Spacecraft strUCTURE
Design-layout scheme. The task to be solved by the spacecraft, namely delivery of soil from the Mars moon Phobos to the Earth, determined the spacecraft design. The vehicle is designed as per the complex multistage scheme as in the course of its flight to Phobos and return to the Earth, different blocks should be separated after appropriate tasks are solved. Additional complexity of design is caused by decision taken on joint flight of “Phobos-Grunt” SC with Chinese YH-1 subsatellite. As this decision was taken at enough late phase when the vehicle key elements have been already designed, a need arose to introduce an additional structure element, separable truss; for this purpose, the sustainer propulsion plant was moved away from the spacecraft to give room for the Chinese subsatellite. 
The resultant design-layout scheme is shown in Figure 1. Placement of Chinese SC changed weight and COG of “Phobos-Grunt” SC, forced to include the drop tanks block into the sustainer propulsion plant and two additional separation systems and finally to use the new launch vehicle (LV) called Zenit 3F. All those resulted in major design redevelopment such as development of new structural elements, new dynamic models of SC, and new joint dynamic load analysis with LV in addition to strength calculations and redevelopment of strength test program. 

 As a whole the spacecraft consists of basic blocks: sustainer propulsion plant, adapter truss, transfer module, re-entry vehicle, and descent vehicle connected in series through separation systems. The adapter truss accommodates the adapter with Chinese YH-1 subsatellite. All the spacecraft is attached by eight pyrobolts to the internal truss of the adapter module; the nose fairing is connected to the outer shell of the adapter module forming thereby the space head.

The sustainer propulsion plant is based on PP of Fregat-SB multi-purpose transfer orbit stage and consists of a main propulsion plant and a drop propellant tank. All main structural elements of SPP are successive to the transfer orbit stage the framework of which underwent complete strength development with a payload significantly exceeding “Phobos-Grunt” SC weight. Besides, Fregat-SB transfer orbit stage was used for successful launch of Electro-L spacecrafts. 
The structural and load-bearing base of the main propulsion plant is the block of tanks with original layout and structure having no analogues neither in domestic nor in foreign space engineering. This structure incorporates the spacecraft design concept widely used in Lavochkin Science and Production Association throughout many years, namely use of thin-walled sealed shell structures as load-bearing elements capable of perceiving great inertia loads from mating structural elements of SC and from dead weight. The load-bearing structure of the block of tanks represents a torispherical structure consisting of six spherical shells hermetically connected to each other through spacing frames with argon-arc welding. Four spherical compartments are the propellant reservoirs, and two others are the instrument modules. To transmit longitudinal inertia loads from SC being injected, hermetically sealed spherical reservoirs are pierced with eight load-bearing rods, one rod for each propellant tank and two rods for the instrument module. To reduce weight, load-bearing rods are made of future-proof composite material Ал-В which has high strength and rigidity characteristics. To increase weight of filled propellant, spherical tanks have additional reservoirs (two for each tank) which are structurally connected to the main tanks and have a common cavity with them. Such solution was implemented on Fregat-SB transfer orbit stage for launch of Electro‑L SC and proved by appropriate strength tests.

The drop block of tanks has an original design and represents a toricylindrical shell divided by hermetically sealed partitions into four propellant tanks. To transmit concentrated inertial forces from MPP with the spacecraft mounted on it, the shell eight main frames with vertical spacing rods. In this load-bearing scheme the axial load and bending moment are transmitted through the spacing rods, and the lateral load is transmitted by the displacing shell of the block of tanks. Thus, both the drop block of tanks and MPP are designed as per on load-bearing scheme.

The adapter truss represents a two-tier structure. Two tiers are connected by means of separation system consisting of eight pyrobolts and spring pushers. This system separates SPP with the lower tier of the truss from the spacecraft on completion of retro manoeuvre during approach to Mars. The upper tier of the truss is fastened by means of similar separation system in the upper section to the SC transfer module. Besides, the Chinese subsatellite adapter is fastened to the truss in the upper section in eight points. The adapter consists of three elements, which are a flat conical spacer, cylindrical spacer, and four-point truss structure whose free area is used to attach the Chinese subsatellite through the separation system. The Chinese subsatellite is separated from “Phobos-Grunt” SC after SC is injected into Mars orbit and then the upper tier of the truss with the adapter is separated from the transfer module. On completion of the above operation, “Phobos-Grunt” SC is ready for landing on Phobos surface. 

The transfer module structurally consists of two basic series-connected units which are an instrument module and TM propulsion plant. 

The instrument module is not hermetically sealed and geometrically represents an octahedral prism. The load-bearing base of the instrument module is a framework of eight vertical load-bearing beams jointed with angle sections to form a single welded structure. The eight faces hereof are covered with triplex panels with thermal pipes for creating thermal conditions for service and scientific equipment arranged on these panels. Besides, panels play their own role in the instrument module load-bearing structure, i.e. they transmit intersecting load from the higher part of SC to the adapter truss whereas axial thrust is perceived by the load-bearing beams. 

The instrument module framework also carries the external equipment of SC, including solar battery panels, parabolic antenna with two-degree drive, manipulator for sampling soil from Phobos surface, soil transfer device, and landing gear. 

The block of tanks of TM is made as per load-bearing scheme, which is standard for Lavochkin Science and Production Association. Four spherical tanks—two oxidizer tanks and two propellant tanks—are coupled to each other with cylindrical spacers. All the block of tanks is bolted to the upper end face of TM framework beams with use of eight conical brackets welded to the surface of spherical tanks. This scheme not only provides the structural strength of the block of tanks, but also increases rigidity of the upper TM framework joint by perceiving radial spacing loads. Brackets are welded to the top of each of four tanks (four brackets in total) to attach the re-entry vehicle through the separation system. 

