
Spacecraft thermal control system 

Lots of different spacecraft types, their design and operating features, flight conditions require development and creation of different thermal control systems of different purpose. During space work in Federal Enterprise “Lavochkin Association”, design, development, manufacture and experimental implementation methods and flight operation of thermal control systems of automatic spacecraft were created and implemented by the example of “Phobos-Grunt” spacecraft which is quite sophisticated spacecraft in terms of thermal control.

The main design concepts of “Phobos-Grunt” spacecraft thermal control system
Spacecraft components and the main mission stages mainly define the appearance and characteristics of “Phobos-Grunt” spacecraft thermal control system. “Phobos-Grunt” spacecraft was developed to explore Mars, its satellite Phobos and circum-martian space, capture and deliver soil samples from Phobos surface to the Earth as well as insert the Chinese spacecraft YH-1 into Mars orbit as a free payload. Solving these tasks provides the need to construct “Phobos-Grunt” spacecraft as part of space complex as an assembly of parts which can operate both in joint flight and independently. “Phobos-Grunt” spacecraft consists of the following structural-independent parts:
· Sustainer with jettison tank unit 

· Flight module 

· Return vehicle 

· Descent vehicle 

· YH-1 Microspacecraft

· Transfer truss.

Sustainer is intended for spacecraft injection from Earth satellite vehicle orbit generated by launch vehicle, into Mars flight trajectory to correct interplanetary trajectory and braking to insert the spacecraft into Mars initial orbit.

Flight module is a main structural element of spacecraft which provides control over spacecraft operation at all stages except for flight stage of return vehicle from Mars to the Earth.

Return vehicle is intended to return to the Earth and Earth-Mars transfer with subsequent landing of descent vehicle with Phobos soil samples on the Earth.

Descent vehicle is intended for braking in Earth's atmosphere and landing of sealed container with Phobos soil samples on the Earth.

YH-1 Microspacecraft is intended for Mars exploration from Mars orbit.

Transfer truss is intended for attaching the YH-1 spacecraft.

“Phobos-Grunt” spacecraft is launched by launch vehicle using any autonomous upper-stage rocket. Spacecraft has a fairing which shutters are jettisoned after passing the dense atmosphere to protect against thermal-force impact of main stream on atmospheric flight phase. All spacecraft onboard systems (including thermal control system) are supplied only when spacecraft is separated from launch vehicle. After separation from launch vehicle spacecraft changes from transport configuration (under fairing) into operating one: Solar battery panels and instrumentation and equipment booms are opened. 
When boosting on departure trajectory after fuel depletion, jettisoned tank unit is separated from sustainer and hereafter “Phobos-Grunt” spacecraft is in such a composition before braking and injection into initial Mars orbit. Then sustainer is separated, transfer truss is jettisoned, small corrections are performed, YH-1 satellite is separated.
After injection into Mars orbit, “Phobos-Grunt” spacecraft operates as part of flight module which has a return vehicle mounted on it. 
Then landing on Phobos surface is performed, sampling the soil and launching of return vehicle from Phobos surface.
After return vehicle departure, flight module remains on Phobos surface and operates on its surface for one terrestrial year.
Upon completion of Mars-Earth transfer, descent vehicle is separated from return vehicle, descent vehicle enters the atmosphere, lands and then it is detected and evacuated. 

“Phobos-Grunt” space complex above configuration evolutions are described in detail in above mentioned article ''Flight module, return vehicle''.

“Phobos-Grunt” spacecraft sophisticated organization, transformation of spacecraft components during mission, different operating conditions at mission stages provides the need of autonomous thermal control system for separate spacecraft parts, Sustainer with jettisoned tank unit, flight module, return vehicle, YH-1 microspacecraft, transfer truss represent the spacecraft part which have their own autonomous system or thermal control equipment.

“Phobos-Grunt” spacecraft thermal control system was developed due to backup when developing the other spacecrafts, in particular, “Electro-L” spacecraft [1], [2], which flight tests are carried out at present. 

“Phobos-Grunt” spacecraft thermal control system components, thermal control equipment
Thermal control of equipment, devices and “Phobos-Grunt” spacecraft structural elements is adjusted by methods proving minimum energy costs and increase reliability of system as a whole. 
“Phobos-Grunt” spacecraft thermal control system includes autonomous thermal control systems for separate spacecraft parts. When possible, thermal control of equipment and devices from different systems having the similar temperature requirements and appropriate arrangement as part of spacecraft is provided by a single autonomous thermal control subsystem.
“Phobos-Grunt” spacecraft thermal control system includes the following autonomous thermal control systems:
- Sustainer thermal control system;
- Flight module thermal control system;
- Return vehicle thermal control system;
- YH-1 microsatellite thermal control system;
- Transfer truss thermal control system.

