Propulsion system for delivering “Phobos-Grunt” spacecraft on Phobos surface

Sustainer propulsion systems of spacecraft flight module are intended for generation of speed pulses, stabilization and orientation from the moment of space head separation from launch vehicle to landing on Phobos surface. Sustainer is based on propulsion system of Fregat-SB upper stage.

Operation program of propulsion system includes the following main stages:

●  At the moment of space head separation after preparation of onboard control system and flight module propulsion system for operation, space head is damped after separation and deployment of spacecraft structural elements.

Damping is provided by stabilization engines of flight module propulsion system, then Sun is detected, spacecraft solar is oriented and its orientation is supported by the same engines. Almost one hour before the first switch on of sustainer, orientation of spacecraft bound axes in inertial space is determined and space head is re-oriented into position of first boost pulse output on fuel from jettisoned tank unit.

●  Prior to sustainer operation, flight module propulsion systems are switched on to provide sustainer launch under weightless conditions. Upon completion of sustainer operation on the first switch on jettisoned tank unit is separated.

●  The subsequent sustainer operation is provided from the main tanks of sustainer. 

Orbit is corrected three times on an arrival trajectory with sustainer switched on.

●  When approaching Mars, braking by sustainer is provided to transfer to Mars orbit. 

It's the last sustainer switch on after that it is separated from flight module.

Then the required amount of interorbital transfers is provided by flight module propulsion system.

At the final stage of spacecraft rendezvous with Phobos and its landing on its surface, flight module stabilization and reference engines are repeatedly switched on.

Onboard control system control over operation of flight module propulsion systems.

The basic characteristics and design features of two propulsion systems  ̶  sustainer with jettisoned tank unit and flight module propulsion system are described below.
Sustainer with jettisoned tank unit
Sustainer of Fregat upper-stage rocket with jettisoned tank unit tailored for application task as part of “Phobos-Grunt” rocket complex is intended for generation of speed and stabilization pulses along pitch and yaw circuits at active flight areas from the moment of space head separation from launch vehicle up to braking on Mars orbit.

Fregat upper-stage rocket tailoring is the excluding the hydrazine propulsion system operating in sustainer launch under weightless, stabilization and orientation conditions.

To provide sustainer launch, the autonomous propulsion system of “Phobos-Grunt” spacecraft flight module is used instead of hydrazine propulsion system as for space head stabilization and orientation on transfer trajectory.

The additional containers on the main sustainer tank units as well as jettisoned tank unit allowed to increase propellant margin on sustainer and pick up a reference speed required for target mission of “Phobos-Grunt” spacecraft. 
Sustainer technical data
Fuel: 

· Oxidizer  ̶  ethine  ̶  OST B 113-03-503-85

· Fuel  ̶  unsymmetrical dimethylhydrazine  ̶  GOST B 17803-72. 

Pressurization gas:
· Helium  ̶  Specification 0271-135-31323949-2005
Operating mode:
·  big and small boost mode
Engine boost С5.92.0000-0-01 (with boost of stack pipes) H (kgf):
· Big boost mode
19777 ± 981 (2016 ± 100) 

· Small boost mode
13842 ± 1471 (1411 ± 150)
Engine specific pulse (s):
· Big boost mode
390.1
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· Small boost mode
318.5
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 Values of design filling of fuel tanks and helium cylinders are given in Table 1.
Table 1
	Description
	Design filling (kg)

	1. The basic tank unit with additional containers:

• oxidizer tank (2 tanks - 01, 02)

• fuel tank (2 tanks - F1, F2)
2. Jettisoned tank unit:

• oxidizer tank 

• fuel tank 

3. Spherical tanks on the basic tank unit
4. Spherical tanks on jettisoned tank
	4675

2340

2004

997

23.6×5+8.0×2 = 134 liters
23.6×2 + 8.0×2=63,2 liters


Sustainer components and structure
Propulsion system includes:

· Fuel system

· Tank pressurization system and control pressure system

· Engine with electrohydraulic steering actuators

Fuel system: 

· Main and jettisoned tank unit

· Preumatic and hydraulic valves of fuel tanks and collectors

· Alarm system of passing fuel level in collectors of main and jettisoned tanks

· Filling, drain and pressurizing valves

· Collectors and pipelines, separation device of fuel pipelines

· Pressure and temperature sensors.

Sustainer main tank unit (Figures 1, 2) is a integral welded structure from four spherical tanks with additional containers and two spherical instrument bays of the same diameter. Internal diameter of tanks is 1354 mm.

Oxidizer tanks are separated from fuel tanks by trimetallic compartments (1.5 mm AMg6 + 0.35 mm АД1 + 1.5 mm AMg6).

Each tank has damping compartments, vortex breakers, intakes, inlet for extracting, filling and pumping fuel.

