4.   ARISE Inflatable Antenna



An inflatable antenna was chosen for the ARISE main reflector because of mass, cost and low storage volume considerations. However, a lower risk approach is currently being evaluated using mesh antenna types. Results of this investigation will be reported in the second edition of this document.





	4.1   Antenna General Description
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Fig 4.1: ARISE antenna depicting innovative technologies



The ARISE primary reflector is comprised of a reflective membrane with an RF transparent front canopy to complete the inflated lenticular envelope.  The lenticular is combined with a tubular peripheral support torus forming a large, lightweight, yet relatively stiff space structure.  To minimize membrane stress, the lenticular structure is pressurized with < 4 x 10-4 psi of N2 and attached to the torus ring with constant force springs in  a “trampoline” fashion.  



Figure 4.1 shows the configuration of deployable/inflatable/rigidizable technologies used by the ARISE antenna to meet the large structure, low cost, low mass, low storage volume performance requirements.



The antenna assembly is aligned and attached to the spacecraft using three tubular support struts that are inflation deployed from a stowage canister located at the top of the S/C bus.  At the torus the antenna support struts are kinematically attached at 120∞ intervals. They are designed with optimum diameters, wall thickness, and lengths to give mechanical rigidity (bending, torsion) yet minimal obscuration and shadowing of the primary (see Fig. 4.2).



Recent advances in thin film photo-voltaics and the demonstration of the L’Garde ITSAT Inflatable Solar Array have been incorporated into the ARISE design.  To meet its power needs, ARISE requires a large solar array, but at the same time needs low array mass and stowed volume to meet launch vehicle constraints.  The ITSAT Solar Array with its high packaging efficiency, low areal density, and solar blanket/inflatable frame design is the best available technology to meet the ARISE requirements.
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Fig. 4.2: ARISE structural configuration diagram





Rigidizable support structure technologies are used wherever possible on ARISE in order to minimize the need for “make-up” inflation gas.  The primary reflector torus and antenna support struts maintain their mechanical stiffness and shape by using cold rigidizable rubber and/or polymer materials that solidify (phase change) in cold space environments.  To maintain low temperatures and minimize thermal gradients these support members will be wrapped in MLI blankets.  Because of high temperature conditions, the ARISE solar array blankets will be supported by thin walled polymer struts laminated with aluminum foil.  The strut tubes are initially over-inflated past the aluminum foil’s yield point.  Once the pressure is removed, the stressed aluminum maintains much of the strut’s rigidity and shape.





	4.2   Reflector Configuration



The current reflector configuration was selected after extensive evaluation of various reflector antenna geometries, and resulted from some early trade-offs between on-axis and off-axis configurations. Figure 4.3 pictures the two different configurations and Table 4.1 summarizes the pros and cons. Upon thorough examination, it was determined that an off-axis configuration offered better science performance (less obscuration) and fewer constraints for the rest of the spacecraft design. 
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Fig. 4.3: On-axis versus off-axis configurations





�On-axis Pros�Off-axis pros��FOV��No Obscuration��Structures�Symmetry���ACS�Ease of control���RF��Un-Obscured Pointing��Fabricability�Same complexity and  reflector RMS�Same complexity and  reflector RMS��Table 4.1: On-axis versus Off-axis trade-off



Four different off-axis configurations were then evaluated (Prime Focus, Gregorian, Cassegrain, and Schmidt Cassegrain (see Figure 4.4)) using the following criteria: dynamics/structural stiffness, thermal stiffness, RF performance, mass, complexity, deployment reliability and alignment. It was determined that the Gregorian off-axis design uses a smaller and less complex structure and secondary reflector than Cassegrain types. Furthermore, the Gregorian off-axis system offers the possibility of a mechanically shaped secondary that is reasonably sized and controlled.
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Fig. 4.4: Various off-axis configurations



Based on these arguments, a Gregorian dual-reflector antenna system was selected for ARISE. Figure 4.5 displays a vertical cross-section through the reflector configuration. All the dimensions shown in this figure are in meters. The geometrical parameters, which fully define the reflector configuration as shown in Figure 4.5, are given below:





	On-axis “mother” reflector diameter	D  = 50 m

	On-axis “mother” focal length	F  = 11.55 m

	Off-axis sub-aperture diameter	D  = 25 m

	Tilt angle between main reflector and subreflector axis	b = 5.67 deg.

	Inter foci distance	L  = 2.4 m

	Subreflector eccentricity	e = 0.555



Figure 4.6 shows a three-dimensional representation of the reflector configuration. A ray, coming in from the antenna bore-sight direction, reflected off the center of the main reflector and the subreflector and received by the antenna feed at focus, is also sketched.
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Figure 4.5 (left): Vertical cross-section through the dual reflector geometry as proposed for ARISE.

