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The main function of a thermal control system (TCS) is to maintain the temperature at nodal points of a spacecraft
in given ranges due to redistribution of thermal energy and the discharge of excess thermal energy into space. TCS may
have a different design and principle of operation. One of the most common options is TCS using a liquid circuit (LC)
and pumping coolant circulation. In the development of promising design-layout schemes for instrument compartments
of nonhermetic formation spacecraft, it becomes necessary to state and solve new problems associated with the creation
of computational and mathematical models of intermediate convective heat transfer in a fluid circuit.

For systems of integral equations of a LC thermal model with fairly complex topographic boundaries and connec-
tions, the justification and use of the defining (equivalent) thermal resistance seems to be a compromise of counting
implementation of a system that simulates a TCS with integration along the length of the LC.

In this paper, for the computational model of the liquid circuit of the thermal control system, including the system
of equations of two-dimensional thermal balance of the characteristic surfaces of a nonhermetic formation spacecraft,
a method of calculating the determining thermal resistances was proposed and implemented. This method includes
the calculation of the complex heat transfer coefficient and the local heat transfer coefficient to the heat carrier flow.
The approach considered in this paper allows us to obtain a numerical solution for the distribution of heat flows and
temperatures of liquid circuits with complex topographic boundaries and connections with minimal loss of accuracy.
The determination of the local heat transfer coefficient makes it possible to take into account the influence of changes in
the temperature of the coolant flow on the overall picture of convective heat exchange.

Keywords: thermal control system, liquid circuit, thermal resistance, local heat transfer coefficient.
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OcHosnas ¢hynxyusa cucmemor mepmopezynupogarusi (CTP) — noodepacarnue memnepamypul 8 y3106bix moukax KA
6 3A0aHHbIX OUANA30HAX 34 CYem nepepacnpeoeienust Meniogoll IHepeuu U copoca u3ObImoUHOU MenI080U IHeP2UU
6 kocmuyeckoe npocmpancmgo. CTP mozym umemsb paziudnoe KOHCMPYKMUGHOE UCHOJIHEHUe U NPUHYun padomol.
Oonum u3 naubonee pacnpocmparnennuvix eapuanmos aeisemcs CTP ¢ npumenenuem sicuokocmuozo koumypa (KK)
U HACOCHOU YupKyiayuu menionocumens. Ilpu paspabomke nepcnekmueHbIX KOHCMPYKMUSHO-KOMHOHOBOUHBIX CXeM
NPUOOPHLIX OMCEKO8 HeeepMemUUHbIX Kocmudeckux annapamos (KA) eoznuxaem neobxo0umocms noCmamo8Ku u pe-
WieHUsl HOBbIX 3A0aY, CBA3AHHBIX C CO30AHUEM PACUEMHO-MAMEMAMULECKUX MOOeNel NPOMENCYMOUHOU KOHBEKIMUBGHOU
menionepeoayu 8 JHCUOKOCMHOM KOHMYPpe.

366



ABMGMMOHHQ}Z U paKkemHo-KoCmMu4ecKkas mexnuka

s cucmem unmezpanvuvlx ypaenenuii meniosou mooenu KK ¢ docmamouno crodichvimu monozpaghuueckumu
SPanUYamMy U CeA3AMU 060CHOBANUE U UCNONbL30BAHIE ONpedenaowe2o (IKGUBANEHMHO20) MENI08020 CONPOMUBICHUS
npeoCcmagisnemcs KOMAPOMUCCOM cuemHol peanuzayuu cucmemsl, mooeaupyiowei CTP KA, ¢ unmezpuposanuem no
onune JKK.

