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Introduction

Finite element analyses have been performed for possible designs of the SNAP Stray Light Baffle and Baffle Contamination Cover.  Modal analysis and strength analysis under steady-state accelerations were performed and design configurations iterated for three general constructions:  predominantly fabricated aluminum sheetmetal construction, predominantly thin-walled carbon fiber/cyanate ester matrix construction, and predominantly aluminum facing/aluminum honeycomb sandwich construction.  In addition, carbon fiber facing on aluminum honeycomb was studied for the Baffle Contamination Cover. Results from these analyses include weights, fundamental natural frequencies, and stresses and buckling safety factors from steady state accelerations.  These results, along with cost and other considerations are intended to help select a general design configuration for these two components of the SNAP spacecraft.

In addition, a brief analysis has been made of reliability of Baffle Contamination Cover mounting and release schemes.

General description of the design and the goals for its performance

The Stray Light Baffle as currently envisioned has the form of a hollow cylinder, ~2.5m in diameter, ~5.5m long, sliced at the aperture end on a plane 56.5 degrees from its axis.  The aperture is formed by a flat sheet or plate in the slice plane.  Nine baffle elements in the form of truncated cones occupy the inside of the front end of the baffle.  The inside diameters of the baffles and the size of the aperture are defined by a truncated cone with an included angle of 1.5 degrees starting at the periphery of the Primary Mirror and expanding toward the aperture.

The aperture is to be covered during launch by a Baffle Contamination Cover.  The cover will be released and ejected in orbit.  The cover/baffle interface is envisioned to be lightly gasketed to achieve good but not perfect light-tightness and dust sealing.

The geometry of the baffles is such that scattered stray light from the Earth or Sun makes two bounces before reaching the Primary Mirror.  This implies that the baffles nearest the aperture should be conical.  The baffles nearer the Primary mirror need not be shaped the same as those near the aperture, but because of the desire to keep their natural frequencies higher, they retain the conical shape.  The two-bounce requirement means that gusseting or other reinforcement of the baffles near the aperture should be on the aperture side of the baffle, while reinforcement of the baffles nearer the Primary Mirror should generally be on the side toward the Primary Mirror.

The Baffle is expected to run at a temperature around 180 degrees K and will mount to the Optical Bench, which will operate around 280 degrees K.  For this reason, the mounting of the Baffle to the Optical Bench must have limited thermal conductivity.

For the purposes of this Engineering Study, the following performance goals are used:

-First mode natural frequency around 35 Hz or higher.  This is to minimize coupling with Delta III launch vehicle modes and to minimize fairing-to-spacecraft relative deflections, per the Payload Planners Guide.

-Material failure safety factors greater than FOS under quasi-static loading of N g’s laterally, X g’s axially or a combination of N g’s laterally and X g’s axially.  Material failure is taken to mean Von Mises stresses exceeding yield stress for metals or maximum principal stresses exceeding tensile or the value of minimum principal stresses exceeding compressive strength for composite materials.

-Quasi-static accelerations at critical buckling loads greater than A_ax_crit axially, greater than A_lat_crit.  Combined loads with the axial accelerations twice the lateral accelerations produce acceleration values which should also exceed A_ax_crit and A_lat_crit, respectively.

-Minimum weight for the general construction under consideration.  This should not be taken to mean that the design is perfectly optimized, but that several iterations have been explored, and a low weight has been found that may be achieved without extraordinary efforts or unrealistic designs.

Analysis tools

Models were constructed and analyzed using ALGOR v12.00.  The analysis types used were:  Linear Mode Shapes and Natural Frequencies; Linear Static Stress; Linear Critical Buckling Load; and Weight and Center of Gravity.  All elements are either plate or sandwich type elements.

The Weight and Center of Gravity tool was used to find total weights for each model.

The Linear Mode Shapes and Natural Frequencies module was used to find fundamental natural frequencies and to refine the models by subjective inspection of mode shape output.  

