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OcnosHnoe mpebosanue 0 becnepebolinol pabonvl KOCMUYECKO20 annapama — 3mo e20 CmaduibHblll
menaosoti pexcum. Ocobo cnodxcHas 3a0aya — obecnedeHue cmadUlbHOLU CUCEMbl MEPMOPeSyIUPOBaHUs
annapama ¢ y4emom HCecmKux 0ZPaHu4eHull no SHepeemuieckUM U MACCO8bIM 3AMPaAmam Ha YCmpoucmsa
mepmope2yiuposanus. Imu 3a0a4u HeobX00UMO Peuams Ha KAXCOOM 3mane co30anus cnymuuxos. Ha ka-
HCO0M dmane npoeooSMCs MeNo8ble pacyemyl ¢ bl00POM ONMUMATLHBIX MENTOPUIUYECKUX NAPAMEMPOS.
Taxoti obvem pabom cocmasnsiem NPUMEPHO 0eCAmyio 4acmv om écex pabom co cnymuuxom. Heobxoou-
MOCMb MEOPEMULECKO-IKCNEPUMEHMATLHOZ0 YIMOUHEHUS PACYEMHbIX MEeMOOUK ABNACMC AKMYAIbHOU 3a-
oauell, KOMOPAas NO36ONUM CYWECTNBEHHO CHUSUNb MAMEPUATbHbIE U BPeMEHHbIe 3AMPAmbl Ha NPOEKMUpPO-
6aHUe, UCHBIMAaHUs U 00800KY annapama. Tlosmomy pacuem u aHAIU3 MENIOBbIX PENCUMOE KOCMUUECKUX
annapamos AGIAEMCs BANCHbIM IMANOM NPU NPOEKMUposanuy cnymuuxos. Hasemuvie mennosaxyymHvie
UCNBIMAHUS OYEeHb 3aMPAmHbL KAK N0 épemeHu, max u unancogo. Cymb KOHYenyuu 3aKuouaemcs 6 npose-
OeHUU MONbKO CIMAYUOHAPHBIX TENTIOBbIX PENCUMOB 8 YCI0BUSX MAKCUMALLHBIX U MUHUMAILHBIX MENI08bIX
HAZPY30K HA CHYMHUK 6 YeIOM U €20 OMOENbHbIE GHEWHUE NIeMEHMbl ¢ NOCIe0YIOWUM 0DecneyeHuem cxo-
OUMOCIU pe3yIbImamog UCHbIMAHUL ¢ PACYEMHbIMU pe3yibmamami. A nOOmMeEepIHcOeHUe NPOMENCYIMOUHBIX
mpebosanuii no 06ecneyeHuUr0 3a0AHHbIX MENT0BbIX PEHCUMOS OCYUECMBIAIOM PACHEMHbIM NYMeM.

B cmamve paccmompenvt 3a0auu no obecneuenuro meniogo20 pexcumMa KOHCMpYKYull KOCMUUECKO20
annapama; Kiaccu@uKkayus yCmpoucme, nPUMeHsemblx 05 00ecneueHus Menio8020 PetCUMd; HA3eMHas
0mMpabomKa menio8o20 pexrcuma CHYmHUKOS C8A3U NPU MeNI08AKYYMHbIX UCHbIMAHUAX, obecneueHue me-
NII06020 PEHCUMA KOCMUHECKO20 Annapama ceéa3u npu Ha3eMHbIX JAeKMPULECKUX UCTbIMAHUAX, MEeN1080l
Ppedicum KOHCMPYKYULl KOCMUYECK020 annapama npu mpaHcRopmupo8anuu ¢ 3a600a-u320moeumens Ha
MEXHUYECKYI0 NOZUYUIO.