The landing gear is used to enable "soft" landing of transfer module on Phobos surface with specified overloads. The landing gear represents a mechanical system consisting of three supports which are mounted on the instrument module framework through special brackets. Each support consists of a shock-absorber, brace, and footpad.
The shock-absorber is the main element of the landing gear support. It represents a movable joint of two cylindrical tubes of different diameter. Under the influence of load the inner tube (plunger) with conical head enters the outer tube resulting in plastic deformation of outer tube walls and absorption of kinetic energy of the vehicle along the shock-absorber travel. This results in reduction of impact loads on the spacecraft to values not exceeding no 3 g, which does not exceed powered flight loads. 

The lower end of the shock-absorber is hinged to the brace. The landing gear brace is a welded connection of two equal thin-walled cylindrical tubes made of alloy Амг-6 (Al‑Mag‑6) whose the upper ends are hinged to the transfer module and the lower ends are welded to the V-shaped bracket into which the spherical support is screwed. The spherical support of the bracket carries the disc footpad which is used to reduce specific pressure onto Phobos surface and to absorb energy of lateral impact against obstacle at the expense of intrinsic deformation.

Originally the landing gear was designed so that the transfer module clearance was equal to 250 mm. But because of increasing the transfer module weight at the moment of landing on Phobos from 870 kg to 1200 kg the increased clearance was required. For this, the shock absorber body length was increased. 

The gravitational acceleration on Phobos is low (less than 0.01 m/s2); therefore, four engines with thrust vectors directed along longitudinal axis minus Х of the transfer module are mounted on the transfer module to stabilise it during landing. The engines start as soon as TM footpads contact Phobos surface. Thrust of each engine is 5.5±0.5 kgf. 

Landing stability was theoretically studied with application of mathematical model of TM considering geometry of TM and landing gear, weight and inertia characteristics of TM and experimentally obtained mechanical characteristics of shock-absorber. 

Dynamic calculations of landing of the transfer module on Phobos show that the landing gear design provides necessary minimum level of loads on the transfer module equipment and makes it possible to keep its stability. Initial data for calculation are vertical (1.0 to 2.0 m/s) and horizontal (0.75 m/s max) TM speed while TM contacts Phobos surface, slope angle of up to 15°, and surface relief pattern (craters of up to 1 m deep and stones of up to 0.25 m high). Calculations have shown that the landing gear design allows to keep TM stable in all considered estimated cases. 

Re-entry vehicle.  The basic design structure of the re-entry vehicle is the block of tanks of the propulsion plant. REV propulsion plant is designed by NIIMASH FSUE (Nizhnyaya Solda city) and has passed all mechanical loading tests and firing tests. The block of tanks represents a rigid cluster of four spherical tanks—two oxidizer tanks and two propellant tanks. The tank carries TV landing system (TVLS) panels with service and scientific equipment, stationary solar battery, and descent vehicle. 

The descent vehicle is designed to deliver soil from Phobos to the Earth. DV belongs to the class of segmental conical solids. As far as construction is concerned, DV consists of a front shield in the form of blunted cone with vertex angle of 90 degrees and conical cover. The front shield is covered with glass-fiber-reinforced honeycomb and heat-shielding coat which burns off while DV descends in the Earth atmosphere. A case with units, including a soil container and three capsules, is attached to the upper cover with shear pins inside DV.
The case with units is surrounded with shock absorption system made of isolan 7ПМ/4.

DV shock absorption is designed to reduce impact loads during DV landing on the Earth and to keep Phobos soil samples intact. It is planned that bacteria will be placed into hermetically sealed capsules of DV for studying effect of space conditions on them.

After DV is separated from the re-entry vehicle, process of autonomous DV operation (REV) includes the following:

- extra-atmospheric flight till DV entry in atmosphere:

- DV descent and deceleration in atmosphere:

- DV landing on the Earth surface.

Conditions of DV entry in the Earth atmosphere depend on REV re-entry trajectory which will be finally selected during mission after landing on Phobos. The time interval from DV separation till atmospheric entry can be from several minutes to several hours.


DV trajectory depends on DV entry angle which can take on values from -35 to ‑45 degrees. DV descends along a ballistic trajectory without descent control system involved. The descent vehicle is decelerated in the Earth atmosphere by its front shield. 

In the course of DV descent, it is exposed to longitudinal load nx max=174...273.

Duration of DV descent in the Earth atmosphere is 400 to 540 s. The analysis of dynamic DV motion in the Earth atmosphere shows that the vehicle keeps stability throughout the motion trajectory in the atmosphere.


Vertical velocity of DV landing on the Earth surface (without wind) is 27.1 to 34.2 m/s. Horizontal speed of DV landing on the Earth surface depends on surface wind speed and does not exceed 13.4 m/s (3σ), at expectation of about 5.1 m/s.


When landing on the Earth surface, DV is exposed to short-term impact with great overloads. Calculations of DV landing dynamics show that maximum overload of the container with soil is 3600, maximum overload of the front shield is 8100, overload duration is 1 to 3 ms, and maximum isolan compression is 30 mm. But even at such overloads the container with soil remains tight, and the soil gets confined in the container. 


 Thus, the design-layout scheme described above contains all necessary elements allowing to solve the Phobos soil delivery task. All the vehicle components have passed complete strength development and are ready for flight.


[image: image1.emf]   

Descent vehicle 

Re-entry vehicle 

REV and DV joint plane 

Transfer module 

TM and REV joint plane 

Adapter 

Truss and TM joint plane 

Truss separation plane 

Truss 

YH-1 spacecraft 

SPP and truss joint plane 

SPP and DT joint plane 

SPP 


Figure 1. “Phobos-Grunt” SC Design-Layout Scheme 
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