Figure 4.6 (right): Three-dimensional representation of the ARISE dual reflector geometry. Additionally a ray incoming from the bore-sight direction, reflected off the main and subreflector and received at the focus is sketched. 

	4.3   ARISE Structures and Thermal Analyses



A major consideration in the determination of the relative merits of the off-axis Prime Focus and the Gregorian configurations was structural and thermal behavior.  Of special concern were dynamic response, inertial static loading, and thermal distortion effects on antenna shape and alignment.  Because of the “soft” nature of inflatable structures, and the temperature sensitivity of polymeric membranes, Structural and Thermal analytical models were created that had more resolution than simple static diagrams and lumped masses.  The structure model consisted of over 700 elements (Appendix C) that closely approximated off-axis parabolic curvatures, strut orientation, subreflector alignment, solar array geometry, and S/C mass distribution.  Special attention was given to membrane elements, polymer properties, and tubular geometries; all critical to inflatable structural behavior.  The thermal model was based on the same nodal geometry and properties allowing a direct one-to-one correspondence between temperature profiles and structural elements.



Analytical Results:  When the Prime Focus and Gregorian performance predictions were compared, there was very little difference across the board.  The Gregorian antenna dynamic performance fared slightly better than the Prime Focus since its center-of-mass was closer to the S/C bus and its antenna support struts were shorter.  Inertial response (static thrust) and thermal distortions were virtually the same between the two configurations. Consequently, the Gregorian was selected over the Prime Focus for other reasons than structural and thermal performance (obscuration, corrective optics, Ö).



ARISE’s dynamic response was analyzed using normal modes analysis (force driven vibration stimuli have not yet been specified). Table 4.2 lists the first six non-rigid body normal modes for the off-axis Gregorian.  In general, the modal frequencies were shown to be representative of large space structures, and are within acceptable bounds given ARISE’s operating scenarios.  The resultant modal shapes are classic with tip displacements that are non-critical. (Refer to Appendix C for coordinate references.)



Mode #�Modal frequency (Hz)�Modal Shape�Max. Tip Displacement (cm)��1�0.3�Primary & S/C bus “nodding” to each other�12.5��2�0.5�Primary Y tilt�13.5��3�0.8�Subreflector Y cantilever�5.5��4�0.9�Subreflector Y tilt�5.8��5�1.0�Primary “trampoline” motion�6.1��6�1.2�Subreflector X tilt�2.5��Table 4.2: ARISE Normal Modes Analysis



Figure 4.7 shows the resulting structural displacements due to a conventional, static (without transients) thrust maneuver loading.  A thrust vector of 0.015g at 2∞ off-axis was applied at the base of the S/C bus in order to study worst case asymmetric inertial loading.  A maximum of 4 mm displacement was predicted.  Since thrust maneuvers will not be performed during science observations, it was felt, based on these preliminary results, that thrust/slewing maneuvers would not create critical/castastrophic stress or strain conditions.
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Fig. 4.7: Structural displacements due to a static thrust maneuver loading



After the initial nominal thermal analysis showed no difference between the Gregorian and Prime Focus configurations, a more detailed worse case orbital thermal analysis of the off-axis Gregorian structure was performed. One of the sub-solar points of the ARISE elliptical orbit was chosen for this test case. It was felt that the combination of solar heating at the bottom edge of the lenticular antenna structure with the Earth’s albedo/IR would generate large gradients across the reflector membrane. The results shown in Appendix C, Frame 5 indicate a large gradient of approximately 115 C∞. The resultant thermal distortions from this thermal profile are currently being analyzed.





	4.4   Antenna surface precision



An essential element of the ARISE design is the reflector precision.  L’Garde has built a 7 meter reflector with a 1.7 mm RMS accuracy but is predicting 1mm RMS accuracy on reflectors of 25m or more with appropriate development effort.  To generate a credible estimate of the magnitude and shape of the 25m ARISE antenna error, ground measurements from the 14m Inflatable Antenna Experiment (IAE) reflector were utilized.  The IAE reflector shape is shown in the top right of Figure 4.8.  It was measured during a ground test in preparation for flight.  During the test, one of the torus supports slipped and was not discovered until after the measurements were taken.  Nonetheless it is considered representative of the types of errors seen in this class of reflector albeit somewhat exaggerated.  As a projection of the type of errors that will be seen in future reflectors which are expected to be more systematic, a FAIM software model prediction of the reflector shape was utilized.  FAIM predicts the shape of the inflated reflector analytically, but includes no random errors as seen in material properties and manufacturing errors. The two reflectors were interpolated together resulting in the reflector shape representing the convolution of the theoretical global error generated by FAIM and the manufacturing errors scaled from the as-measured IAE.
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Figure 4.8: ARISE Reflector Precision Projection