One load-bearing boom made of aluminum alloy AMg6 pass through each tank, and through instrument bays  ̶  two booms.  

Tank О2
Tank F1
IB-1
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Figure 1.  “Phobos-Grunt” sustainer tank unit
5
8
1

[image: image4.png]




2
9
6
3
7
4

	1  ̶  tank shell
6  ̶  inlet for fuel extracting

2  ̶  vortex breaker
7  ̶  filling inlet

3  ̶  intake
8  ̶  pressurization inlet

4  ̶  damping compartments
9  ̶  inlet for level passing system of 

pulse control unit

5  ̶  additional containers


Figure 2. « Phobos-Grunt » sustainer tank
The upper assemblies of load-bearing booms are intended for docking with flight module transfer device, the lower assemblies are docked with the upper assemblies of load-bearing frames of jettisoned tank unit through separation system. 

This unit includes also instrument bays (IB-1, IB-2).

Chemical cells, communication adapter with onboard control system, telemetry system antennas, spherical tanks with helium, panel with automatics and filling elements of sustainer as well as pyrocutter for cutting gas-power main lines when jettisoned tank unit is separated are mounted on the main tank unit.

Jettisoned tank unit (Figure 3) is an integral welded structure which consists of eight toral sectors connected by cylindrical adapters with load-bearing frames. Two toral sectors make the fuel tank so jettisoned tank unit consists of four tanks separated by trimetallic compartments. Each tank has damping compartments, intakes, inlets for extracting, filling and pumping fuel.  

[image: image5]
Figure 3. Jettisoned tank unit
A panel with filling valves and separation system elements are mounted on jettisoned tank unit.

Structures of the main and jettisoned tanks are made of aluminum alloy AMg6.

Fuel collectors of main unit are connected with collectors of jettisoned tank units through separating valves and pneumatic and hydraulic valves.

To deplete fuel tanks and avoid pressurization gas at engine input, alarms of level passing of fuel are installed on the main and jettisoned tanks. They generate a signal to close the supply valve at the moment of gaseous phase at the output pit of fuel tank. At the last switch on of propulsion system from jettisoned tank unit and main tanks when fuel is expected to be burnt out, engine can be changed from big boost mode to small boost mode. Operating mode is to be change for fuel depletion which remained in one of the similar tanks as a result of possible different depletion. Fuel depletion on one of the two similar tanks can be performed only in small boost mode due to high hydraulic resistance of fuel main line when operating in bib boost mode. 
Tank pressurization system and control pressure system:
· high-pressure spherical tanks

· electric pneumatic valves

· reductor

· fuses

· pressurization unit

· pyro valves

· pressurization valves

· reduction valves

· filling and pressurizing valves

· receivers

· inward valve

· pressurization valve control units

· pressure and temperature sensors.

Pressurization valves are mounted on the brackets of main and jettisoned tanks. 

The main units are located at filling panel and pneumatic unit panel. 
Engine С5.92.0000-0-01 with electro-hydraulic machines: engine load-bearing frame is attached to brackets of the main tank units. To control by yaw and pitch circuits on active flight areas, engine combustion chamber in two-dimensional motion is displaced by two electro-hydraulic machines.
Sustainer operation at the first switch on
Sustainer is launched, operated and stopped by commands of onboard control system as per sequence diagram.

Status of sustainer parameters is controlled by pressure and temperature sensors and signaling sensors in transmission data sessions by telemetry system.

Sustainer is switched on for the first time on a fuel from jettisoned tank unit which is depleted at one switch on. Sustainer operates in big boost mode and changes to the small boost mode at the end of switch on. When sustainer is switched on for the first time, high-pressure inlet pyro valves actuates and voltage is applied to steering actuators. Prior to switching on of sustainer, small boosters of flight module are switched on to provide sustainer launch mode in weightless mode. 

Then fuel tanks are pressurized by applying the voltage to electric and pneumatic valves and pressurization valve control unit. Pressurization gas is supplied to the main and jettisoned tanks from spherical tanks on jettisoned tank unit through a system of reduction and pressurization valves.

The engine is launched by command ''Big boost launch'' (ignition command) by which the voltage is applied to small and big boost control units. Unit valves are opened and helium fills the controlling cavities of pneumatic and hydraulic fuel supply valves on jettisoned tank unit and engine. Fuel from jettisoned tank unit enters the engine through input valves along collectors and fills engine cavities. Then engine is launched in big boost mode.

Engine continues operation in this mode until it picks up the preliminary reference speed after that control system give a command of changing to small boost mode that's why big boost control unit is de-energized. At the same time, fuel level passing control system in collectors of fuel tanks of jettisoned tank unit (or sustainer) is connected.

