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To clarify the trajectory of the spacecraft in a given orbit, the parameter of unmodeled acceleration is taken into 

account. Today, in the design and manufacture of a spacecraft to meet the requirements of the technical specifications 
for the maximum allowable values of unmodeled accelerations during the operation of on-board equipment, it is 
necessary to take into account the effects of asymmetric heat fluxes from the panels of the spacecraft on the deviation of 
its center of mass from a given orbit. This article discusses the problem of the influence of asymmetric heat fluxes from 
the surfaces of the spacecraft emanating from the panels ± Z, + Y (deterministic and non-deterministic component) on 
the level of unmodeled accelerations, which significantly affects the trajectory of the spacecraft. 

In order to meet the requirements for the temperature control system in terms of ensuring efficient heat removal 
from the on-board equipment devices and its distribution over the surface of the instrument installation panel, it is nec-
essary to significantly improve the technical characteristics of heat transfer and heat conduction processes in the 
spacecraft. The analysis of the current thermal control system in modern satellites is carried out and its shortcomings 
are revealed. A constructive option is proposed for creating an energy-intensive thermal panel, which allows more effi-
cient heat removal from devices and distribution over the panel. The designed thermal panel is a flat sealed panel of a 
single complex design of aluminum alloy, made by the additive technology method. The dimensions of the thermal panel 
are limited by the structural dimensions of the working area of 3D printers. At the moment, the main dimensions reach 
600-800 mm. An increase in the working area in the future will enable the installation of large-sized electronic 
equipment. 

A two-dimensional mathematical model for calculating heat transfer processes in the designed thermal panel is 
presented. For the calculation, specific average values are introduced that characterize the effective cross sections for 
the vapor channels and the wick in the longitudinal and transverse directions, physical parameters (porosity of the wick 
and its degree of liquid saturation). 

 
Keywords: spacecraft, asymmetric heat fluxes, thermal control system, unmodeled accelerations, power thermal 

panel. 
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Для уточнения траектории движения космического аппарата по заданной орбите учитывается параметр 

немоделируемого ускорения. На сегодняшний день при проектировании и изготовлении космического аппарата 
для обеспечения требований технического задания к предельно допустимым значениям немоделируемых уско-
рений при работе бортовой аппаратуры, необходим учет воздействия несимметричных тепловых потоков  
с панелей космического аппарата на отклонение его центра масс от заданной орбиты. В данной статье  
рассмотрена проблема влияния ассиметричных тепловых потоков с поверхностей космического аппарата, 
исходящих с панелей ±Z, +У (детерминированной и недетерминированной составляющей) на величину уровня 
немоделируемых ускорений, что существенно влияет на траекторию движения космического аппарата. 
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Для обеспечения требований к системе терморегулирования в части обеспечения эффективного отвода 
тепла от приборов бортовой аппаратуры и распределения его по поверхности панели установки приборов не-
обходимо значительно улучшить технические характеристики процессов теплопередачи и теплопроводности 
в космическом аппарате. Проведен анализ действующей системы терморегулирования в современных спутни-
ках и выявлены её недостатки. Предложен конструктивный вариант создания энергоемкой тепловой панели, 
которая позволяет эффективнее отводить тепло от приборов и распределять его по панели. Спроектирован-
ная тепловая панель представляет собой плоскую герметичную панель единой сложной конструкции из алю-
миниевого сплава, изготовленную методом аддитивных технологий. Размеры тепловой панели ограничены 
конструктивными размерами рабочей зоны 3D-принтеров. На сегодняшний момент основные размеры дохо-
дят до 600–800 мм. Увеличение рабочей площади в дальнейшем даст возможность монтажа крупногабарит-
ной радиоэлектронной аппаратуры. 

Представлена двухмерная математическая модель для расчета процессов теплообмена  
в спроектированной тепловой панели. Для расчета вводятся удельные средние величины, характеризующие 
эффективные сечения для паровых каналов и фитиля в продольном и поперечном направлениях, физические 
параметры (пористость фитиля и степень его насыщенности жидкостью). 

 
Ключевые слова: космический аппарат, несимметричные тепловые потоки, система терморегулирования, 

немоделируемые ускорения, силовая тепловая панель. 
 