The Linear Static Stress module was used to simulate quasi-static accelerations.  Von Mises stresses were found from individually applied accelerations of 5 g’s in the x direction, 2.5 g’s in the y direction, and 2.5 g’s in the z direction, as well as from combined accelerations of 5 g’s in the x direction and 2.5 g’s in the y direction.

The Linear Critical Buckling Load module provided buckling factors of safety from the following loading conditions:  5 g’s in the x direction; 2.5 g’s in the y direction; 2.5 g’s in the z direction; and 5 g’s in the x direction combined with either 2.5 or –2.5 g’s in the y direction, whichever produces lower a lower factor of safety.  The results of these analyses are also expressed in terms of g loads producing critical buckling loads by multiplying the applied accelerations by the factor of safety result.  Note that no buckling analysis was done for the aluminum sandwich model because Algor cannot perform buckling analysis on sandwich-type elements.

Note that Algor Superview software, which is used to generate the figures in this report, frequently produces erroneous renderings, in which the wrong elements are shown in front of others, gaps appear where they should not, or other anomalies appear.

Limitations of the current model

Models were constructed and analyzed using ALGOR v12.00.  The analysis types used were: Linear Mode Shapes and Natural Frequencies; Linear Static Stress; Linear Critical Buckling Load; and Weight and Center of Gravity.  All elements are either plate or sandwich type elements.  The current models are for conceptual and comparative purposes only.  The following assumptions, limitations and simplifications should be noted:

-No joining details are modeled—elements are assumed continuously joined along edges without overlapping tabs.  No fasteners, inserts, or closeouts are modeled.

-No accounting is made for additional mass from MLI, coatings, or miscellaneous mechanical and electrical hardware.

-The solar cell/heat rejection array is represented by increasing the mass of the elements where the array is envisioned (a 2.4 meter tall x 100 arc-degree section at the base of the main cylinder of the baffle).  No structure is modeled for the array (other than as dead mass), meaning it neither provides stiffening nor are its own natural frequencies explored.

-The current models include only the baffle, the cover, and the thermal mounts.  The spacecraft end of the thermal mounts are rigidly fixed.  The thermal mounts are assumed to be six round titanium alloy tubes, 2” in diameter, 1.5” long, with 0.05” thick walls.  For a temperature difference of 100 degrees Celsius, the six mounts conduct a total of 25 watts.

-The interface between the end of the baffle and the baffle contamination cover is modeled by having 4 common nodes, one each at the ends of the axes of the ellipse that forms the end of the baffle.  These shared nodes act as ball joints, that is the nodes are constrained to translate together, but relative rotation is unconstrained.  There is no effort to model the gasketed, contacting nature of the cover/baffle interface.  The cover is free to deflect through the end of the baffle.  This simplification eliminates the need to employ gap elements and is a conservative approach.

-The mesh density of the models in this study is fairly coarse, and no effort has been made to increase the density and determine when the model converges.  The current study is primarily for baselining and comparing construction configurations.

Materials used

All aluminum components other than honeycomb are assumed to have the properties of 6061-T6 alloy.  The titanium used for mounting to the Optical Bench is Ti-6Al-4V (grade 5).  All honeycomb is assumed to weigh 5 pounds per cubic foot and has the approximate properties of HexWeb 5052 4.5-1/8-10 honeycomb from Hexcel Composites.  Carbon fiber is assumed a quasi-isotropic layup of K63712/CE-3 (cyanate ester matrix) from COI Materials—this material has roughly twice the effective modulus of aluminum with about 2/3 the density.  The carbon fiber is modeled as an isotropic material so Algor can perform buckling analysis on it (Algor can do buckling analysis on isotropic plate elements only).  As previously described, the solar array is represented by mass only.  The mass rate of the solar array is assumed to be 3 kg/m^2, based on the construction of the arrays on the HESSI spacecraft.