Sustainer is switched off by a command ''Small boost stop'', small boost control unit and electric fuel supply valve are de-energized. Fuel supply is stopped. To reduce engine afteraction pulse, voltage is applied to big boost control unit so the control pressure is being vented from cutoff valves through small and big boost control units. Pressurization valve control unit is de-energized later and helium is vented from control cavities of fuel tank pressurization valves. Then level passing system and steering actuators are switched off. 
Preparation and separation of jettisoned tank unit
Upon completion of sustainer operation on a fuel from jettisoned tank unit, jettisoned tank unit is prepared to be separated as follows:
· Main lines of control pressure and pressurization of jettisoned tank unit are switched off

· Control pressure supply is changed to pneumatic and hydraulic valves of main tanks from pneumatic and hydraulic valves of jettisoned tank unit
· Gas-power main lines of jettisoned tank unit are closed
· Fuel collectors of main tanks of sustainer and jettisoned tank unit are closed by actuating of separating valves
· O and F main lines are separated by actuating of explosive locks
· Gas-power main lines are separated by actuating of detonation cutter.

The above operations are performed with corresponding pyro valves and pyropins. 

After that the jettisoned tank unit is separated from sustainer by push-rod springs. Sustainer is switched on for the next time on a fuel of main tanks. 
Typical operation on subsequent sustainer switch on
When sustainer is switched on for the first time, starter pyro valve actuates and helium enters the system of spherical tanks on sustainer.

The next operation of sustainer is equivalent to above mentioned operation of sustainer with jettisoned tank unit. Three corrections on a transfer flight and braking to transfer on a Mars orbit are performed by sustainer and then flight module propulsion system begins to operate.
FLIGHT MODULE PROPULSION SYSTEM
Flight module propulsion system is intended for the following tasks:
· Generation of bursts of power to provide sustainer launch mode;
· Generation of bursts of power when performing active maneuvers on sustainer;
· Generation of jet control moment around three axes of spacecraft;
· Generation of bursts of power during operation of sampling device. 
COMPONENTS OF FLIGHT MODULE PROPULSION SYSTEM:
· Four fuel tanks joined into tank unit (two oxidizer tanks and two fuel tanks)

· Orbital maneuvering engine unit as four liquid-propellant rocket engines - 11D458F

· Four small booster units with minimum explosive oxygen content 82.000.000 consisting of LPRE  ̶  11D457F (4 pcs), LPRE  ̶  17D58EF (1 pcs) in each tank
· High-pressure accumulator  ̶  2 spherical tanks having volume of 23.6 liters

· Pneumatic and hydraulic armature kit, filling, drain and check valves

· Pyro valve  С5.642.00-0 and С5.640.00-0

· Pressurization unit УФ 90083-006-02

· Main line valves УФ 96455-010-01

· Electric heating units of tanks and plate of orbital maneuvering engine unit 

· Pressure sensors. 
Structure of flight module propulsion system
General view of flight module propulsion system is given in Figure 4.

Load-bearing structure of propulsion system is a tank unit which joins four fuel containers from aluminum alloy AMg6 having a diameter of 784 mm and connected by cylindrical adapters. The elastic pressurizing device is located inside the tanks which separates fuel and pressurization gas (helium). Gas is pumped into internal tank cavity; fuel is filled into the cavity of elastic pressurizing device. Structure of tank with elastic pressurizing device is given in figure 5.

Operability of structural film material for pressurizing device is determined by the following:
· Chemical resistance

· Diffusive permeability

· Resistance to complicated bending deformations. 
The following is used as constituents to produce the complicated composite material:

· Relatively strong and elastic fluorine plastic F10 film
· Film of fluorine plastic F10 of increased chemical resistance

· Thin aluminum foil A5T (20 μ) excluding gas and component permeability.

· Polyphene (fluorine plastic) cloth to increase material resistance to complicated bending deformations. 
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Figure 4. Flight module propulsion system
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Figure 5. Fuel tank with elastic pressurizing device (fragment)
A plate of orbital maneuvering engine unit is mounted on inter-tank well. Four orbital maneuvering engines 11D458F are secured to this plate.