Introduction. The development of space technology 

at the present stage is characterized by the creation of 
small spacecrafts for various purposes using a denser 
placement of payload devices, which affects the uneven-
ness and asymmetry of heat fluxes from the panels of the 
spacecraft. 

Placing electrical devices with a high heat flux density 
on small layout areas requires solving the problem of en-
suring the operating temperatures of equipment, structure 
and spacecraft elements within strictly limited ranges at 
all operating modes of the thermal control system. 

To meet the requirements for ensuring the guaranteed 
operating temperatures of the instrument seats, it is neces-
sary to increase the efficiency of the thermal control sys-
tem (TCS) by creating an energy-intensive panel that can 
remove heat and efficiently distribute it over the space-
craft panel. 

Taking into account the influence of asymmetry of 
heat fluxes from the spacecraft panels in the spacecraft 
motion model leads to the creation of a more accurate and 
more reliable computational model of the spacecraft. 

To meet the requirements of the technical design 
specifications for the permissible level of unmodeled ac-
celerations arising during the operation of the spacecraft 
onboard systems, it is necessary to take into account the 
effect of asymmetric heat fluxes from instrument panels 
on the possibility of deviating the spacecraft center of 
mass from a given orbit. 

The accuracy of determining the parameters of the 
spacecraft trajectory, in addition to the obvious limitation 
imposed by the composition of the available measurement 
information, substantially depends on the degree of corre-
spondence of the dynamic model used for the numerical 
integration of the spacecraft motion equations to the real 
set of perturbations that form its trajectory. 

To date, to refine the forecast of errors in the trajec-
tory of the spacecraft movement along the orbit, such a 
parameter as unmodeled acceleration is used. 

The total effect of unmodeled acceleration on the ac-
curacy of calculations of spacecraft motion is quite sig-
nificant. And, although the absolute value of unmodeled 
accelerations does not exceed 10–12÷10–13 km/s2, the re-
sulting perturbations in the spacecraft coordinates can 

reach significant values [1]. The need to reduce the level 
of influence of unmodeled acceleration on the spacecraft 
trajectory requires the development of special measures to 
minimize this effect. 

The problem of reducing the values of unmodeled ac-
celerations arising from the influence of the operation of 
on-board systems has a high degree of relevance, since, 
on the one hand, it can serve to refine the already existing 
trajectories of spacecrafts, and on the other hand, when 
creating new vehicles, it will make it possible to refine 
and optimize the computational dynamic model, minimiz-
ing energy consumption for adjusting the working orbit 
(which will lead to a decrease in the total mass of space-
crafts) [2; 3]. 

Analysis of the current thermoregulation system. 
To reduce the level of unmodeled accelerations and take 
them into account in the computational dynamic model, 
we have developed an a priori model that allows us to 
clarify the physical processes of thermal radiation of on-
board instruments and spacecraft systems, corrected and 
refined during flight tests. At the same time, it is neces-
sary to take into account the correctness of setting the 
values of thermal and mechanical loads and the duration 
of the load cyclogram modes during «normal operation of 
the spacecraft», as well as the accuracy of the heat release 
cyclogram of the onboard equipment of the automatic 
voltage stabilization complex in terms of the absolute 
values of heat release and the duration of operating 
modes. 

At the present time, the available estimate of the accu-
racy of the cyclograms of the heat release of the automatic 
voltage stabilization complex is up to 150 W and the du-
ration of the modes is up to 4 hours. 

Cyclograms are necessary to take into account the 
asymmetry of the spacecraft's own thermal supply, and at 
the same time should not exceed 10 W (short-term heat 
emissions) and 5 W (long-term heat emissions). 

The processing of data from temperature sensors on 
board the spacecraft in order to calculate heat fluxes is a 
complex task from the methodological and computational 
point of view, the solution of which, taking into account 
the capacities of the onboard information computer com-
plex, is not possible in space. Thus, the task of processing 
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measurements of temperature sensors should be solved in 
the ground control complex. 

At present, it is not possible to meet the requirements 
for minimizing unmodeled accelerations by existing TCS 
without additional energy costs and changes in the space-
craft dimensions. The implementation of this requirement 
should be carried out through new layout solutions at the 
spacecraft level, taking into account the precise determi-
nation of the values of heat fluxes and cyclograms of heat 
release onboard equipment. 