Baffle Contamination Cover configuration

Four basic concepts for the Baffle Contamination Cover were explored, both in the context of the baffle/cover assembly and with the cover alone.  The four concepts are:  planar aluminum face/aluminum honeycomb sandwich construction; planar carbon fiber face/aluminum honeycomb sandwich construction; bulging aluminum shell; and bulging carbon fiber shell.  The findings are fundamentally that for the baffle/cover system as a whole, as long as the cover itself does not ring, the lightest possible cover is preferred.  The bulging carbon fiber shell configuration emerges from this study as the clear winner, as it provides adequate stiffness along with lighter weight than practical designs using the other options.

For stiffness and lightness, the Baffle Contamination Cover is modeled as an outwardly bulging curved shell with a triangular box section around its circumference as a stiffening frame.  The overall shape of the cover is elliptical, 118” long by 98” wide.  A few iterations of modal analysis of the cover alone indicated that the highest natural frequency was achieved with a bulge of about 10”.  Because the bulged cover is comprised of a compound curve, and because the mass of the cover contributes significantly to the fundamental cantilevered mode of the baffle, this design lends itself to being constructed using carbon fiber.  A formed aluminum cover would be heavier and would require some sort of mold anyway, and the use of composite material largely obviates the need to compensate for springback and residual stresses from forming.

The same bulging carbon fiber cover design was used with each of the Stray Light Baffle design configurations.  This cover model is illustrated in Figure 1, with a section removed to show the frame cross-section.  Specifically, the carbon fiber portion (shown in green) is 0.030” thick, while the outer frame (shown in red) is comprised of a closed triangular section approximately 0.75” wide, 2” tall, with 0.030” thick aluminum walls.  The total weight of this cover is 24.2 pounds.  Modal analysis on the cover alone, simply supported at its mounting points, shows a fundamental natural frequency of 67.2 Hertz.  Two stress analyses were performed on the cover to get some idea of its robustness in a one g environment, for handling purposes.  In one case, the cover is supported only in the very center of the bulge—this indicates stresses around 2.1 ksi in the carbon fiber (see Figure 2).  In the other case, the cover is supported in roughly a cantilevered configuration, as if a person were holding it at one end (a difficult task)—this showed stresses around 2.4 ksi at the junction of the frame and the bulging section (see Figure 3).
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Figure 1—Baffle Contamination Cover FEA Model
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Figure 2—Stress Analysis for Centrally Supported Cover in One g Environment
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Figure 3—Stress Analysis for ‘Cantilever’ Supported Cover in One g Environment

Stray Light Baffle configurations

Numerous iterations and explorations for each construction type were explored until a lightweight design meeting the performance goals was found.  The best designs found for each construction method are described in the paragraphs below, followed by a summary of the results of finite element analyses of those designs.  Note that all the maximum Von Mises stresses from quasi-static accelerations were in the titanium mounts, and the highest stresses outside of the titanium mounts were very near the mounts.  The coordinate system of the finite element model has the xy plane as the plane of symmetry of the baffle, with the x axis as the optical axis, positive from the aperture toward the Primary Mirror.

Predominantly fabricated aluminum baffle model

Figure 4 illustrates this model.  Note that the area where the solar array is located is comprised of materials with higher densities to represent the additional weight of the arrays.  The shell of the baffle is comprised of 0.040” aluminum for the 47” of its length nearest the Primary Mirror (in purple [array] and dark blue), and 0.030” aluminum for the remainder of its length (in green [array] and cyan).  For 71” of its length at the base, the shell is stiffened by an array of external aluminum ribs, 2” tall by 0.040” thick (in brown).  The outermost (flat) baffle is 0.060” thick aluminum (in red, poorly rendered), with a 2” tall by 0.060” thick stiffening rib (in magenta, also poorly rendered) roughly 2/3 of the way from the baffle shell to the aperture.  The baffles are formed by 0.020” thick aluminum conical sections, with additional 0.020” reinforcement forming a triangular ‘box’ (in yellow).  Because of the scattered light two-bounce requirement, the reinforcements are on the aperture side of the outermost three baffles, and on the Primary Mirror side for the other six baffles.  The reinforcements on the baffles, flange on the end baffle, and latticework at the base of the shell all act to stiffen their respective adjuncts.  In addition, the junctions between the inner baffles and the end baffle and between the inner baffles and the shell serve to stiffen the end baffle and shell.