Some of above mentioned spacecraft parts (for example, flight module) are sophisticated structural and independent spacecraft parts, therefore their thermal control systems include some autonomous thermal control subsystems.
The following thermal control equipment and methods are used in “Phobos-Grunt” spacecraft thermal control system:
· Electric heating units and refrigerating thermoelectric modules  ̶  controls of thermal control system
· Controlling temperature sensors  ̶  sensitive elements of thermal control system controlling circuit 
· Coating with given thermo-optic effects 
· Collector heat transfer tubes based on axial heat transfer tubes
· Heat pipes based on axial heat transfer tubes.
· Heat pipes based on contour heat transfer tubes
· Heat cell panels with axial heat transfer tubes
· Heat pipes with honeycomb panel radiators based on contour heat transfer tubes with thermal insulation regulator 
· Thermal insulation
· Regulated thermal couplings between structural elements
· Thermal accumulator
· Using thermal capacity of structure and equipment
· Arrangement of thermostat object on definite relative external source of heat streams and adjacent elements of structure and equipment.
“Phobos-Grunt” spacecraft thermal control system was constructed considering that spacecraft structure has a nonpressurized version.

The main part of onboard equipment of flight module and return vehicle is arranged on specific instrument honeycomb panels which temperature is held in permissible limits by thermal control system. These honeycomb panels act as a carrier to mount equipment alongside with heat-rejection unit of thermal control system. They represent the three-layer panels with honeycomb filler, aluminum sheets of shells from alloy B-95 and heat transfer tubes from aluminum profile. Honeycomb panels have spacecraft mounting points, equipment mounting points, blanket mounting points, special tooling mounting points, thermal control system elements such as axial heat transfer tubes, temperature-controlled coating. Elements of honeycomb panels (shells, honeycomb filler, heat transfer tubes, mounting points) are connected by film-type filling foaming or thermo-expending glue compounds forming integral composite structure. Honeycomb filler is made of perforated aluminum foil. 

To improve thermal contact, gaskets of heat-conductive material from thermally splitted carbon are mounted between equipment unit base and honeycomb panel surface.

Part of equipment and devices is located on remote-mount structural elements (solar battery panels, booms etc). 

Thermal control principle of separate spacecraft parts is described below.

In cosmic space radiative heat exchange is the only type of spacecraft heat exchange with surrounding space (excluding process related to mass ejections). Spacecraft surface absorbs the incident radiative energy from external sources and in turn, emits energy into surrounding space which equals the sum of absorbed energy and energy supplied from inside of operative equipment. 

By selecting the parameters of thermal control equipment, the negative heat balance of spacecraft part is provided on all operation stages. Excessive heat from elements of equipment and device is removed due to heat emission into cosmic space and thermal coupling (direct and alternating) between thermal sources and cooler-radiator shall be provided for that.

To decrease the uncontrolled heat exchange with surrounding space, outer part of spacecraft except for operating surfaces of devices, emitting surfaces of coolers-radiators and engine nozzles is closed with thermal insulation. Blanket based on blanket thermal insulation (EVTI-2V) is used on “Phobos-Grunt” spacecraft.

If thermal balance of a part which is defined by external exchange with surrounding space and internal heat release of equipment, changes negligibly during operation, then the direct thermal coupling between heat sources and cooler-radiator is used (Figure 10). The set temperature level is provided by electric heating units which compensate heat losses. Thermal control of separate elements of structure and equipment is provided here due to radiative and conductive thermal couplings of these elements with heater and refrigerator.

If thermal balance of a part which is defined by external exchange with surrounding space and internal heat release of equipment, changes considerably during operation, then the alternating thermal coupling between heat sources and cooler-radiator is used. The contour heat transfer tubes are used for this in “Phobos-Grunt” spacecraft thermal control system.

Contour heat transfer tubes represent the class of two-phase heat-transferring devices with high heat transfer capability and operate in gravity field randomly. In addition, contour heat transfer tubes of alternating conductivity can be developed.

Thus, the subsystems of “Phobos-Grunt” spacecraft thermal control system can be divided into two groups: TCS without contour heat transfer tubes of alternating conductivity (Figure 1) and TCS with contour heat transfer tubes of alternating conductivity.
.
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Figure 1. Schematic diagram of autonomous TSC with direct thermal coupling between heat sources and cooler-radiator
Contour heat transfer tubes of alternating conductivity are part of thermal control system of thermal honeycomb panels of flight module and of thermal control system of thermal honeycomb panels of return vehicle. Heat is removed from thermal honeycomb panel though heat pipes based on contour heat transfer tubes. Heat is radiated from the surface of coolers-radiators which have the capacitors of contour heat transfer tubes of alternating conductivity. 