To date, in navigation spacecraft they use a thermal 
control system [4–9], which is a honeycomb panel with a 
liquid collector built into it. The production of a three-
layer honeycomb panel (with various types of honeycomb 
filler) is carried out using the following technology: 

– production of component parts, including honey-
comb filler, skins, reinforcing and embedded elements, 
heat pipes; 

– joining (bonding) the surface of the shelves of heat 
pipes with sheathing using heat-conducting glue; 

– connection (bonding) of sheathing with honeycomb 
core and built-in embedded elements. 

The assembly (bonding) of the three-layer honeycomb 
panel is carried out on the technological equipment (table) 
through a special gasket. The required pressure is pro-
vided using a vacuum bag covered with a layer of thermal 
insulation. 

Bonding is carried out in a thermal oven for the re-
quired time at an elevated temperature (about 125 °C), 
which is increased stepwise to the bonding temperature, 
thereby providing the required exposure (about 3 hours), 
and then gradually cooled to ambient temperature. In par-
ticular, film glue VK-51 TU1-596-212–85 is used to bond 
the sheathing with honeycomb core 

The analysis showed that in the manufacture of large-
sized three-layer honeycomb panels with thin aluminum 
skins, it is first of all necessary that the technological 
equipment used be made with a high degree of flatness 
and surface cleanliness, and that spacers made of alumi-
num sheet were used to exclude the influence of the dif-
ference in the coefficient of thermal linear expansion be-
tween equipment and honeycomb panel. 

The disadvantage of the said method is the possibility 
of using this technology for honeycomb panels  
with dimensions only up to 2000 × 3000 mm. When po-
lymerizing large panels, it is necessary to use composite 
backing sheets. 

Due to an increase in the overall dimensions of hon-
eycomb panels (up to 3000 × 6000 mm), as well as a de-
crease in the thickness of the skins (down to 0.3 mm) used 
for modern spacecrafts, and the need to improve the geo-
metric accuracy of the working surface, the use of solid 
large-sized sheets, on the one hand, is unprofitable, given 
the high cost of their manufacture and delivery, on the 
other hand, it does not provide the required accuracy  
(the overall flatness of the panel is not more than 1.5 mm, 
the flatness is 0.1 mm at a size of 200 × 200 mm). Such 
stringent requirements are due to the long period of active 
existence of the spacecraft (up to 15 years), the trouble-
free operation of satellite instruments installed on the 

working surface of the honeycomb panel through heat-
conducting paste. In this case, the temperature difference 
between the mounting surface of the device and the cas-
ing should be minimal, therefore, the flatness of the panel 
should be as small as possible. 

Thus, a significant disadvantage of the said method is 
the complexity of manufacturing and insufficiently high 
quality of honeycomb panels of large dimensions. Engi-
neering approaches aimed at solving this problem lead to 
the need to reduce the overall dimensions of the honey-
comb panel and change its design to ensure more efficient 
heat removal from the onboard equipment. 

The calculated values of the operating temperatures of 
the equipment based on the results of the thermal analysis 
of the spacecraft must meet the requirements for the cal-
culated uncertainty, while the calculated uncertainty is 
taken basing on the devices belonging to the temperature 
group. 

The current TCS does not provide a uniform efficient 
heat removal from the spacecraft devices, «hot» spots 
with extremely high power consumption of the devices 
are created, the equipment overheats. 

Asymmetric heat fluxes from the spacecraft surfaces, 
emanating from the ±Z, +Y panels (deterministic and 
non-deterministic components), in turn, contribute to the 
value of the level of unmodeled accelerations from vari-
ous onboard systems, which significantly affects the 
spacecraft trajectory. 

To solve this problem, we propose to use the heat-
conducting panels developed by us, which increase the 
efficiency of heat removal from radio-electronic equip-
ment on board the spacecraft and have, at the same time, 
much smaller dimensions. When working with such struc-
tures, it is necessary to develop a computational algorithm 
for assessing the removed heat fluxes under different op-
erating modes of distribution of the heat load on the panel 
surface. This algorithm is necessary both at the stage of 
spacecraft development using such structures in the ther-
mal control system and in determining the optimal ar-
rangement of spacecraft instruments and equipment. 

This paper presents a two-dimensional mathematical 
model of heat transfer in a thermal panel. On the basis of 
the model, an algorithm is described for assessing the 
performance of the panel by capillary limitation for a 
given distribution of heat flux density on the surface. The 
model allows to obtain the temperature field distribution 
on the panel surface. 