Knroueguvle cnosa: kocmuueckuii annapam, menioeaxyymuble UCHbIMAHUA, MENI1080U PEXCUM, CUCTeMA
mepmope2yIupoanus.
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The main requirement for the smooth operation of the spacecraft is its stable thermal regime. A
particularly difficult task is to ensure a stable temperature control system of the device, taking into account
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strict restrictions on energy and mass costs for temperature control devices. These tasks need to be solved
at every stage of the creation of satellites. At each stage, thermal calculations are carried out with the
choice of optimal thermophysical parameters. This amount of work is about a tenth of all work with the
satellite. The need for theoretical and experimental refinement of calculation methods is an urgent task that
will significantly reduce the material and time costs of designing, testing and fine-tuning the device.
Therefore, the calculation and analysis of the thermal regimes of spacecraft is an important stage in the
design of satellites. Ground thermal vacuum tests are very costly, both in time and financially. The essence
of the concept is to conduct only stationary thermal modes under conditions of maximum and minimum
thermal loads on the satellite as a whole and its individual external elements, followed by ensuring
convergence of test results with calculated results. And the confirmation of intermediate requirements to
ensure the specified thermal conditions is carried out by calculation.

The article considers the tasks of ensuring the thermal regime of spacecraft structures. Classification of
devices used to ensure the thermal regime. Ground-based testing of the thermal regime of communication
satellites during thermal vacuum tests. Ensuring the thermal regime of the communication spacecraft
during ground-based electrical tests. Thermal regime of spacecraft structures during transportation from
the manufacturer to the technical position.

Keywords: spacecraft, thermal vacuum tests, thermal regime, temperature control system.

Introduction

Ensuring the thermal regime of a spacecraft consists of maintaining the temperatures of the main
structural elements, instruments, assemblies, radio elements, gas and liquid media in sealed containers
and systems in specified ranges.

Violation of the thermal regime leads, as a rule, to equipment failures and the inability to perform
the tasks assigned to the communications spacecraft for its intended purpose.

Due to the increase in the duration of the active life, the consumed electrical power, while simulta-
neously increasing the requirements for reducing the relative mass, the requirements for the tempera-
ture control system also increase, which complicates the tasks that need to be solved at all stages of the
creation of new communication satellites. In this case, it is necessary to take into account the degrada-
tion of the thermophysical parameters of materials under the influence of outer space factors (radia-
tion, vacuum, high and low temperatures, the cyclicity of their changes).

In order to design a temperature control system for a communications spacecraft that meets the re-
quirements for it, one of the most important conditions is the ability to carry out, using modern computer
tools, a large volume of calculations of temperature fields for conditions of variable effects of internal
and external thermal loads on the components of the satellite and the satellite as a whole under condi-
tions operation in orbit [11].

No less complex are the tasks of ensuring the thermal regime of the spacecraft during ground tests
and experimental ground testing of the thermal regime of both individual components and the space-
craft as a whole, simulating conditions as close as possible to the conditions of normal operation in
orbit.

Calculations and analysis of the thermal conditions of the spacecraft are carried out from the moment
of the first sketches of its appearance and continue during operation in the event of emergency situations
on board. An estimate of the amount of work performed to ensure the thermal conditions of the device is
approximately a tenth of all work with the satellite.

A significant amount of work to ensure the thermal conditions of communication satellites is also
carried out in terms of simulating the conditions of outer space in the process of various types of tests
in a thermal pressure chamber to create and use screen-vacuum thermal insulation, testing the durabil-
ity of optical coatings of materials with different thermal conductivities, testing the performance of
thermal control system units (hydraulic units, fans, thermostats), as well as devices and equipment for
filling closed hydraulic and gas circuits, electronic equipment, etc. with coolants. [6].
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Classification of devices used to ensure thermal regimes of communication spacecraft

The main difference between domestic spacecraft is that the main radio-electronic equipment is
placed in a sealed container filled with gas. Foreign analogues do not have such sealed containers
[13].