Each heat pipe of radiator based on contour heat transfer tubes of alternating conductivity (Figure 2) has the following components:
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1 ̶  evaporator; 2  ̶  compensating cavity; 3  ̶  by-pass main line; 4  ̶  pressure control valve; 
5  ̶  thermoelectric microrefrigerator; 6  ̶  steam line; 7  ̶  condensate pipeline; 8  ̶  radiator.
Figure 2. Heat pipe of radiator of thermal control system of flight module thermal honeycomb panels
- Evaporator  ̶  capillary pump (also a hydraulic lock) designed as a cylindrical chassis with a contact base inserted into a capillary-mushy bushing. 
- Compensating cavity which is connected with evaporator from condensate pipeline side. It serves for compensation of volume expansions of heat-carrying medium, is an additional volume for noncondensable gases and for additional injection of mushy object by heat-carrying medium when starting operation of contour heat transfer tubes of alternating conductivity and at transient modes. The secondary capillary structure is used to transport a heat-carrying medium to capillary-mushy bushing of evaporator from compensating cavity by performing a gravitational work and under weightless conditions.
- By-pass for adjustment of redistribution of steam flow from steam line to condensate pipeline missing the condenser.
- Automatic pressure control valve which adjusts the steam flow direction into condenser or into by-pass depending on steam temperature.
- Flexible transporting channels which connect evaporator and condenser for steam and liquid, respectively (steam line and condensate pipeline).
- Radiator which is the honeycomb panel with parallel condenser branches (heat-carrying medium is moving inside them) which is conductively related with emitting sheet from aluminum alloy. 
Motion of heat-carrying medium in circuit i.e. transferred heat flow is defined by pressure difference (and temperature difference, respectively) between evaporator steam space and compensating cavity.

Propylene C3H6 is used as a heat-carrying medium in lamellated dismountable heat exchanger. In this case, heat-carrying medium is selected considering the fact that when heat radiation is decreased up to minimum or if there is no heat radiation, radiator shall be disconnected from thermal control object so its temperature may drop to minus 120...minus 140 oC. Freezing temperature of propylene is about minus 185 oC that ensures starts-up and operability of lamellated dismountable heat exchanger under any temperatures in condenser of contour heat transfer tubes of alternating conductivity and under any thermal conditions.

Contour heat transfer tubes of alternating conductivity are regulated (increasing of thermal resistance in case of evaporator temperature drop below permissible one) by autonomous pressure control valve which is mounted on by-pass main line between evaporator and compensating cavity. When steam temperature and pressure decreases below the given set value in evaporation zone of Contour heat transfer tubes of alternating conductivity, valve closes the steam pipe leading to condenser of Contour heat transfer tubes of alternating conductivity and opens by-pass. Autonomous pressure control valve is used as the main circuit thermal resistance valve. Refrigerating thermoelectric modules are used as backup controls of “Phobos-Grunt” spacecraft thermal control system.

Schematic diagram of autonomous thermal control system having Contour heat transfer tubes of alternating conductivity is given in Figure 3. 
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Figure 3. Typical diagram of thermal honeycomb panels of thermal control system using a contour heat transfer tubes of alternating conductivity (by example of one thermal honeycomb panel)
Electric heating units of two types are used in “Phobos-Grunt” spacecraft thermal control system: Fiberglass thin-layered electric heating units whose heating element is a carbon cloth molded into fiber-glass and foil electric heating units whose heating elements is a metallic foil placed between layers of polyimide film. Both electric heating units are surface i.e. they shall have a good thermal contact with surface of thermostatically controlled object. It is provided by attaching the electric heating units to the surface of thermostat structure object.

Fiberglass thin-layered electric heating units can provide heat flown density up to 1400 W/m2, they are reliable and insensitive to mechanical damages. 

Foil electric heating units provide heat flow density that is several time higher than that provided by fiberglass thin-layered electric heating units but they are sensitive to mechanical damages; they don't allow the attaching defect when installing them on the surface of thermostatically controlled object.

Electric heating units and thermoelectric refrigerating modules are controlled, i.e. their condition is changed (ON/OFF) by commands from onboard control system generated on readings of control temperature sensors.

Each object is controlled by one or several control channel (the last if object power exceeds the threshold permissible value of electric control unit from 30 to 60 W). Controlled object is switched on by one command output into one or several control channels.

Condition of each control object can be changed (ON/OFF) as follows:

- By readings of control temperature sensors;
- By temporal timeline (for electric heating units only).

Methods of object condition control can be changed as well as characteristics of each control circuit can be changed by commands of ground control system.

Operation logic of autonomous thermal control systems below is simplified, in particular, logic of thermoelectric microrefrigerator supplying.

Consider control logic of autonomous thermal control systems which have contour heat transfer tubes.

As was mentioned above, the autonomous pressure control valve is used as a circuit thermal resistance valve. If pressure control valve fails to adjust actively the contour heat transfer tubes of alternating conductivity, refrigerating thermoelectric module is used as a backup control. Thermoelectric microrefrigerator can be switched on both with direct polarity and with reversed polarity. In case of direct polarity, thermoelectric microrefrigerator cools the compensating cavity and heats the evaporator of contour heat transfer tubes of alternating conductivity, that leads to start-up of contour heat transfer tubes of alternating conductivity, i.e. thermal coupling between thermal honeycomb panels and radiative heat exchanger. 