Power thermal panel design. The power thermal 
panel is a flat sealed panel, which is a single complex 
structure of aluminum alloy, made by the method of addi-
tive technologies and consisting of two cross channels 
with wicks, a porous structure, closed on all sides with a 
thin layer of aluminum. The dimensions of the thermal 
panel are limited by the structural dimensions of the 
working area of 3D printers. At the moment, the main 
dimensions are up to 600–800 mm. An increase in the 
working area in comparison with hyper-heat-conducting 
panels [10], the size of which reaches 100 × 300 mm, 
makes it possible to install large-sized electronic equip-
ment.  
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The structure of the channels inside the power thermal panel 

 
Строение каналов внутри силовой термопанели 

 
 
In this case, the internal structure of the panels is such 

that the coolant moves freely over the entire plane of the 
panel inside the cruciform channels with wicks filled with 
a working fluid (ammonia, water, etc.) (see fig.). Heat 
transfer along the panel is carried out due to the move-
ment of the working substance in the form of vapor from 
the heating area to the condensation area through the va-
por channels and back, in the form of a liquid through the 
wick. The main feature of a phase change thermal panel is 
a highly efficient heat removal system and an even tem-
perature distribution over the panel surface with a differ-
ence of up to 1–2 ºC. When heated, the liquid heat trans-
fer agent begins to evaporate and in the form of vapor 
moves to the evaporation zone, then condenses, moves 
through the wick in the form of a liquid to the heating 
zone, thus distributing heat over the panel. The movement 
of the working substance is carried out by capillary 
forces, which does not require the use of pumps and com-
plex circuits for pumping coolant. 

The capillary head of the wick must exceed the sum of 
the pressures arising in the liquid moving along the wick 
and in the vapor moving along the vapor channels. In the 
opposite case, the wick under the heat-generating element 
is drained, and the effective thermal conductivity of the 
panel drops sharply. 

The technology for manufacturing a power thermal 
panel involves the modernization of its configuration by 
introducing internal vapor channels with a wick, the spe-
cific dimensions of which are unknown and are selected 
experimentally. 

For the calculation, specific average values are intro-
duced that characterize the effective sections for vapor 
channels and wick in the longitudinal and transverse di-
rections, physical parameters (porosity of the wick and 
the degree of its saturation with liquid). 

Mathematical model. Let us introduce the values 
characterizing the effective longitudinal and cross sec-
tions for vapor channels and the wick [11–15]. Let us 
define the following values to describe the vapor move-

ment: Svx, Svy – the fraction of the effective section of the 
vapor channel from the total section of the panel for the 
longitudinal direction x and transverse y, respectively. 
Similarly, for describing the fluid motion: Slx, Sly – the 
fraction of the effective section of the wick from the total 
section of the panel for the longitudinal direction x and 
transverse y, respectively. The Svx, Svy, Slx, Sly values 
are dimensionless and can be from 0 to 1. 

The input conditions for the problem are the heat flux 
to the panel surface Q(x, y), where x   [0,H], y   [0,W]. 
Values H, W are the panel length and width. It follows 
from the stationarity of the problem that the amount  
of the evaporating coolant from the wick to the vapor 
channels per unit area at each point of the panel is equal  
to 1m  = Q/ λ, where λ is the latent heat of pore formation. 

For the movement of fluid in the wick, you can write 
the mass conservation equation: 

div ml = – m l/ D,                           (1) 

where ml = (mlx, mly) is the fluid mass flow inside the 
wick, D is the panel thickness minus the panel body wall 
thickness. 

To describe the movement of the gas phase of the 
coolant, we use a formula similar to (1): 

div mv = m l/ D,                            (2) 

where mv = (mvx, mvy) is the vapor mass flow in the vapor 
channels. 

The panel will work successfully if the pressure dif-
ference between the gaseous and liquid phases at each 
point is less than the capillary pressure 

Pc = 
2 cos

rc

 
,                            (3) 

where rc is the radius of the pores of the wick, σ is the 
coefficient of surface tension, θ is the minimum angle of 
wetting of the material of the wick by the coolant. 