	4.5   Inflation system



The inflation system for the ARISE mission must provide gas for initial inflation of the struts, torus, envelope (reflector/canopy assembly), and solar array booms, and make-up gas for the envelope over the life of the mission.  A range of options was considered, including tanked gas, chemical gas generation, and combinations of these.  The baseline specifications for the inflatable antenna are 3.0 kg necessary for initial inflation plus the appropriate amount of make-up gas required over a three-year mission life, and an envelope operating pressure of 10E-4 psia.



The system as currently configured utilizes tanked gas for initial inflation and catalytic hydrazine decomposition for make-up gas.  The tank masses are based on scaling relations from a prior study (Thunnissen 1995).  No redundancy is incorporated into this conceptual design.  The gas tank is 0.24m-dia, T-1000 aluminum-lined graphite-epoxy, initially contains 0.4 kg He gas at 6000 psia, and has a mass of 1.4 kg.  The hydrazine tank is 0.40 m-dia titanium, initially contains 23 kg LHZ at 500 psia, and has a mass of 2.4 kg.  Estimated  mass of catalyst, valves, regulators, filters, orifice, and associated plumbing is 1.2 kg, yielding a total wet mass of 28 kg.  With the plumbing items located between the two tanks, the system will fit into an envelope of approximately 0.11 m3.  The components are essentially off-the-shelf items, although some development of the catalyst bed is anticipated to minimize the ammonia content of the products, to provide the minimum molecular weight possible.  (The masses listed here assume 100 percent decomposition of the N2H4 into N2 and H2.)  Jeff Maybee of Primex Aerospace has been consulted about the design of a minimal-ammonia hydrazine catalyst.



Operation of the system begins by actuating the pyro-valve (or latch valve) at the exit of the gas tank (Fig. 4.9).  Regulated helium gas is then introduced into the struts and torus (controlled by a series of solenoid valves), with the cooling of the gas over the duration of the fill assumed to be within acceptable parameters for the cold-rigidized portions of the structure.  The initial inflation of the structure is assumed to have a 5-minute duration (worst case). The next operation will be pressurization of the solar array booms to sufficient internal pressure (8 psia) to extend and rigidize, followed by inflation of the antenna envelope to operating pressure.  The isolation valve between the hydrazine tank and gas tank is then opened, allowing the gas tank to serve as a reservoir for the products of the hydrazine catalyst bed. The gas tank is of sufficient volume to maintain an approximately one-day supply of make-up gas at nominal conditions, at 5-atm tank pressure. (See section 6.1 for a description of the full launch sequence).



Further definition of the inflation system is dependent on refined estimates of the operational requirements.  If the expected catalyst bed exit temperature of 800K is within the allowable temperature range of the spacecraft structural elements, it may, for example, prove feasible to eliminate the gas tank and use the hydrazine system for both initial inflation and make-up.   While this does not provide a significant mass advantage, the resulting system will have fewer components.  Additionally, the leakage rate at the end of the mission determines the catalyst size and allowable quiescent period for the science mission, unless the fill operation can be done concurrently with data acquisition. The current configuration incorporates a catalyst of 0.2 kg, which is estimated to be sufficient to provide a gas flow rate of 0.6 kg/min.



Potential issues which have yet to be quantitatively addressed include integration of the inflation and propulsion systems, possible absorption of signals by the inflation gas (especially ammonia), possible ionization of inflatant gases caused by large electrical potential gradients between the canopy and reflector (and resultant effect on data collection), and condensation of inflation gases at minimum-temperature conditions.
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Figure 4.9: ARISE Inflation System:  MV = manual valve;  SV = solenoid valve; PV = pyro valve; F = filter; R = regulator; O = orifice





