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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. 
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Основная функция системы терморегулирования (СТР) – поддержание температуры в узловых точках КА 

в заданных диапазонах за счет перераспределения тепловой энергии и сброса избыточной тепловой энергии  
в космическое пространство. СТР могут иметь различное конструктивное исполнение и принцип работы. 
Одним из наиболее распространенных вариантов является СТР с применением жидкостного контура (ЖК)  
и насосной циркуляции теплоносителя. При разработке перспективных конструктивно-компоновочных схем 
приборных отсеков негерметичных космических аппаратов (КА) возникает необходимость постановки и ре-
шения новых задач, связанных с созданием расчетно-математических моделей промежуточной конвективной 
теплопередачи в жидкостном контуре. 
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Для систем интегральных уравнений тепловой модели ЖК с достаточно сложными топографическими 
границами и связями обоснование и использование определяющего (эквивалентного) теплового сопротивления 
представляется компромиссом счетной реализации системы, моделирующей СТР КА, с интегрированием по 
длине ЖК. 

В настоящей работе для расчетной модели жидкостного контура системы терморегулирования, вклю-
чающей систему уравнений двумерного теплового баланса характерных поверхностей космического аппарата 
негерметичного исполнения, предложена и реализована методика расчета определяющих тепловых сопротив-
лений, включающая в себя расчет коэффициента комплексной теплопередачи и локального коэффициента те-
плоотдачи от стенки в поток теплоносителя. Рассмотренный в работе подход позволяет получить численное 
решение для распределения тепловых потоков и температур жидкостных контуров со сложными топогра-
фическими границами и связями с минимальной потерей точности. Определение локального коэффициента 
теплоотдачи дает возможность учета влияния изменений температуры потока теплоносителя на общую 
картину конвективного теплообмена. 

 
Ключевые слова: система терморегулирования, жидкостный контур, тепловое сопротивление, локальный 

коэффициент теплоотдачи. 
 
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: 

,
T

T
Q

R


  

where Q is the heat flux, ΔT is the temperature head, RT is 
the equivalent heat resistance. 

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 Δxi 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 F1, the contact area of the honey-
comb panel and the heel of the pipe by F2, the internal 
surface area of the pipe washed by the coolant by F3, the 
width of the honeycomb section by l1S, the width of the 
heel of the pipe by l2S, the thickness of the honeycomb 
panel by b12S 

We assume that the main one-dimensional heat 
equivalent (see fig. 1) is the heat transfer process – the 
method of heat conduction from the F1 plane to the F2 
plane, and the planes are not equal: F1 = l1SꞏΔxi > F2 =  
= l2SꞏΔxi, which corresponds to the simulation case of heat 
transfer from the surface of the southern honeycomb 
panel – F1 = l1Sꞏ l1Sx; F1 > F2; l1S  > l2S. 

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

i

S i

Q dT

l x db


 

   
,                            (1) 

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

Note that ls in the first approximation (in the case of 
the equivalent thermal resistance) is a linear function of 
thickness b, with boundary values lS = l1S at b = 0; lS= l2S 
at b = bS. 
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Fig. 1. Fragment of the heat transfer circuit for calculation  
of the thermal equivalent 

 
Рис. 1. Фрагмент контура теплопередачи  
для вычисления теплового эквивалента 

 
 
Let lS = a1 + a2ꞏb, then l1S = a1; l2S = l1S + a2ꞏb; b =  

= (l2S – l1S)/bS, and the linear function has the form 

2 1
1

S S
S S

S

l l
l l b

b


   .                       (2) 

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 

2 1
1

i

i S S
S

S

Q db
dT

x l l
l b

b


  

   
  

 

,            (3) 

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

2 1
1

2 1 2 1
1

S S
S

Si S

i S S S S
S

S

l l
d l b

bQ b
dT

x l l l l
l b

b

 
       

    
  

 

        (4) 

The integral for (4) at the boundaries 
0
Sb

b  and 2

1

i

i

T

T
T  

has the form 

2 1
2 1 2 1

1

0

1
ln

Sb

i S
i i

i S S S S
S

S

Q b
T T

x l l l l
l b

b

 
 

            
   

   

,   

or 

   

2 1

2 1 2 1
1 1

2 1

1 1
ln ln

0

,

i S

i S S

S S S S
S S S

S S

i i

Q b

x l l

l l l l
l b l

b b

T T


  
  

 
 
        

       
     

 

 

where T1i, T2i are the temperatures of the outer and inner 
surfaces of the honeycomb panel at the integration step. 