B nacmosuyeil pabome 0551 pacuemnoti Mooenu HCUOKOCHHO20 KOHMYPA CUCMEMbl MEPMOPESYIUPOSAHUS, BKIIO-
yaioweli cucmemy ypasHeHuti 08YMepHo20 Meni06020 OANANCA XAPAKMEPHBIX NOBEPXHOCHEL KOCMUYECKO20 annapama
He2epMemuiH020 UCNOIHEHUs], NPeOioJCeHa U Peaiu3068anHa MemoOUuKa paciema onpeodensiiouux meniosblx Conpomue-
JIeHUll, SKIouaowas 6 cebs paciem Kodpuyuenma KOMNIEKCHOU menjionepeoayu u 10KaibHo20 Kodpuyuenma me-
NI0OMOa4U Om CMeHKU 8 NOMOK menioHocumens. Paccmompennulii 6 pabome nooxoo no360.1sem nowy4uns YUCIeHHOe
peuwienue Osl pacnpedeienus Meniogblx NOMOKO8 U MEMNepamyp HCUOKOCMHBIX KOHMYPOG CO CLOJNCHBIMU MON02pPa-
Quueckumu epanuyamu U CEA3AIMU ¢ MUHUMATLHOU nomepell mouynocmu. Onpedenenue J0KAIbHO20 KOIDPuyuenma
Menioomoayu daem B03MOICHOCIb Y4ema GIUAHUA USMEHEHUTl meMnepamypbl NOMoKa menioHocumens Ha oowyio

Kapmury KOH6EKNMueHo2co menyiooomena.

Kniouesvie cnosa: cucmema mepmope2yiupoeanus, HCUOKOCMHBLIL KOHmyp, menjiosoe conpomuejerue, JIOKATIbHbLU

K03 uyuenm menioomoayu.

Introduction. One of the indispensable conditions for
the reliable functioning of the spacecraft (SC) and its ser-
vice systems, as well as payload equipment is to ensure
the necessary thermal regime of all its elements. To solve
this problem, thermal control systems (TCS) are used.
The main function of TCS is to maintain the temperature
at the nodal points of the spacecraft in the specified
ranges due to the redistribution of thermal energy and the
discharge of excess thermal energy into outer space [1; 2].

TCS of SC can have a different design and operating
principle [3]. One of the most common options is the TCS
using a liquid circuit (LC) and pumping circulation of the
coolant. Such systems are used in unpressurized space-
craft with an energy ratio of up to 10 kW.

When developing promising structural and layout
schemes of instrument compartments of unpressurized
spacecraft, it becomes necessary to formulate and solve
new problems associated with the creation of computa-
tional and mathematical models of intermediate convec-
tive heat transfer in a liquid circuit [4]. At the previous
stages of the study, the authors of [5; 6] obtained systems
of equations for the liquid circuit in a general form, not
determined by thermal resistances.

Statement of the research problem. The thermal re-
gime of TCS is determined by the positional heat
load from the spacecraft instruments, solar heat flux
uniformly distributed over the outer cover, radiation
into outer space, as well as convective heat and mass
transfer in the liquid circuit of the temperature control
system. For this case, the authors of [5] obtained a system
of thermal balances of a TCS of SC by characteristic
isothermal surfaces, reduced to a form that allows a nu-
merical solution.

Most of the equations of the thermal model of LC of
TCS of spacecrafts contain finite (integral) temperature
differences, which makes it possible to use the one-
dimensional, often used analogy of thermal resistance to
simulate heat transfer — an analogue of Ohm's law for an
electric circuit:

0=21,
Ry

where Q is the heat flux, AT is the temperature head, Ry is
the equivalent heat resistance.
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For systems of integral equations of the thermal model
of the LC with sufficiently complex topographic bounda-
ries and relationships, the justification and use of the de-
termining (equivalent) thermal resistance seems to be a
compromise in the counting implementation of a system
simulating the TCS of a spacecraft with integration over
the length of the LC.

The aim of this work is to determine the equivalent
thermal resistances taking into account the design features
of LC and panels, the features of local heat transfer in the
circuit

Mathematical model of complex thermal resis-
tance. Let us consider sequentially the typical (used in the
construction of real TCS of spacecrafts) types of thermal
resistances in the complication of the boundary and re-
gime conditions [7; 8]. In fig. 1 a fragment of the heat
transfer circuit in the TCS of the Ax; length is shown, in-
cluding a honeycomb panel on the south side of the
spacecraft (with the index s — south) with a liquid circuit
pipe placed on it. We denote the outer surface area of the
honeycomb panel by Fy, the contact area of the honey-
comb panel and the heel of the pipe by F3, the internal
surface area of the pipe washed by the coolant by F3, the
width of the honeycomb section by /i5, the width of the
heel of the pipe by Iy, the thickness of the honeycomb
panel by blZS