It is possible to find the pressure distributions in the 
gaseous and liquid phases Pv(x, y) and Pl(x, y) up to a 
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constant. Since there is a point (xmin, ymin) inside the panel 
(in the area of the condenser) at which Pv = Pl can be 
taken, the pressure difference between the gaseous and 
liquid phases can be written as follows 

∆P = Pv(x, y) – Pl(x, y) – 

– (Pv (xmin, ymin) – Pl (xmin, ymin)).                (4) 

If max (∆P) > Pc, then capillary forces will not be able 
to pull up the coolant, the wick in the panel will dry out 
and the panel will not work satisfactorily 

Thus, the capillary condition for the panel operation 
can be written as follows: 

max(∆P) < Pc.                        (5) 

The temperature distribution on the panel surface will 
be determined by the saturated vapor temperature at a 
given point, the heating power density and the thermal 
resistance of the wick layer and the panel body: 

T (x, y) = Ts (Pv (x, y)) + Q( x, y) R,            (6) 

where  R = Rf  + Rw  is the sum of the thermal resistances 
of the wick and the panel body wall. The thermal resis-
tance of the wick can be estimated: Rf  = c /k f, where c is 
the thickness of the wick (distance from the steam chan-
nel to the surface), kf is the thermal conductivity of the 
wick filled with a coolant. 

The thermal resistance of the wall is: Rw  = t /kw, where 
t is the wall thickness, kw is the thermal conductivity of 
the panel body material. 

The transfer of a laminar flow of fluid in a porous 
wick, depending on the type of wick, is determined either 
by Darcy's law (for liquids obeying the Navier-Stokes 
law) 

−∆P − 
k


 u


  + p f


 = 0,                    (7) 

div u


  = 0, or Poiseuille's law (one of the simplest exact 
solutions of the Navier-Stokes equations). 

Q = 
4

8

R

l




 (P1 – P2) =
4

128

d

l




−∆P.          (8) 

The kinetics of the liquid-vapor phase transition, i.e. 
the rate of evaporation and condensation can be deter-
mined using the Kn criterion (the Knudsen number). 
Maximum heat flux during evaporation from a flat surface 
to vacuum 

qmax = f
ж

2 ж /

LP

RоT 
,                    (9) 

where R0 is the universal gas constant, L is the latent heat 
of vaporization. In some cases, the transfer of energy and 
matter in heat pipes can occur with partial drying of a 
porous wick. As a result, the calculation of the heat pipe 
is based on the equations of the dynamics of the flow of 
liquid and vapor, the description of the kinetics of phase 
transitions at the liquid-vapor interface, as well as the 
equations of energy transfer in the arteries of the tube,  
in the capillary-porous part (wick) and in the pipe shell 
itself. 

The flow of fluid in the porous body of the wick 
should be described in more detail by Darcy's law 

m = pжVж= – ж

ж

K


gradP .                 (10) 

By integrating this equation, we get the pressure drop 
at two points of the wick. Permeability Kж depends on the 
porosity П of the wick and the degree of its saturation 
with liquid bж 

Kж =  ƒ (П, bж).                          (11) 

Another characteristic of a porous body is the differ-
ential curve of the distribution of surface permeabi- 
lity f(K) (similar to the distribution curve of pores along 
the radius). For a homogeneous material, such a curve can 
be represented as a delta function of K or a linear combi-
nation of these functions 

f (K) = 
N

i j

Ai


 , 

Ai satisfies the condition 
1

1
N

i

Ai


 , N is finite.      (12) 

If f(K) cannot be represented as a finite number of 
functions, then the material is heterogeneous. If f(K) is 
represented by one term, the material is homogeneous. If 
a material is described by two or more functions f(K), 
then it is heterogeneous. If f(K) depends on rectangular 
coordinates xi (i = 1,2,3) and angular coordinates Ψ, θ, 
then the porous material is anisotropic. If there is no de-
pendence on angular coordinates, the material is isotropic 

P 1 2( )K K K   = 
2

1

( )
K

K

f xi dxid d   .            (13) 

Conclusion. The presented mathematical model of 
heat transfer processes in a thermal panel allows one to 
predict various modes of operation of a heat transfer de-
vice for high-temperature cycles. 

Thus, the use of a new design of a thermal panel in 
small spacecraft will not only solve the problem of irregu-
larity and asymmetry of heat fluxes from spacecraft pan-
els, but also ensure the requirements of the technical 
specification for the limiting level of unmodeled accelera-
tions during onboard systems operation. 
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