	4.6   Deployment sequence and Canister design



L’Garde has developed a new flexible enclosure canister as shown in Figure 4.10 and 4.11. The concept promises significant weight savings over the solid canister designs. The lenticular and torus are stored inside a membrane container designed to withstand the increased internal pressure during ascent of the payload. Upon deployment, the top portion of the membrane is released by a pyrotechnic.  The petals open, releasing the lenticular and torus. Some residual gas in the lenticular is possible (as was experienced in the IAE flight experiment) and the lenticular is expected to billow out slightly to relieve any internal pressure.  After initial deployment the LDDs or L’Garde Deployment Devices are initiated. The next picture in the sequence shows the LDDs deploying the struts. Note, the torus and lenticular are still uninflated and suspended between the extending struts. The next pictures show the struts at full deployment and the torus partially inflated. The lenticular is still not inflated. The solar array gets deployed followed then by the inflation of the lenticular structure. Development of the deployment sequence draws extensively on the lessons learned from the IAE flight experiment.
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Figure 4.10. ARISE Canister Concept
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Figure 4.11.  Inflatable Antenna Deployment Sequence (by TDM Inc.)
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Figure 4.11.  Inflatable Antenna Deployment Sequence (by TDM Inc.) (continued)





	4.7   Subreflector description



The basic configuration and RF error budget for the ARISE radio telescope assumes that the deviations from an ideal surface figure in the primary mirror (or reflector) will be compensated in large part by changing the shape of the secondary reflector.   Present assumptions suggest that this correction may have to be done as often as once every fifteen minutes, but not at a frequency of cycles per second.  There is work presently underway at Composite Optics Inc. (COI) in tunable radio frequency reflectors in the one to two meter diameter range.  Moreover, work is being done on SBIR contracts by a number of vendors to solve the actuator requirements of the Next Generation Space Telescope (NGST).  Given this work in progress the assumption is that an actuated, tunable reflector with the desired optical characteristics may be manufactured at reasonable cost, by building on the work in progress at COI and NGST.



There are six basic problems to be resolved with the ARISE secondary mirror task.  These are:



	- Mirror Skin Design

	- Actuator Selection

	- Strong Back

	- Mass

	- Software

	- Integration & Launch Packaging



Mirror Skin Design

COI has completed a Phase One SBIR for ground based tunable reflectors of comparable size to ARISE’s subreflector.  These reflectors have a composite surface, and are adjusted with screw jacks on the back surface of the mirror.  COI has recently been awarded a phase two SBIR contract to extend this work.  Of particular relevance to the ARISE work is the amount of finite element modeling which is being done under these contracts, and the confirmation of these FEM models in full size test mirrors.  The models comprise a set of basic design tools which COI can employ, at modest cost, on a prototype design of the ARISE reflector. A request for contract numbers, and relevant technical publications is pending with COI, as of this writing.





Actuator Selection

To shape the surface of the secondary reflector, a set of cryogenically adapted, precision, linear motors is required.  NGST requires more than 2000 cryogenic actuators, some of which must have a travel of millimeters, and others of which must have a resolution in the 10’s of nanometers.  NGST is presently funding research at the level of around $800,000 per annum in mechanism development. These mechanisms are being studied in the Low Temperature Science & Engineering cryogenic mechanisms laboratory at JPL. From this work there is a high degree of certainty that actuators suitable for ARISE will be produced. A significant candidate for this actuator is a cryogenic lead-screw designed by Thermetrex Corporation of San Diego. This actuator is tentatively scheduled for test at JPL this fall.



Strong Back

The actuators that shape the secondary need a stable, structural reaction surface behind the mirror.  For lightness and strength this should probably not be inflatable, unless it is a self-rigidized inflatable of some type, perhaps with filled epoxy. A composite strong back structure should work well. Because COI has experience in understanding the composite mirror loads, they are the logical company to design a strong back structure that accurately reacts to those loads.  The required mass for such an assembly is not known as of this writing.  A small study may be sufficient for COI to adapt their present SBIR work to the ARISE problem.  This should probably be done sooner rather than later, in case the mass of the strong back is greater than that included in the present ARISE mass budgets.



Mass

Generating an adequate predictive model on the mass budget for the secondary mirror assembly is a task that requires some attention at this point.  The strong back, actuator, actuator electronics, cables, supporting structure and the mirror masses are not known at this time to any degree of specificity.



Software

Various organizations have largely resolved the problem of feeding wave-front error into optical surface adjustments over a broad range of wavelengths and response frequencies. A brief survey of the established methods for doing this should be undertaken, in order to select the most appropriate to be adapted to the needs of ARISE.  



Integration and Launch Packaging

Significant economies in mass, and other types of performance advantage can often be achieved by cleverly resolving the design trades in the integration and packaging task.  For instance, it may be possible to reduce mass, and launch package volume by designing a strong back / mirror surface system in which a primary and secondary inflatable structure are used.  The primary structure might hold the mirror / actuator assembly in place.  An inflatable, epoxy-cure-upon-deployment strong back could be designed to provide needed strength to the system.



These design trades are often best done at the early phases of system conceptualization. Therefore a brief integration design-trade study, with a view to mass and volume reduction should be conducted in the very near future.
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