Placing electronic equipment in such a container provides, on the one hand, a working pressure
close to atmospheric in terrestrial conditions, and on the other hand, it acts as a circulating coolant to
remove excess heat from electronic equipment. The adoption of this satellite configuration was deter-
mined by the lack of on-board electronic equipment that can operate reliably in outer space when ex-
posed to deep vacuum, high degrees of cosmic radiation, low and high temperatures, as well as sudden
multi-cyclic changes therein.

This option for placing radio-electronic equipment also has its disadvantages. Since the devices are
located inside a sealed container filled with a gaseous medium, the thermal conditions of the devices
are ensured mainly by blowing with gas. The devices are located in a container on boards parallel to
the average direction of movement of the gas flow, but since they mostly contain outer casings, the
circulation of gas along the internal surfaces of the devices is insufficient and, as a consequence of
this, the temperatures of individual elements of the devices are higher in conditions normal operation
compared to the results of tests in ground conditions, in which additional circulation of gas inside the
device is provided due to natural convection caused by gravity. The trend of compactness in the de-
velopment of radio-electronic equipment leads to an increase in the mass and energy density of the
layout of the instrument compartments of a spacecraft, as a result of which the named problem of us-
ing sealed containers for a communications satellite is aggravated by the fact that reproducing the
conditions of normal operation taking into account weightlessness while ensuring the thermal regime
of instruments placed in a gas environment, in terrestrial conditions is not possible.

Foreign communications satellites do not have sealed instrument containers. Excess heat is re-
moved from devices only by thermal conductivity and heat radiation from the surfaces of devices and
their elements into the environment. This allows us to ensure a high degree of adequacy of the results
of ground-based thermal tests with full-scale ones and thereby provide a higher degree of guarantees
to ensure the reliability of the operation of the spacecraft for its intended purpose .

The current trend in the development of communication satellites is characterized by an increase in
the period of active existence, energy consumption, and an increase in the density of thermal loads,
which complicates the tasks of ensuring the thermal conditions of satellites [12].

To ensure the thermal regime of a spacecraft with a sealed container filled with gas, a gas-liquid
thermal control system is used. Excess heat from the devices is transferred to the gas circulating in a
closed circuit in the container. From the gas, heat is transferred to a gas-liquid heat exchanger to a lig-
uid coolant, which transfers it to an external radiant radiator. The radiator is a cylindrical or flat shell
made of aluminum alloy with hydraulic channels. A coating with a low absorption coefficient of solar
radiation and the maximum possible value of emissivity (degree of emissivity) is applied to its outer
surface, illuminated by the Sun [14].

Using a closed hydraulic circuit with a coolant fluid circulating in it, which is driven by a hydraulic
pump, heat is removed not only from the heat exchanger, but also from the most thermally loaded de-
vices, for example, directly from the repeater.

For reliable operation of the thermal control system, a number of components and assemblies have
been developed to ensure heat transfer from the gas circulating in the container to the liquid coolant in
the line, as well as heat transfer from the coolant liquid to the ground liquid circuit during electrical
tests. These include compact gas-liquid heat exchangers and liquid heat exchangers. Valves, valves
and check valves have been developed and used for filling gas and liquid coolant.

Reliable thermostats, control valves, and bypass valves have been developed to actively regulate
the thermal regime of a communications satellite during ground-based electrical tests and under nor-
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mal operating conditions. To create pressure differences to ensure circulation in a closed gas line, fans
are used; for the liquid line, hydraulic pumps are used.

One of the most important tasks in the process of designing and creating a communications space-
craft at all stages is carrying out thermal calculations with the selection of optimal thermophysical pa-
rameters. In this case, it is necessary to take into account changes in thermophysical parameters during
long-term operation in orbit.

Ground testing of the thermal regime of a communications satellite

The complexity of ground-based testing of a communications satellite is associated with the diffi-
culties of simulating real space conditions for its operation: deep vacuum, weightlessness, external
heat flows from the Sun and Earth.