In case of reversed polarity, thermoelectric microrefrigerator heats the compensating cavity and cools the evaporator of contour heat transfer tubes of alternating conductivity that leads to locking of contour heat transfer tubes of alternating conductivity i.e thermal coupling between thermal honeycomb panels and radiative heat exchanger is broken.

Thermoelectric microrefrigerator operation is controlled by analysis results of current collector temperature of thermal honeycomb panels and current temperature of radiative heat exchanger in input zone of main lines of contour heat transfer tubes of alternating conductivity. When thermoelectric microrefrigerator operates in reversed polarity mode, thermoelectric microrefrigerator power is controlled by varying duration of switching of thermoelectric microrefrigerator inside the sampling interval of control temperature sensors.

SUSTAINER THERMAL CONTROL SYSTEM
Structurally, sustainer consists of the following elements:

-
Tank unit;
-
Instrument bay (without control devices);
-
Sustainer;
-
Steering actuators;
-

Spherical tanks with nitrogen used for tank pressurization and as a working fluid for gas-power engines;
-
Four instrument machined panels with equipment units.

The main load-bearing sustainer element is a tank unit which represents sex welded spherical tanks, four are sealed and are used as fuel tanks; two other spheres are used as instrument bays. Tanks of oxidizer and fuel are divided by trimettalic compartments. One boom passes though each fuel tank, and two booms act as a transfer truss pass though instrument bays. Two additional tanks are added to main fuel and oxidizer tanks: One as a sphere, the other  ̶  as an extruded sphere with a large volume.

Jettisoned tank unit is attached to tank unit below which is separated from sustainer on intermediate earth satellite orbit after fuel depletion.

Outer surface of tank unit is closed with thermal insulation except for areas of nozzles of sustainer and small boosters. Jettisoned tank unit is also closed with thermal insulation. Thermal insulation is based on blanket EVTI-2V. Mats from EVTI-2I and EVTI-Е are additionally used in areas of sustainer high temperature exposure.

During flight, X axis of “Phobos-Grunt” spacecraft is directed to the Sun. Sustainer insulating surface is protected against solar emission by structural elements of flight module therefore sustainer heat balance is negative. To compensate heat leakages, electric heating units are mounted on sustainer structural elements. Parameters of electric heating units are given in Table 1. 
Table 1

	No.
	Designation
	Engine mounting place
	Rated power (W)
	ТON
 (°С)
	ТOFF (°С)

	1
	НГ201(-1,-2,-3,-4)
	Area of cooling part of sustainer nozzle
	80
	Time settings

	2
	НГ5Д(НГ5Д-1,-2,-3)
	Tank wall Г1
	24
	+12
	+15

	3
	НГ6Д(НГ6Д-1,-2)
	
	16
	+14
	+19

	4
	НГ7Д(НГ7Д-1,-2,-3)
	Tank wall О2
	24
	+12
	+15

	5
	НГ8Д(НГ8Д-1,-2,-3)
	
	16
	+14
	+19

	6
	НГ9Д(НГ9Д-1,-2,-3)
	Tank wall Г3
	24
	+12
	+15

	7
	НГ10Д(НГ10Д-1,-2)
	
	16
	+14
	+19

	8
	НГ11Д(НГ11Д-1,-2,-)
	Tank wall О4
	24
	+12
	+15

	9
	НГ12Д(НГ12Д-1,-2)
	
	16
	+14
	+19

	10
	НГ13Д(НГ13Д-1,-2,
-3,-4)
	Fuel intakes Г1, О2, Г3, О4
	16
	+15
	+20

	11
	НГ14Д
	Area of cooling part of sustainer nozzle
	24
	Time settings


Sustainer thermal control in standby mode is provided by electric heating units in area of cooling part of sustainer nozzle together with thermal insulation and regulated thermal couplings. During operation, engine is cooled by fuel components.

Thermal control of steering actuators is supported due to thermal coupling with fuel tanks. To avoid overheating during sustainer long-term switching mounting bracket of steering actuator is coupled thermally with fuel tank wall by contour heat transfer tube.

Thermal control of instrument panels with equipment units is provided by installing thermal insulation common with fuel tanks, radiative and conductive thermal coupling with fuel tank walls.

FLIGHT MODULE THERMAL CONTROL SYSTEM
Flight module design-layout version

The main load-bearing element of “Phobos-Grunt” spacecraft flight module is a structure which represents eight load-bearing racks combined into a single structure by upper and lower frames. Thermal honeycomb panels are mounted in each of eight edges of a structure.

Flight module propulsion system is attached to the upper frame of structure. Structurally, propulsion system of flight module represents an assembly of four spherical fuel tanks (2 tanks with oxidizer and two – with fuel) docked by cylindrical adapters.

A plate with four orbital maneuvering engines 11D458F is mounted in inter-tank cavity of flight module propulsion system. Plate is attached to tanks by a truss designed as carbon fiber reinforced plastic rods.

