst TEMIIEPaTyp MONEPEYHOr0 CeUeHUs TPy OBl
C y4eTOM BIIMSHUS TEILUIOOTa4l
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Thermophysical parameters of the profile per lineal meter

Ne Parameter Description Dimension Value
1 | The thermal conductivity of the pipe material of LC Ay W/K-m 155
2 | Pipe fladge width Ly m 0.02
3 | The circumference of the pipe Lig =md, m 0.0377
4 | Thermal resistance R o3 K/'w 7.55:10°
5 | Heat flow 0,3 W/m’ 10.0
According to the calculation results, see table of ther- T =T

mophysical parameters for heat transfer between surfaces
T, and T; and in fig. 1 on the lineal meter of the profile
were formed.

The equivalent thickness of the thermal resistance of
the pipe is determined by the expression

_ 7“23 '(lss _lzs) ) Rxszs

ES23 ,
[ j
28

Thus, the equivalent of the thermal resistance of the
thermal conductivity between the surfaces 7, and 7; has

=0.0326m.  (5)

the form
R, = Sgns -ln[ Iy ] _0.0073
l }‘23 <Ay '(ls3 —lg,) I Ax;
or
Ays - AFys,; _ 1 =137 Ax. (6)
831 Ry g3 l

For convective heat transfer from a surface 7; to a
conditional surface 7, the area increment at the integra-
tion step has the form

AFyy; =g - Ax; = 0.0377Ax; (7

With zonal heat transfer between isothermal surfaces

Ty —T5, the parameters will be similar to the case

of T, — 15 : surfaces:
AFgs; =l - Ax; = 0.02Ax; ; (8)
MszlﬂAxi. )
Bgsi 65i
Use the following numerical values for the coolant of
the liquid circuit LZTK2 (isooctan): mass flow rate of
0.071 kg/sec, heat capacity of 2060 J/ kg-K, heat transfer
coefficient according to the model spills on similar pro-
files of 600 W/ m*-K. Taking into account the values of
the determining parameters presented in [6] the system of
heat balances for the liquid circuit of the TCS from the
south side takes the form:

Ay - Sy -0.18Ax; -sina—e-6-0.18Ax; x
x T =14,71A%; (T, = Ty;) = 0;
14,71Ax; - (T;; - T,;) — 137 Ax; '(T2i _T3i): :
137Ax; (TZz _T3i)_22~62Axi (T31 _Zti):();
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qpp - 0.02Ax; 137 Ax, - (T, — Ty, ) = 0;
AQsg; = AQ;s + A, 1p +A0;;

AQin mp; =137Ax; '(Tsi —7}[); (10)
AQg, =14.71Ax, - (T}, - T,);
AQy s =h-32.58A%;, A= f(Re), Re=1-10%;
AQs; =146.26-(Ty; = T,y )
Os =146.26-(Ty5, — Tys0 )-

Similarly the balance system on the north side:
—£-6-0.18Ax; - T,} +14.71Ax, - (T, = T;,) = 0;
=14.71Ax; - (Ty; = T;;) +137Ax; - (T;; = T,,;) = 0;
—137Ax; - (Iy; - T5;) + 22.62Ax; - (Ty; — T5,) = 0;

I =Ts;;
qpp - 0.02Ax; —137Ax; - (T; = T5;) = 0;
AQsy; = =Oni + AQin wpi + ADin .45 an

AQy; =14.71-(T; - T,));

AQ mpi =137Ax; - (Tg; = T5));
AQ, . =h-32.58-Ax,, A=f(Re), Re=1-107";
AQsy; =146.26-(Ty; — T} );

Osy =146.26 - (T} o — Tyny)-

Thus, in the presented form, the systems of balance
equations of the liquid circuit of the TCS are fully defined
and ready for numerical solution. As a result of the solu-
tion of systems (10), (11) values of characteristic tem-
peratures of isothermal surfaces of TCS are defined.

Conclusion. In this paper, taking into account the real
topology and thermal properties of the LC, the values of
equivalent thermal resistances for the characteristic heat
transfer sites in the liquid circuit of the spacecraft were
obtained numerically. Using these values, the system of
heat balances of LC TCS on the characteristic surfaces of
constant temperature was led to the form that allows nu-
merical solution: the number of equations corresponds to
the number of defined temperatures for the northern and
southern panels and is closed through the temperature of
the cooling liquid circuit. The system of equations makes
it possible to study the thermal state of the SC of non-
hermetic design at the stage of preliminary design with
variation of operating and design parameters in order to
determine the range of performance and the optimal op-
eration under certain efficiency criteria [14—17].
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