To test the thermal regime on a full-scale mock-up of a satellite, a thermal pressure chamber with a
simulator of solar heat flow is required. Such testing equipment tens of times larger than the satellite,
is complex and expensive. Such tests are called thermal vacuum tests. The ground testing stage is pre-
ceded by comprehensive thermal calculations of the individual components of the satellite and the sat-
ellite as a whole. To prepare for thermal vacuum testing, at the preliminary design stage, a plan for
ground-based experimental testing of components, assemblies, systems and the satellite as a whole is
drawn up. At the same time, the number and composition of full-scale development mock-ups, the
necessary test equipment and a specialized testing location are determined [15].

Since many Russian satellites contain a sealed container filled with gas, the most appropriate for them
was an active gas-liquid system, with specified flow characteristics for liquid and gas coolants, thermally
connected to each other through a gas-liquid heat exchanger. On full-scale thermal mock-ups of satel-
lites, appropriate standard gas-liquid thermal control systems are installed. When conducting thermal
vacuum tests, along with with the testing of the thermal conditions of the satellite, its systems and exter-
nal elements, the thermal control system is also being tested, the operation of its automation to regulate
temperatures in given ranges under various operating conditions, the transition to backup sets of system
units, checking their functionality, as well as testing the electronic control circuits of electric pumps
units, fans and electric heaters. The thermobaric chamber provides low pressure, simulating what a
spacecraft experiences in outer space, 1-10° mmHg. Art., minimum temperatures are not higher than —
180 °C, for which low-temperature nitrogen screens are used. To simulate variable heat flows from the
Sun to different sides of the satellite, a special rotating device is used, with the help of which the rotation
of the satellite is simulated relative to the direction of the heat flow from the solar simulator and, thus,
thermal conditions are tested under conditions as close as possible to the conditions of full-scale opera-
tion of the satellite. Due to this, high quality and reliability of testing the thermal conditions of the satel-
lite in ground conditions is achieved [11].

Thermal vacuum testing is very expensive; full testing is carried out around the clock for several
months and incurs high energy costs. Modern advances in the accuracy of methods for calculating
the temperature fields of large and complex satellites, in the speed of carrying out large volumes of
calculations on their thermal regimes and their components using a developed fleet of modern com-
puters, have made it possible to implement a new concept for conducting thermal vacuum tests.
Its essence lies in carrying out only stationary thermal regimes under conditions of maximum and
minimum thermal loads on the satellite as a whole and its individual external elements, followed by
ensuring the convergence of test results with the calculated ones. And confirmation of intermediate
requirements to ensure specified thermal conditions is carried out by calculation. This allows you to
significantly reduce the time required for ground-based thermal satellite development and reduce fi-
nancial costs.

553



Cubupckuil aspoxocmuueckuil scypHan. Tom 24, N2 3

Ensuring the thermal conditions of a communications spacecraft during ground-based elec-
trical tests

As the active life of a spacecraft increases, ground tests make up a smaller percentage of the total
service life of onboard equipment, and therefore the requirements for the quality of their conduct, in-
cluding the provision of thermal conditions during testing, sharply increase .

Ensuring the thermal conditions of the on-board equipment before launching the satellite into orbit
is divided into such stages as ensuring the thermal conditions at the manufacturing plant, during final
control, testing of equipment installed on the instrument frame of the undocked satellite (during testing
of the undocked complex), testing of a fully assembled satellite at the factory — manufacturer, during
transportation to the launch site, during checks at the technical position, the launch complex, the satel-
lite launch site into orbit before its separation from the launch vehicle and during the activation of on-
board instrument systems before the start of normal operation.

The thermal conditions of the satellite for all stages are calculated during preliminary design. The
versatility and complexity of calculations are determined by strict limiting requirements for energy
and mass costs for thermal control devices and thermal control systems in general.