The first vibration mode at 35.7 hertz consists of overall cantilevered oscillation in the xz plane, coupled with ‘potato chip’ oscillations of the baffle cover.  The second mode at 35.9 hertz has overall cantilevered oscillation in the xy plane, coupled with deflections of the flat, flanged end baffle and the baffle cover.  The third mode at 41.1 hertz is similar to the second, but with the end baffle phase-shifted 180 degrees.
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Figure 4—Cutaway view of fabricated aluminum baffle

Predominantly aluminum honeycomb baffle construction

Figure 5 illustrates this model.  The shell of the baffle is constructed with 0.020”  aluminum face sheets on 0.30” thick core for its first 47” of length (in purple [array] and gray), and with 0.010” aluminum face sheets on 0.30” thick core for the remainder of its length (in green [array] and cyan).  An aluminum base flange 2” tall and tapered gussets, all 0.125” thick (in brown) stiffen and reinforce the mounting area.  The outermost (flat) baffle has 0.010” aluminum face sheets on 0.30” thick core (in red, poorly rendered).  The baffles are made from 0.008” aluminum face sheets on 0.25” thick core (in yellow).  Due to the stiffness of the sandwich materials, the end baffle and inner baffles do not require additional stiffening.  The innermost four baffles are flat as opposed to conical.  These baffles act to significantly stiffen the shell, and need not be conical for stray light reasons.  The fundamental natural frequency of the baffle is essential independent of core thickness for core thicknesses between around ¼” and around ¾”, while total weight increases dramatically with core thickness.

The first vibration mode at 35.2 hertz consists of overall cantilevered oscillation in the xz plane, coupled with ‘potato chip’ oscillations of the baffle cover.  The second mode at 36.6  hertz has overall cantilevered oscillation in the xy plane, coupled with ‘potato chip’ oscillations of the baffle cover.  The third mode at 42.5 hertz  has the shell twisting about the x axis, coupled with ‘potato chip oscillations of the baffle cover.
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Figure 5—Cutaway view of aluminum sandwich baffle

Predominantly thin-walled carbon fiber baffle construction

Figure 6 illustrates this model.  The entire shell of the baffle, the flat end baffle, and the end baffle stiffening flange are 0.030” thick carbon fiber/cyanate ester.  The baffle is reinforced with three circumferential bands 2” tall and six tapered gussets at the thermal mounts, all 0.060” carbon fiber/cyanate ester.  These reinforcing bands provide stiffness against modes in which the shell takes an oval shape.  The baffles are made of 0.020” carbon fiber/cyanate ester, configured identically to those in the fabricated aluminum model.  As a practical matter, note that if the shell were made from cured, flat material, then subsequently curved, induced bending stresses would be around 6.2 ksi—approximately one fifth the compressive strength and one twelfth the tensile strength of the material.  If the baffles and gussets were made from flat material, then curved, the smallest radius required would induce bending stresses around 3.7 ksi.

The first vibration mode at 42.5 hertz consists of overall cantilevered oscillation in the xy plane, coupled with deflections of the flat, flanged end baffle.  The second mode at 43.8 hertz has the solar array elements oscillating between the reinforcing bands.  The third mode at 44.1 hertz is overall cantilevered oscillation in the xz plane, coupled with ‘potato chip’ oscillations of the baffle cover.
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Figure 6—Cutaway view of carbon fiber baffle
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Table 1—Summary of baffle FEA results

Baffle Contamination Cover release scheme reliability

It is currently envisioned that the Baffle Contamination Cover will be mounted to the Stray Light Baffle using some number of Frangibolts.  An analysis of comparative reliability for different mounting schemes has been performed.

For structural reasons, it seems preferable to have a larger number of mounting points, while reliability issues would imply a smaller number of mounting points.  Therefore, various numbers of mounting points (N) have been studied.