Four units of small boosters are mounted on remote-mount booms attached to cylindrical adapters.

Flight module is mounted on a transfer truss with its lower frame which in turn is mounted on a sustainer.

Flight module is a multifunctional structural-independent parts of spacecraft. Its thermal control system is the most sophisticated and consists of the following subsystems of TCS:

-
TSC of flight module thermal honeycomb panels.

-
TCS of propulsion system.

-
TCS of sampling device.

-
TCS of device platform of low-gain antenna (LGA) boom.

-
TCS of solar sensor mounting face.

-
TCS of high-gain antenna (HGA) drive.

Considering the operating conditions of flight module as part of “Phobos-Grunt” spacecraft in thermal aspect, the following three stages of its operating can be selected on which the extreme thermal conditions of spacecrafts elements will be implemented which thermal control shall be within the limits:
· Spacecraft flight near Earth in standard orientation mode (longitudinal axis plus X is directed to the Sun) while implementation of the most stressed standard sequence of energy consumption by devices, equipment.

· Spacecraft flight near Mars in standard orientation mode at minimum energy consumption by devices, equipment.

· Residence of flight module on Phobos surface with return vehicle and without it (after its separation) while implementation of sequence of minimum possible internal energy consumption.

The first stage of spacecraft operation is notable that this flight occurs when solar flux with maximum permissible density (1400 W/m2) effect on spacecraft outer elements.

At the second stage of operation, spacecraft is exposed to solar flux with density of about 2 times smaller than solar flux density near Earth. 

At the third stage of spacecraft operation, at first, power of supply system abruptly decreases and thus a level of internal heat emission, secondly, the character of spacecraft external heat exchange dramatically changes not only due to changes in Sun position and day-night cycle but also due to occurrence of the main factor in heat exchange, namely, Phobos surface emission which temperature at landing point can vary from 40 oC to minus 140 oC during local day.

Thermal control system of thermal honeycomb panels

The main part of equipment and flight module device is mounted on eight thermal honeycomb panels which are thermally combined with each other by collector heat pipe.

Thermal control system of thermal honeycomb panels of flight module is designed to provide the required temperature conditions on mounting faces of equipment units mounted on thermal honeycomb panels. Thermal control system of thermal honeycomb panels of flight module (Figure 4) includes the following main units: thermal honeycomb panels (8 pcs.), electric heating units of thermal honeycomb panels, electric heating units of mounting faces of two star trackers (SCMU-1 and SCMU-2), collector heat pipe from seven axial heat transfer tubes, two heat pipes of flight module radiators based on contour heat transfer tubes, blanket.

Each lamellated dismountable heat exchanger (Figure 2) includes evaporator, compensating cavity, thermoelectric microrefrigerator, pressure control valve, transporting channels and cooler-radiator (radiative heat exchanger RHE-1 and RHE-2).

Each contour heat transfer tube (CHTT-1 and CHTT-2) has a by-pass main line with automatic passive pressure control valve which support evaporator output steam pressure of CHTT corresponding to steam temperature of heat-carrying medium (12 ± 3) oC.  THP Electric heating units are mounted on collector heat pipe in areas of the first and the second CHTT evaporators. Power of each electric heating unit is 30 W. One more electric heating unit having power of 13 W is mounted on THP 7. Powers of electric heating units on mounting faces of SCMU-1 and SCMU-2 are 15 W on each.  

Temperature sensors are used as sensitive elements controlling the operation of electric heating units and thermoelectric microrefrigerators. All electric heating units are switched on at temperature of 0 oC on control sensor and off at temperature of 5 oC. Electric heating unit mounted on THP 7 is switched on on Phobos surface by radiocommand when temperature on THP drops below 0oC. 
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Figure 4.  Schematic diagram of thermal control system of flight module thermal honeycomb panels
General view of evaporator as part of radiator heat pipe of thermal control system of flight module thermal honeycomb panels is given in Figure 5.
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Figure 5.  Evaporator as part of radiator hear pipe of thermal control system of flight module thermal honeycomb panels
Thermal control system of propulsion SYSTEM
General view of propulsion system of flight module with thermal control system elements is given in figures 6, 7. 

Propulsion system represents an assembly from four spherical fuel tanks (1, 3  ̶  fuel tanks, 2, 4  ̶  oxidizer tanks) docked by cylindrical adapters. A plate (13) with four orbital maneuvering engines 11D458F (26) is installed on a special truss of carbon fiber reinforced plastic (19) in inter-tank cavity of propulsion system. Two spherical tanks (6) are also installed there. Fuel main lines are installed by structure of fuel tanks and spherical tanks under common thermal insulation (24). Blanket EVTI-2V is used as a thermal insulation. To protect flight module structure against high temperatures, special thermal insulation is used (25) during operation of orbital maneuvering engines.