We assume that the main one-dimensional heat
equivalent (see fig. 1) is the heat transfer process — the
method of heat conduction from the F) plane to the F,
plane, and the planes are not equal: Fy = [jgAx; > F, =
= bs'Ax;, which corresponds to the simulation case of heat
transfer from the surface of the southern honeycomb
panel — Fy = lig lig; F1 > Fo; Lig > bys.

We write the one-dimensional heat conduction equa-
tion on the finite length of the integration body Ax;:

AQ, dT

= - 1
h-lg-Ax,  db W

where A is the thermal conductivity coefficient, b is the
wall thickness.

Note that /; in the first approximation (in the case of
the equivalent thermal resistance) is a linear function of
thickness b, with boundary values Iy = ;g at b = 0; Is= L
ath = bs.
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blZS

Fig. 1. Fragment of the heat transfer circuit for calculation
of the thermal equivalent

Puc. 1. ®parmeHT KOHTYpa TeIUIONepeIaun
JUUIS1 BBIYMCIICHHSI TEIUIOBOIO SKBUBAJICHTA

Let lS =aq + az'b, then 115 = da, le = 115 + az'b; b=
= (lhs — l15)/bs, and the linear function has the form

hs —ls b

2)

lg=1l¢+
s

Equation (1) acts as a general connection for the sys-
tem of equations of thermal balances of the LC of TCS
in the case of unequal non-adiabatic surfaces with thermal
conductivity. In view of (2), we transform (1) and sepa-
rate the variables

. b}

AQ, db
for integration (3), it is necessary to replace the variables

=—dT, 3)

I2S _IIS

S

h-Av,
Ls

d{,ls llb}
AQ, ) by . s —dT )
AAx L=l |:11S+ZZS_ZIS.b}
s

The integral for (4) at the boundaries b|§s and T|22'

has the form
bs
AQ, by 1

T

1li»

Thoay by by | T Lot e
i s —hs |:llS+ 25 ~4s -b}
bs )
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or
_AQ b
LAy L=l
x| In ; 11 —In ; ll =
{11s+ 25b 1S '[bs]} {1154_ 2sb 15 [0]}
s s
= T2i_Tli’

where Ty;, T,; are the temperatures of the outer and inner
surfaces of the honeycomb panel at the integration step.
After transformations and reductions, we have

A
—i-b—s{lnl—lnl}:gi -7,
A Ax; lzs - llS lzs 1S
AQ.
i‘ s 'ln(lz_sjozi_Tlr (%)
AAY b=l hs
For the final heat flux (5) is converted to
AQi:Bi_]ii: T2i_71i
Ry, bs Ly

, (6)
)

where the determining thermal resistance at the integra-
tion step Ax; in the case of unequal boundary non-
adiabatic surfaces has the form:

b

512 )-ln[

X'Axi'(lzs _lls

A -Ax; '(lzs _lls) llS

(7

Ryppi =
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Bringing the thermal resistance from the surface F,
to the surface F3 (which corresponds to the surface
of the shelf F, = ,5"Ax;, and the inner surface F; = w-d;Ax;
of the liquid heat and mass transfer circuit) to the equiva-
lent form (7) requires preliminary numerical calculations,
since the surfaces F, and Fj is non-equidistant, and the
surface of Fj is essentially non-linear (circular cylinder).
For the nomenclature of the profiles used (fig. 2), the heel
width of the pipe /5 and the circumference of the inner
surface of the pipe L5 are known.