After transformations and reductions, we have 

2 1
2 1 2 1

1 1
ln lni S

i i
i S S S S

Q b
T T

x l l l l

 
           

, 

2
2 1

2 1 1

lni S S
i i

i S S S

Q b l
T T

x l l l

 
         

.             (5) 

For the final heat flux (5) is converted to 

 

2 1 2 1

2

2 1 1

ln

i i i i
i

i S S

i S S S

T T T T
Q

R b l

x l l l


 
  

 
       

,          (6) 

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

 
12 2

12
2 1 1

lnS S
i

i S S S

b l
R

x l l l
 

        
.              (7) 
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Bringing the thermal resistance from the surface F2  
to the surface F3 (which corresponds to the surface  
of the shelf F2 = l2SꞏΔxi, and the inner surface F3 = πꞏdiꞏΔxi 
of the liquid heat and mass transfer circuit) to the equiva-
lent form (7) requires preliminary numerical calculations, 
since the surfaces F2 and F3 is non-equidistant, and the 
surface of F3 is essentially non-linear (circular cylinder). 
For the nomenclature of the profiles used (fig. 2), the heel 
width of the pipe l2S and the circumference of the inner 
surface of the pipe l3S are known.  

We determine the thermal resistance Rλ23 = ΔT/Q in 
the area of real thermal powers, then using the known l2S 
and l3S, we determine the equivalent thickness from an 
expression similar to (7), and for convenience of conver-

sion we equate Δxi = 1 m (i. e., we estimate the thermal 
power reduced to a running meter), then with the calcu-
lated thermal resistance Rλ23, it is possible to obtain the 
thickness of the determining thermal resistance δS23 from 
expression (7): 

 3 2 23
23

3

2

,

ln

S S
S

S

S

l l R

l

l

   
 

 
 
 

                       (8) 

and the step thermal resistance takes the form: 

 
23 3

23
3 2 2

lnS S
i

i S S S

b l
R

x l l l
 

        
.              (9) 

 
 

 
 

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

 
Рис. 2. Расчетная схема для определения эквивалентного  

теплового сопротивления трубы жидкостного контура 
 
 
 
 

 
 

а                                       b 
 

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

 
Рис. 3. Расчетные схемы:  

а – динамический пограничный слой; б – температурный пограничный слой 
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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): 

3 3 4( )i i i i iF T T Q     , 

where αi is the local heat transfer coefficient, T3i, T4i  
are the pipe wall and coolant temperatures at the integra-
tion step. After substituting ΔF3 = Δxiꞏl3 we get 

34
3

1
i

i S i

R
l x 

   
.                      (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: 

0

00

1 ,t
T Tu

dy
U T T





 
     

                  (11) 

where δ is the thickness of the dynamic boundary layer; δt 
is the thickness of the temperature boundary layer; u is the 
thickness velocity of the boundary layer; U = u|y=δ 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; T0 = T|y=0 is the tem-
perature on the inner wall, Tδ = T|δ=0 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: 

0

0

,
T Tu

f
U T T

          
                       (12) 

therefore, knowing the function f(u/U), we can define 
f (T). 

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 UR = UΘ = 0; Uz  ≠ 0. Continuity 
equation 

1
0R Z RUU U U

R R Z R
 

   
  

 

is converted to 

0ZU

Z





. 

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

2

2 2 2

2 2 2 2 2

1 1 2
,

R R R
R Z R

R R R R R

U UU U U p
U U F

R R Z R R

UU U U U U

Z R RR R R R

 



    
            
    

            

 

 

2 2
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,

R
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R

U U U U U U p
U U F

R R Z R R

U U U U UU

R RR R Z R R
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

    

               
     

            

 

 

2 2 2

2 2 2 2

1 1
,

Z Z Z
R Z z

Z z Z Z

UU U U p
U U F

R R Z Z

U U U

R RR R Z

              
     

         

    (13) 

where UR, UZ, UΘ are the velocity projections on the co-
ordinate axis, F is the volume force, ρ is the density, μ is 
the viscosity. 

From the axisymmetric condition it follows that the 
terms ∂/∂Θ and ∂2/∂2Θ equal zero. Assuming the absence 
of the action of volume forces, equations (13) will be sig-
nificantly simplified: 

2

2

1
0; 0; 0.Z ZU Up p p

R Z R RR

    
            

  (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: 

1 1
,

d dU dp
R

R dR dR dZ
     

                    (15) 

since 
1 dp

dZ
 is a constant when integrating over R, we 

integrate the left and right sides: 

1
,

d dU dp
R dR R dR

dR dR dZ

          
   

obtaining: 

2

1
1

.
2

dU R dp
R C

dR dZ

 
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We take the repeated integral 

11
,

2

CdU R dp
dR dR dR

dR dZ R

 
   

    

and finally we have: 

2
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1
ln .
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  


               (16) 
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Fig. 4. The coordinate system and the calculation scheme of flow in a round pipe 
 