Fuel tank is attached to flight module chassis (5) by eight fastenings. 
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Figure 6. Propulsion system of flight module with thermal control system elements (Top view) 
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Figure 7. Propulsion system of flight module with thermal control system elements (Side view) 
Propulsion system of “Phobos-Grunt” spacecraft flight module includes four units of small boosters (Figure 8).
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Figure 8. Small booster unit (thermal insulation is not shown)
Small booster units are mounted on special bars (22). Each unit has four boosters 11D457F (28) and one booster 17D58EF (27), mounted on a bracket (20). 

Thermal control of fuel tanks, spherical tanks and fuel main lines is provided by electric heating units (7 ̶ 10) and blanket (24). Electric heating units are mounted on outer surface of each tank. Three sections of electric heating units are mounted on tanks. Power of each section is 20 W (5 W at each of four tanks). 

Temperature sensors (11) are used as sensitive elements which control over operation of electric heating units. Control temperature sensors are mounted on fuel tank (1). When temperature of fuel tank structure is below 15 oC in mounting area of control temperature sensors, electric heating units of four fuel tanks are switched on, at temperature above 25 oC  ̶  switched off.

Thermal control system of orbital maneuvering engines is developed to ensure the required temperature conditions on plate and includes the following main units: Thermal accumulator (16), heat pipe of orbital maneuvering engine unit (14) with radiator, electric heating unit (17) and thermal insulation. 

Plate of orbital maneuvering engines is made of thermal conductive aluminum alloy. Four orbital maneuvering engines are attached to the plate from the bottom. Thermal accumulator is mounted on top surface of plate. During phase transition of working fluid of thermal accumulator, temperature within 30 ̶ 40 oC is on a contact surface of thermal accumulator with the plate. Heat amount absorbed by thermal accumulator when working fluid is melting, is less than 300 kJ. Internal cavity of thermal accumulator is filled with nonadecane which weighs 0.87+0.1 kg. A flange of heat pipe of orbital maneuvering engine unit is attached to the top cover of thermal accumulator chassis. This heat pipe which consists of a heat transfer tube and a radiator is used for heat rejection from the plate of orbital maneuvering engines during intervals between engine operation. Minimum intervals between serial switching on of engines 11D458F is 24 hours.

When orbital maneuvering engines are operating, their heat goes on warming-up the structures of plate and thermal accumulator and on melting of working fluid. Before the moment of next switch on due to heat emission through nozzles of orbital maneuvering engines and from operating surface of radiator connected with heat transfer tube and plate of orbital maneuvering engines, plate cools down and working fluid of thermal accumulator solidifies. When temperature drops below the lower control limit, electric heating unit (17) of power of 30 W is switched on and it is mounted on a chassis of thermal accumulator. Temperature sensors (18) are used as sensitive elements which control over operation of electric heating units. Electric heating unit is switched on at temperature of 5 oC on control sensor and is switched off at temperature of 10 oC.

General view of orbital maneuvering engines with thermal control system units is given in Figure 9, general view of thermal accumulator  ̶  in Figure 10. 
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Figure 9. General view of orbital maneuvering engines with thermal control system units
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Figure 10. General view of thermal accumulator
Thermal control of four mounting brackets of orbital maneuvering engines is provided by heat pipes of orbital maneuvering engines (23) which connect brackets with collector heat pipe of thermal control system of thermal honeycomb panels of flight module; by thermal insulation and electric heating units mounted in engine valves. Contour heat transfer tubes without automatic pressure control valves are used as heat pipes of orbital maneuvering engines. The positive heat balance is provided for each orbital maneuvering engine unit and excess heat from each mounting bracket of orbital maneuvering engines is transferred to thermal control system of thermal honeycomb panels of flight module through contour heat transfer tube. Evaporator (21) of contour heat transfer tube is fixed on a special platform (20) of mounting bracket and condenser of contour heat transfer tube is attached to special platform of collector heat pipe of  thermal control system of thermal honeycomb panels of flight module.

Thermal control system of sampling complex

Thermal control system of sampling complex is developed to provide thermal control of pyro equipment and electric engines of sampling complex. 

Thermal control system of sampling complex includes the following main units:

- Manipulator electric heating unit having power of 20 W.

- Hinge electric heating unit having power of 6 W.

- Electric heating unit of container with a capsule having power of 7 W.

- Electric heating unit of pneumosystem bar having power of 6 W.

- Electric heating unit of duct separation system having power of 4 W.

- Duct hinge electric heating unit having power of 9 W.

- Thermal insulation blanket EVTI-2V. 

Temperature sensors are used as sensitive elements which control over operation of electric heating units.

All electric heating units except for hinge electric heating unit, are switched on at temperature of 0 oC on control sensor and switched off at temperature of 20 oC on control sensor. Hinge electric heating unit is switched on at temperature of minus 5 oC on control sensor and switched off at temperature of 15 oC.