We determine the thermal resistance Rjp; = AT/Q in
the area of real thermal powers, then using the known /g
and L5, we determine the equivalent thickness from an
expression similar to (7), and for convenience of conver-

sion we equate Ax; = 1 m (i. e., we estimate the thermal
power reduced to a running meter), then with the calcu-
lated thermal resistance R;p;, it is possible to obtain the
thickness of the determining thermal resistance dg; from
expression (7):

7"(153 _lsz)‘szz

8523 = ; (®)
In [1‘?3)
ls,
and the step thermal resistance takes the form:
b /
Ry=———2——In [LSJ . ©9)
A - Ax; ‘(ZS3 _lsz) by

bs

; "'».}'T‘_IJS.AXI_-?[({I.&X{

Fig. 2. Calculation scheme for determining the equivalent
thermal resistance of a liquid circuit pipe

Puc. 2. PacuetHast cxema 11 ONpeeeHUs SKBUBAICHTHOTO
TEIJIOBOTO CONPOTHBIEHHS TPYOBI )KUIKOCTHOTO KOHTYpa

Ts |5 - Tol
U
i - -
= |T-Tol
-t
-]
o :—II/L
)
- o/
u :/7 To
1 e
a b

Fig. 3. Calculation schemes:
a — dynamic boundary layer; b — temperature boundary layer

Puc. 3. PacueTHble cXxeMbl:
a — TUHaMUYECKUH TIOTPaHUYHBIN CIIOH; 6 — TeMIIepaTypPHbIH NOTPaHUYHBINA CIIOH
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The final thermal resistance that is the resistance
of convective heat transfer to the heat and mass transfer
liquid circuit is determined from the last term of equation (5):

o, AF (I —Ty) =0,

where o, is the local heat transfer coefficient, T, Ty
are the pipe wall and coolant temperatures at the integra-
tion step. After substituting AF; = Ax; s we get

1
Ryy=—"—. 10
A34i o I - Ax, (10)

The main computational complexity in equation (10)
is the determination of the value of the local heat transfer
coefficient at the boundary of the coolant flow and the
pipe wall. Further, we obtain an analytical dependence for
determining the heat transfer coefficient.

Determination of the calculated ratio for the local
heat transfer coefficient. We analyze the steady laminar
flow in the section of a round cylindrical pipe of a liquid
circuit. We take into account that in the theory of convec-
tive heat and mass transfer [9—11], for the integral charac-
teristic of wall heat transfer processes, the concept of the
thickness of energy loss (or the thickness of the tempera-
ture boundary layer, see fig. 3) is used, which is defined
by the expression for the straight section of the flow.
It is written as:

(11)

where 8 is the thickness of the dynamic boundary layer; §,
is the thickness of the temperature boundary layer; u is the
thickness velocity of the boundary layer; U = u|,; is the
velocity at the outer boundary of the boundary layer
(velocity in the flow core); T is the temperature along
the thickness of the boundary layer; T, = T],~ is the tem-
perature on the inner wall, T5 = T]s— is the temperature
in the flow core (at the boundary of the boundary layer).

In most calculation and analytical studies [12], the as-
sumption is made that the temperature and dynamic
boundary layer are equal at Pr = 1, while the variable
parts of the profiles are identical:

)
v)\5-1,
therefore, knowing the function f{u/U), we can define
7 (D).

We determine the velocity distribution function using
the basic equations of motion in the boundary conditions
of a round straight pipe [13], we use the cylindrical coor-
dinate system shown in fig. 4.

We assume that the streamlines are straight lines par-
allel to the axis Z, then U = Ug = 0; U, # 0. Continuity
equation

(12)

oU, N 1 0Ug +6UZ +ﬁ
OR R 00 oz
is converted to

=0

ou,
oz

=0.
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We consider the Navier-Stokes equations in cylindri-
cal coordinates:

p[UR 0Uy , Uo Uy

oU, U p
z R__GJZFR ST

R R 00O oZ R R
62 1 0°U, 08Uy L 10U 2 Uy U
2 -+ 2 2 2 YR
oR* R* 00O &z RoR R © R
p(UR 0Ugy Ug dUg . Uy , UrlUg j _F, _lop
R R O o4 R R 00
. °Ug L1 U *Ug L 10Ug 20Uy Us
oR> R*0®° 0z R OR R* 0O R*)
pURaUZ+U®6UZ UZaUZ =FZ_6_p+
R R 00 oz oz
2 2 2 (13)
0°Uy , 1 v, U, 1aUZ
1) + +
R R 00’ oz' R oR

where Uz, Uz, Ug are the velocity projections on the co-
ordinate axis, F is the volume force, p is the density, p is
the viscosity.