Instruments installed on the satellite's instrument frame must be operable in normal climate condi-
tions of the workshop (at an ambient temperature of 10-35 °C) without special thermostatting by
forced airflow. For devices cooled by the liquid coolant of the thermal control system, device develop-
ers supply installations that ensure the circulation of the coolant liquid in the cooled circuit of the de-
vice with a flow rate equal to or close to the flow rate of the coolant liquid provided by the thermal
control system during its normal operation.

For instruments, the thermal regime of which in the satellite is ensured by natural convection using
an onboard fan, technological ground fans are used with an intensity of open airflow equivalent to the
airflow intensity of the onboard fan during normal operation.

During electrical testing of an undocked satellite before its final assembly, instruments cooled by a
liquid coolant are, as a rule, docked with the main line by an on-board thermal control system, and for
instruments that require cooling under normal conditions by blowing gas in a sealed container, a techno-
logical ventilation unit is used.

During the electrical tests of the docked satellite, the thermal regime is ensured by the on-board
thermal control system, the main line of which includes a liquid heat exchanger, the outer circuit of
which is connected to the liquid circuit of a special ground-based cooling unit, the need for the use of
which is due to the insufficient efficiency of heat removal from the on-board radiant radiator into the
environment. If the on-board thermal control system contains only a gas circuit, then the radiating on-
board radiator is cooled by blowing air over it, for which a special ventilation unit is used with the re-
quired air flow and the ability to both cool and heat the radiating on-board radiator [8].

After completion of electrical tests at the technical complex during the pre-launch preparation pe-
riod, technological devices are removed from the satellite.

For satellites with a gas-liquid thermal control system, the liquid heat exchanger is cut off using
valves that are part of the on-board thermal control system. In this case, the liquid heat exchanger ei-
ther remains on board, as on the “Molniya” satellite, or is removed from the satellite, as on the “Radu-
ga”, “Horizon” and subsequent satellites. It should be noted that the most reliable option is a non-
removable process liquid heat exchanger, since this eliminates the possibility of coolant leakage from
the liquid circuit of the onboard thermal control system during the process of undocking the heat ex-
changer, and provides a higher guarantee of the tightness of the onboard liquid circuit. However, due
to the strict weight limit of the thermal control system, the liquid heat exchanger has to be removed
[14].

The thermal regime of the spacecraft during transportation from the manufacturing plant to the
technical position is determined and calculated at the preliminary design stage depending on the tacti-
cal and technical requirements for the satellite.
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Until recently, many spacecraft could be transported by any type of transport at ambient tempera-
tures in the range of £50 °C. But at the same time, a large amount of work to prepare the satellite for
launch into orbit fell on technical positions, which increased the time the satellite spent at the cos-
modrome. In addition, complex and expensive equipment was required for the pre-launch preparation
of the satellite, as well as the presence of highly qualified specialists from the manufacturing plant. It
was not economically viable. Therefore, there is currently a tendency to ensure that the maximum
amount of work to prepare a satellite for launch is carried out at the manufacturing plant. In this case,
it is necessary to meet the conditions for ensuring the thermal regime during transportation from the
manufacturer to the cosmodrome in the range of approximately 0—40 ° C, which requires the use of a
special thermostatically controlled container [16].

Ensuring the thermal conditions of the spacecraft as part of the launch vehicle during transportation
from the technical position to the launch complex is carried out by supplying air under the fairing. Air flow
and temperature are provided by a ground-based installation depending on the season and weather. In the
last hours before launch, the satellite warms up to such a level that during its insertion into orbit its tem-
perature does not go beyond the specified range .

Conclusion

Despite the difference between domestic spacecraft and foreign analogues, which until recently
consisted in the presence, as a rule, of a sealed instrument container on domestic satellites, their tech-
nical level was fully consistent with the modern world level in terms of active life, reliability and func-
tionality. However, today the development of containerless spacecraft using honeycomb panels and
heat pipes is underway.
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