Thermal control system of device platform of LGA boom

Thermal control system of device platform of LGA boom is developed to provide the required temperature conditions on mounting faces of automatic positioning device and automatization cabinet 1133 and includes electric heating unit and thermal insulation. 
Electric heating unit on a platform is having power of 5 W. 

Temperature sensors are used as sensitive elements which control over operation of electric heating unit. Electric heating unit is switched on at temperature of 0 oC on control sensor and switched off at temperature of 15 oC. 

Blanket EVTI-2V (30 layers) is used as thermal insulation.

Thermal insulation of solar sensor mounting face

“Phobos-Grunt” spacecraft is equipped with two solar sensors which mounting brackets are located on solar battery panels.

Thermal control system of mounting face (bracket) of solar sensor includes electric heating unit, radiator and thermal insulation. 

Electric heating unit is mounted on a bracket and has power of 10 W. Temperature sensors are used as sensitive elements which control over operation of electric heating unit. Electric heating unit is switched on at temperature of minus 5 oC on control sensor and switched off at temperature of 5 oC. 

Bracket surface free of blanket and with a temperature-controlled coating EKOM-1 applied is used as a radiator. 

Blanket EVTI-2V (30 layers) is used as thermal insulation.

HGA drive thermal control system

Drive of high-gain antenna is a solid-state unit which includes two stages with mutually perpendicular rotation axes providing rotation of antenna around OY and OZ axes of spacecraft.

Solid-state unit thermal control is provided by autonomous equipment due to emission of excess heat into cosmic space from radiative surface and control electric heating units of unit structure. Electric heating unit having power of 10 W is mounted on each drive stage. Temperature sensors are used as sensitive elements which control over operation of electric heating units. Electric heating units are switched on at temperature of minus 20 oC on control sensor and switched off at temperature of 10 oC. Surface of drive chassis covered with blanket and with a temperature-controlled coating R208CrE applied is used as a radiator. Blanket EVTI-2V (30 layers) is used as thermal insulation.

Return vehicle thermal control system

Structurally, return vehicle consists of the following main elements:

-
Propulsion system which includes the following: 4 fuel tanks, 2 spherical tanks with nitrogen and engine.

-
Descent vehicle which is a conical object with aperture angle of 90 degrees.

-
Two thermal honeycomb panels with support equipment units.

-
Photoelectric converter battery based on gallium-arsenide converters. Battery is mounted on fuel tanks, elements of photoelectric converter battery are fixed on strings pulled on s framework of carbon fibre reinforced plastic.

-
Radiator heat pipe of thermal control system.

-
Antenna-feeder system.

To provide thermal control of return vehicle when performing thermal design, thermal control of instrument panels was selected which is based on different types of heat transfer tubes: axial and contour. Ammonia is used as a heat-carrying medium in axial heat transfer tubes, propylene  ̶   in contour tubes. The system is intended for leveling of thermal field on thermal honeycomb panels and releasing of excess thermal energy into surrounding space through a radiator.

Equipment units are mounted on two instrument panels, which is the honeycomb structure with axial heat transfer tubes laid inside, which are intended for leveling of thermal field on instrument panels and transferring the heat flow on evaporators of contour heat transfer tubes as part of heat pipe consisting of two contour heat transfer tubes. Condensers of contour heat transfer tubes are combined into one radiator to be mounted in front of panel with radio complex on brackets through thermal resistors. Excess heat flow goes to radiator-condenser from evaporators on thermal honeycomb panels through transporting lines and from surface of radiator-condenser it is emitted into space. Return vehicle instrument panels have the common collector based on attenuator (ATT) which is used for redistribution of thermal load between instrument panels. 

The main components of thermal honeycomb panels of thermal control system are:

-
Two instrument honeycomb panels with axial heat transfer tubes which are both a load-bearing frame for installing equipment and heat-rejection unit of thermal control system. 

-
Common collector which connects two instrument panels and based on ATT.

-
Heat pipe of return vehicle radiator which consists of two evaporators (each includes compensating cavity, thermoelectric microrefrigerator, pressure control valve, transporting channels) and common cooler-radiator.

-
Thermal insulation (blanket EVTI-2V).

-
Thermal-conductive lubricant.

-
Rated thermal resistances.

-
Temperature-controlled coating.

Thermal control of return vehicle propulsion system is supported due to thermal coupling with thermal honeycomb panels, thermal insulation and electric heating units controlled by readings of temperature sensors.