From the axisymmetric condition it follows that the
terms &/00 and 6°/6°0 equal zero. Assuming the absence
of the action of volume forces, equations (13) will be sig-
nificantly simplified:

P _o Py @, [6_U

oR 0@ = oZ OR?

10U,

o J:o. (14)

For the problem statement under consideration, the
pressure depends only on the coordinate Z. Taking into
account the expression for the product differential, we
transform the last equation to the form in full differen-

tials:
i d dU )
R dR dR

. ldp . . .
since —d—ZZJ is a constant when integrating over R, we
1)

integrate the left and right sides:
il o (5 o
dR dR

RdU R 1dp e
dR ndz

Ldp

, 15
L dZ (15)

obtaining:

We take the repeated integral

R=[= [1 d”jdm]

and finally we have:

L g, C,InR+C,.
4ndz

(16)
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IR

Fig. 4. The coordinate system and the calculation scheme of flow in a round pipe

Puc. 4. Cucrtema KOOpPIUHAT U pacuCTHAs CXeMa TCUCHHUS B KPYTJION TpyoOe

It is seen that at R—0 we have the expression U——o0,
which does not have physical meaning, therefore C, is
equal to zero and we seek for C, from the boundary con-
ditions U(R,) = 0 (equality of speed to zero on the pipe
wall, where R,, is the radius of the pipe (cylindrical wall)),
then

_id_prv’
4udz

and the expression for the distribution of speed takes the
form:

C, = (17)

v= Lt

4u dz

We take into account that on the axis of the pipe

(R = 0) the speed has maximum value:
1 4

4u dz
In relative form, the expression for the velocity distri-
bution for the laminar flow has the form:
u R?

el D

U R

(R*-R}), (18)

(19)

(20)

In the theory of the boundary layer, the coordinate y is
usually used (as an internal normal to the wall)

y=R,-R, 1)

if the flow is steady, the boundary layers are closed along
the axis of the pipe,

8=R,. (22)

Using expressions (21) and (22), the law of distribu-
tion of the velocity parameter over the thickness of the
boundary layer of the laminar flow takes the form:

LY

{§:1_( 6]{

In view of (23), the distribution law of the temperature
boundary layer is similar:
jZ

o

(23)

T-T,
TS_TO

1-2
)

24)
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The expression for the integral relation of the energy
equation (hereinafter — the energy equation) of the tem-
perature boundary layer has the form [14]:

1 6(6@)+ 1.06,) 1 0H, N
H, d9) H, oy HH, dp 5)
+ 1 GHQB _ _T(p0(1+82)
HH, oy " pCU pC,(T;-T,)

where @, y are the axes of the natural coordinate sys-
tem, J,, is the thickness of the energy loss of the tempera-
ture boundary layer in the longitudinal direction, J,, is the
thickness of the energy loss of the temperature boundary
layer in the transverse direction, p is the density, C, is the
heat capacity, St = o/(pC,U) is the Stanton number.

We make the following assumptions: the radius of
curvature of the streamline is R,,,—, which corre-
sponds to a straight streamline; we neglect the dissipative

T apy

in equation (25), since the thermal equivalent of friction
will be taken into account when the equations of motion
and energy are integrated along the length of the circuit.
Given that the Lame coefficients is H, = H, = 05,/0X;= 1,
then 0H,/0y = 0H,/0¢p = 0. For a one-dimensional flow,
the terms with 6/0y are 0. Based on the assumptions
made, the energy equation of the temperature boundary
layer for a linear flow will take the form:

0
70 O~

1+¢?
I5 =T,

0,
pC,

%

(26)
pC,U

Equation (26) is not determined by the number of
variables. It is necessary to establish the relation o = f{9),
the so-called heat transfer law, similar to the law of fric-
tion Ty, = f(d,) of the dynamic boundary layer. We take
into account that the heat conduction and heat transfer
mechanisms are involved on the pipe wall (y = 0):