Small booster units with minimum explosive oxygen content 82.000.000 are installed on outboard shoes of tubular structure. Each unit consists of five engines: four LPRE  ̶  11D457F and one LPRE  ̶  17D58EF which provide performance of target tasks as per sequence diagram from sustainer launch mode to bursts of power while operation of sampling device. Typical small booster unit with minimum explosive oxygen content 82.000.000 is given in Figure 6. Panels for fuel tank armatures, units of pressure adjustment and checking of propulsion system operation parameters as well as spherical tanks with pressurization gas are located on tank unit. Hydraulic and gas pipeline system is installed on tank unit. 
Basic characteristics of flight module propulsion system:
· All engines operate on bipropellant fuel: Oxidizer  ̶  amyl  ̶  GOST B113-03-503-85, fuel  ̶  heptyl  ̶  GOST В17803-72

· Pressurization gas  ̶  gaseous helium  ̶  Specification 0271-135-31323949

· Fuel amount: maximum fuel filling of oxidizer in two tanks  ̶  343.4 kg; fuel in two tanks  ̶  185.6 kg.
· Pressure at engine input by O and F main lines shall be 12 ± 0.5 kgf/cm2
· Propulsion system dry weight  ̶  maximum 212 kg (without blanket and onboard cable network)

· Propulsion system structure provides the corresponding engine installation:

· Maximum linear tolerances of mounting faces for orbital maneuvering engines are 1 mm, for small boosters  ̶  1.5 mm.

· Maximum angular tolerances of geometrical axes of small boosters are 30 arc minutes and for orbital maneuvering engines  ̶  15 arc minutes.

Propulsion system structure allows to support thermal control at a given range.

Engine installation diagram is given in Figure 7.
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Figure 6. LPRE layout diagram on a small booster unit with minimum explosive oxygen content  82.000.000
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Figure 7. Layout diagram of 11D457F and 17D58EF engines
While orbital operation of propulsion system, fuel can be simultaneously and sequentially taken from fuel tanks, maximum permissible intake difference is 15 kg. Onboard control system switches the tanks (opens the main line valves).

BASIC CHARACTERISTICS OF ENGINES (given in Table 2)
Table 2
	Description
	Value

	
	11D458F
	11D457F
	 17D58EF

	1. Rated boost in continuous operation 
(N (kgf))
	382.4

(39)
	53.9
(5.5)
	12.45
(1.27)

	2. Specific boost pulse  in continuous operation (s), min
	304*
	290
	260

	3. Mass ratio of fuel components under rated conditions
	1.85 ± 0.05
	1.85 ± 0.05
	1.85 ± 0.15

	4. Mass ratio of fuel components under any operating conditions
	1.85 ± 0.15
	1.85 ± 0.15
	1.85 ± 0.2

	5. Limit boost tolerance in continuous operation  under any operating conditions (%)
	±10
	±6.5
	±10

	6. Afteraction pulse in continuous operation  under any operating conditions (kgf*s), max
	0.96
	0.25
	0.32

	7. Minimum switch on time (s)
	0.05
	0.03
	0.03

	8. Maximum continuous switch on time (s)
	2000
	2000
	2000

	9. Maximum switch on frequency (Hz)
	8
	8
	8

	10. Life by number of switch ons, min
	10000
	10000
	10000

	11. Life by fuel of each engine (kg), min
	350
	100
	100

	12. Amount of engines
	4
	16
	4


Operation of flight module propulsion system
Preparation for operation of flight module propulsion system begins before separation from launch vehicle.

Operation of flight module propulsion system at preparation phase is determined by orbital operation sequence diagram due to which, at first pyro valves С5.642.0-0 actuate which inlet high-pressure gas from spherical tank into gas supply system into pressurization tank UF 90083-06-02. 

Then pressure is decreased and it is supplied into gas cavities of fuel tanks. 

After pyro valves С5.640.0-0 are actuated in fuel paths and main line VALVES UF 96455-010-01 are opened, fuel from elastic pressurizing device is applied to engine inputs.

After spacecraft has separated from launch vehicle and spacecraft structural elements are deployed, damping is provided by stabilization engine 11D457F in a channel of rotation around OX axis of spacecraft AND 17D58EF engines around OY and OZ axes of spacecraft.

Upon damping completion, the Sun is DETECTED; solar orientation is created and supported by the same engines.

Prior to sustainer switching on, spacecraft is re-oriented into the position of outputting the first and subsequent boost speed pulses. 

11D457F engines are switched on at 58-th second to provide sustainer launch under weightless conditions. 

Launch mode is used to provide pre-launch overload for separation of gaseous inclusions in a fuel and avoiding bubbles of pressurization gas into fuel lien fo sustainer.

Flight module propulsion system operation at any operation phases of sustainer on a transfer orbit is equivalent to the above mentioned operation at the first switch on.

At the final flight phase  ̶  spacecraft rendezvous with Phobos and its landing on Phobos surface  ̶  orbital maneuvering engines 11D458F and stabilization engines 11D457F, 17D58EF are frequently switched on.

At the moment of landing pads contact with Phobos surface, small boosters 11D457F are switched on for some time which provide spacecraft clamping to the surface. Then flight module propulsion system stops operating.
Yu.G.Stekolshchikov, S.S. Stepanov, L.G. Alexandrov, V.P. Makarov
 “Lavochkin Association”
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