Рис. 4. Система координат и расчетная схема течения в круглой трубе 
 

 
It is seen that at R→0 we have the expression U→–∞, 

which does not have physical meaning, therefore С1 is 
equal to zero and we seek for С2 from the boundary con-
ditions U(Rw) = 0 (equality of speed to zero on the pipe 
wall, where Rw is the radius of the pipe (cylindrical wall)), 
then 

2
2

1
,

4 w
dp

C R
dZ

 


                         (17) 

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

2 21
( ),

4 w
dp

U R R
dZ

 


                      (18) 

We take into account that on the axis of the pipe  
(R = 0) the speed has maximum value: 

21

4 w
dp

U R
dZ

 


.                        (19) 

In relative form, the expression for the velocity distri-
bution for the laminar flow has the form: 

2

2
1

w

u R

U R
  .                            (20) 

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

,wy R R                               (21) 

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

wR  .                                   (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: 

2

1 1
u y

U
     

.                         (23) 

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

2
0

0

1 1
T T y

T T

       
.                       (24) 

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

2
0

0

( ) ( )1 1 1

( )

(1 )1
,

( )

t t
t

t
p p

H

H H H H

H

H H C U C T T

  


   




  

    
   

   

   
   

   

    (25) 

where φ, ψ are the axes of the natural coordinate sys-
tem, δtφ is the thickness of the energy loss of the tempera-
ture boundary layer in the longitudinal direction, δtψ is the 
thickness of the energy loss of the temperature boundary 
layer in the transverse direction, ρ is the density, Cp is the 
heat capacity, St = α/(ρCpU) is the Stanton number. 

We make the following assumptions: the radius of 
curvature of the streamline is Rcurv→∞, which corre-
sponds to a straight streamline; we neglect the dissipative 
term 

2
0

0

1

pС T T

   
    

, 

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 Hφ = Hψ = ∂δi/∂Xi = 1, 
then ∂Hφ/∂ψ = ∂Hψ/∂φ = 0. For a one-dimensional flow, 
the terms with ∂/∂ψ are 0. Based on the assumptions 
made, the energy equation of the temperature boundary 
layer for a linear flow will take the form: 

( ) .t
p

St
C U

 
  

 
                       (26) 

Equation (26) is not determined by the number of 
variables. It is necessary to establish the relation α = f(δ), 
the so-called heat transfer law, similar to the law of fric-
tion τ0φ = f(δφ) 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): 

0 0

0

( )
y

T
q T T

y 


 
      

.                 (27) 
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Since temperatures 0,T T  are constant (given) values, 

to determine α 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: 

0

0 0

.
y

T T

y T T 

 
      

                    (28) 

The derivative ∂/∂y, taking into account (24), takes the 
form: 

2
0

0
0 0

0 0

1 1

1 2 2
2 1 1 .

y

y

y y

T T y

y T T y

y y


 

 

                    

                      

      (29) 

We determine the relationship between the thickness 
of the temperature boundary layer t  (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 
the form: 

2
0

0 0

1 1 1 1 ,t
T Tu y y

dy dy
U T T

 




                           
   (30) 

we change the variables: 1 ;
y dy

Z dZ   
 

 and carry 

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

 
0 00 5 3

2 2

1 1 1

1 ,
5 3t

Z Z
Z Z dZ

 
       
 
 

          (31) 

finally we have a ratio of thicknesses 

2
.

15t


                                   (32) 

In view of (32), relation (31) takes the form: 

0

0 0

4 1
.

15 ty

T Td

dy T T 

 
   

                       (33) 

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

4
,

15 t


 


                                (34) 

4

15p p t

St
C U C U 

 
 
  

.                    (35) 

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

  4

15t
p t

d

d C U



 

  
.                     (36) 

We integrate equation (36) in the range from 0 to the 
current values: 

0 0

4
,

15

t

t t
p

d d
C

 

 


   
   

2
4

.
2 15
t

pC


 



 

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 φ): 

0,5
8

15t
pC U

 
   

  
.                          (37) 

Then, the convective heat transfer coefficient in a 
round pipe in a section of unsteady flow (δ < R0) taking 
into account the heat transfer law (37) is determined by 
the expression: 

0,5
4 4 15

;
15 15 8

p

t

C U



  
      

  
0,5

2

15
pC U 

    
 (38) 

We take into account that δ = R0 over the length  
of the steady flow φ = φst and then remains constant  
at R0 = const, then according to (38) 

0
2

15t R                             (39) 

substituting (38) in (39) we obtain 
2

0
2 8

,
15 15

st

p

R
С U

     
 

the length of the steady flow section is defined as: 

2
0

1

30
p

st

С U
R


 


.                        (40) 

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

0,5
2

;
15

p

st

C U 
    

     

0,5
302

;
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p

p

C U

C U

  
   

  
 

finally we have the value of α in the steady-state area: 

0

2
st R


  .                                (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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