Parameters of electric heating units by subsystems of return vehicle thermal control system are given in Table 2. 
Table 2

	Ref. No.
	Subsystem of return vehicle thermal control system
	Location of electric heating 

unit or thermoelectric microrefrigerator
	Designa-tion
	Rated power (W) (amount of sections x W)
	Operating mode  ̶  control temperature (oC)

	1
	Propulsion system of thermal control system
	Tank wall 1
	НГ 1,3
	4.64(4×1.16)
	On +10
Off +20

	2
	
	Tank wall 2
	
	4.64(4×1. 16)
	On +10
Off +20

	3
	
	Tank wall 3
	НГ 5,7
	 4.64(4×1.16)
	On +10
Off +20

	4
	
	Tank wall 4
	
	4.64(4×1.16)
	On +10
Off +20

	5
	
	Tank wall 1
	НГ 2
	2.32(2×1.16)
	On +3
Off +15

	6
	
	Tank wall 2
	НГ 4
	2.32(2×1.16)
	On +3
Off +15

	7
	
	Tank wall 3
	НГ 6
	2.32(2×1.16)
	On +3
Off +15

	8
	
	Tank wall 4
	НГ 8
	2.32(2×1 16)
	On +3
Off +15

	9
	
	Sustainer head of

small booster
	НГ Д
	2.32(2×1.16)
	On +5
Off +20

	10
	Thermal control system of

onboard missile system

instrument panel

along 

minus Y axis
	Honeycomb panel 

in mounting area of accumulator battery
	НГ 9
	12(2×6)
	On +5
Off +15

	11
	
	Evaporator-

compensating cavity of 

CHTT
	TEMR1
	19(1×19)
	On/Off/ direct polarity/
reversed polarity

	12
	Thermal control system of

instrument panel

of onboard computer 

along Y axis
	Star trackers mounting area
	НГ 10
	12(2×6)
	On +5
Off +15

	13
	
	Evaporator-

compensating cavity of

CHTT
	TEMR2
	19(1×19)
	On/Off/ direct polarity/
reversed polarity


	14
	Thermal control system of solar sensor 1
	Solar sensor mounting area

along plus Y axis
	НГ 11
	5(1×5)
	On -5
Off +10

	15
	Thermal control system of solar sensor 2
	Solar sensor mounting area

along minus Y axis
	НГ 12
	5(1×5)
	On -5
Off +10


Implementation of “Phobos-Grunt” spacecraft thermal control
When developing “Phobos-Grunt” spacecraft, actions aimed at implementation of thermal control were performed which included design works on determination of thermal control equipment parameters, thermal and vacuum tests, calculation works on analysis and identification of test results and actions on modification of spacecraft structure and thermal control equipment used, if required. 

“Phobos-Grunt” spacecraft thermal control system was designed as a system of autonomous thermal control systems for separate spacecraft parts. At design stage when spacecraft structure was being defined and thermal control equipment was being selected, simplified models of thermal control of spacecraft parts with minimum calculative elements and thermal couplings were developed. These models made it possible to count a great amount of versions and select optimal thermal control equipment.

On the basis of calculations on thermal control simplified models, components and parameters of autonomous equipment of thermal control system were determined and parameters of thermal interface were agreed with manufacturers of onboard equipment.

Then as structure was developed, components and characteristics of thermal control equipment were refined, parameters of onboard equipment were determined, thermal control system units, spacecraft structure, onboard equipment were thermally calculated and thermal interfaces between them were refined. Thermal control system units have been experimentally implemented. Considering the obtained data, detailed mathematical models of spacecraft part thermal control were developed which results were used when developing the methods of thermal and vacuum tests of autonomous thermal control systems for spacecraft parts.

Thermal and vacuum tests were performed in accordance with ''Complex program of “Phobos-Grunt” automated spacecraft experimental implementation''. Thermal and vacuum tests of “Phobos-Grunt” spacecraft thermal mockup (item 907) were performed on the following experimental assemblies:

- Item 907/1  ̶  return vehicle thermal honeycomb panels.

- Item 907/2  ̶  return vehicle in assembly.

- Item 907/3  ̶  flight module thermal honeycomb panels.

- Item 907/4  ̶  flight module with simulator of return vehicle.

- Item 907/7  ̶  orbital maneuvering engine plate of flight module propulsion system 

Test results showed that all estimated temperature parameters meet the given temperature requirements.

According to developing results of design documentation, implementation of thermal control system units and considering the results of thermal and vacuum test, high-detailed mathematical models of “Phobos-Grunt” spacecraft thermal control system were developed and thermal calculation were performed using them. Calculation results showed the performance of all given requirements to thermal control system of equipment elements, design and equipment of “Phobos-Grunt” spacecraft. 

The identification of results of thermal and vacuum tests and calculative mathematical models of “Phobos-Grunt” spacecraft parts showed the good convergence and it confirms the reliability of thermal models developed. 

As was mentioned above, “Phobos-Grunt” spacecraft thermal control system was developed due to backup when developing the other spacecrafts, in particular, Earth satellite for meteorological research of Electro-L operating on geostationary orbit since 21.01.2011.

Data of temperature changes obtained during earth satellite flight along geostationary orbit in standby and operating orientation at different operation modes of thermal control system units show that all thermal parameters are normal. Comparison of flight data to results of thermal calculation and thermo vacuum tests showed high convergence and confirmed the validity of principles of thermal control systems and reliability of thermal models.

Thus, “Phobos-Grunt” mission thermal control tasks are concluded to be successfully solved.
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