90 = X(G_T]
oy

=T -Tp) -
y=0

27
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Since temperatures Tj,7;, are constant (given) values,

to determine o it is necessary to know the distribution
function T = f{y) and determine its derivative at y = 0. We
use the obtained profile (24) and transform (27) to the

expression:
( J =

The derivative 0/0y, taking into account (24), takes the

-1,
-1,

a:ki
y

(28)

0

form:
6[T—Toj all ( yﬂ
—|—— =~ |1-[1=2Z 0=
o\ T - T, =0 oy ) 29)
gl 24
8 ) =0 ) 1) =0 )

We determine the relationship between the thickness
of the temperature boundary layer §,, (thickness of en-

ergy loss) in the longitudinal direction and the thickness
of the boundary layer & .

We take into account expressions (27), (28), (29) and
use the expression for the thickness of the energy loss in

g

S
E (=

we change the variables: Z =1 —%; az = _dgy and carry

y

8)]@’ (30)

T-Ty

out the integration within the limits of Z1 = 1; Z2 = 0.
Then the integral (30) takes the form:

TN A Al
st(p:—a!(l—z )z dzZ =35 51751 ) (31)
finally we have a ratio of thicknesses
25
=715 (32)
In view of (32), relation (31) takes the form:
T-T
i( g ] _4l . (33)
i\ =1, ), 158,

The heat transfer coefficient a (taking into account
equation (33)) and the Stanton number are determined as
functions of the thickness of the temperature boundary
layer:

4 A

S 34
*Tiss, Y

a4 A
pC,U 15pC, U3,

St (35)
Accordingly, the energy equation (26) takes the form
determined by the number of variables:

d 4 2
()

— = (36)
do 15pC,US,,
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We integrate equation (36) in the range from 0 to the
current values:

319 0

4 2
8,8, = [———do,
-([ e {15anp
2
O _4 ho
2 15pC,

Finally, we obtain the expression for the thickness of
the energy loss of the temperature boundary layer in the
transient conditions (for the variable coordinate ¢):

5]

Then, the convective heat transfer coefficient in a
round pipe in a section of unsteady flow (& < R,) taking
into account the heat transfer law (37) is determined by

the expression:
05

We take into account that 6 = Ry over the length
of the steady flow ¢ = ¢, and then remains constant

at Ry= const, then according to (38)
2
==R

15"

substituting (38) in (39) we obtain

(5]

the length of the steady flow section is defined as:
1 pC,U
Oy =77 . Rg .
30 A

The heat transfer coefficient in the steady state, taking
into account (39) and (40), takes the form:
:|0,5

A

finally we have the value of o in the steady-state area:
2
Ry

3 e
15pC,U

o

(37

0,5

_4r B

15pCU
o=
155,, 15

8 Ao

2 ApCU
15

>

(39

e

2

2R 28 20
15

C15pCU’

(40)

2 ApCU
15 o,

0,5

2 4pC,U30M
15 pCU

>

O (41)

Thus, equation (41) determines the value of the local
heat transfer coefficient during the flow of coolant inside
the channel of the liquid circuit. Together with the ther-
mal equivalents of the honeycomb panel and the LC pipe,
the local heat transfer coefficient forms the determining
thermal resistance for the TCS section. Using the values
of the determining thermal resistances, it becomes possi-
ble to carry out numerical studies of heat transfer in the
liquid circuit of the temperature control system for given
boundary conditions [15].

Conclusion. The considered methodology for calcu-
lating the determining thermal resistances for the model
of spacecraft TCS liquid circuit based on the characteris-
tic surfaces of constant temperatures makes it possible to
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obtain numerical values of the TCS equivalents for the
system of thermal balances presented in [5]. This ap-
proach makes it possible to obtain a closed system of
equations for the LC determined by the temperatures of
the northern and southern panels of the TCS and allowing
a numerical study of the heat transfer process in the cir-
cuit. The specific implementation of the method depends
on the boundary and initial conditions for the functioning
of the LC and is a promising area of research in the
framework of the issue of developing computational tools
for modeling TCS.
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