In addition, two basic means of increasing reliability by using redundancy have been studied.  In one scheme, N Frangibolts are used to mount an intermediate flange to the baffle, and another N Frangibolts are used to mount the cover to the intermediate flange.  The primary release approach is to actuate one of the sets of N Frangibolts.  Should any of these primary Frangibolts fail to release, then the other, secondary, set of N Frangibolts is actuated.

The other redundancy scheme employs complete redundancy at each tie-down point.  At each of N tie-down points, a Frangibolt attaches a bracket to a point on the baffle, and another Frangibolt attaches a point on the cover to that bracket.  If any single primary Frangibolt fails to release, its backup is actuated.

Table 2 illustrates the total system reliability using these redundancy schemes for various numbers of tie-down points and for two different assumed Frangibolt reliabilities.  Also included are reliabilities for triple-redundant systems.  These results indicate the very clear reliability advantage that individually redundant tie-down points provide.
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Table 2—Reliability for different Frangibolt redundancy schemes

An important consideration for the use of multiple Frangibolts and Frangibolt Actuators in the cover release mechanism is the actuation time for each actuator, which will be on the order of one minute.  It may be expected that actuation times for individual actuators will vary by seconds and possibly by tens of seconds.  Therefore, to avoid binding or undesirable release dynamics, careful consideration should be given to any ejection mechanism that may be employed.  One approach would be a release scheme in which individual tie-down points are released one at a time, using sensors (Frangibolt Switch-Washers, for example) to ensure each bolt fracture, where the eject mechanism is designed to operate only when the designated final tie-down is released.

Conclusion

Three viable basic designs for the Stray Light Baffle have been developed using three different fabrication technologies.  Cost, weight, and other factors will be considered in selecting which designs or components of designs are pursued further.  Additionally, several different basic designs and release schemes for the Baffle Contamination Cover have been explored.  It is strongly recommended to pursue a framed, domed carbon fiber configuration employing individually redundant release mechanisms at each tie down point.
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99.9882%

6

94.15%

99.94%

99.66%

99.9994%

99.9800%

7

93.21%

99.93%

99.54%

99.9993%

99.9686%

8

92.27%

99.92%

99.40%

99.9992%

99.9539%
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		95%		reliability of each frangibolt

		99.75%		net reliability of two frangibolts in series

		99.9875%		net reliability of three frangibolts in series

				system reliability

		number of tiedown locations, N		non-redundant, use N bolts		individual series mounts, use 2N bolts		complete intermediate flange, use 2N bolts		individual series mounts, use 3N bolts		two complete intermediate flanges, use 3N bolts

		1		95.00%		99.75%		99.75%		99.99%		99.99%

		2		90.25%		99.50%		99.05%		99.98%		99.91%

		3		85.74%		99.25%		97.97%		99.96%		99.71%

		4		81.45%		99.00%		96.56%		99.95%		99.36%

		5		77.38%		98.76%		94.88%		99.94%		98.84%

		6		73.51%		98.51%		92.98%		99.93%		98.14%

		7		69.83%		98.26%		90.90%		99.91%		97.25%

		8		66.34%		98.02%		88.67%		99.90%		96.19%

		99%		reliability of each frangibolt

		99.99%		net reliability of two frangibolts in series

		99.9999%		net reliability of three frangibolts in series

				system reliability

		number of tiedown locations, N		non-redundant, use N bolts		individual series mounts, use 2N bolts		complete intermediate flange, use 2N bolts		individual series mounts, use 3N bolts		two complete intermediate flanges, use 3N bolts

		1		99.00%		99.99%		99.99%		99.9999%		99.9999%

		2		98.01%		99.98%		99.96%		99.9998%		99.9992%

		3		97.03%		99.97%		99.91%		99.9997%		99.9974%

		4		96.06%		99.96%		99.84%		99.9996%		99.9939%

		5		95.10%		99.95%		99.76%		99.9995%		99.9882%

		6		94.15%		99.94%		99.66%		99.9994%		99.9800%

		7		93.21%		99.93%		99.54%		99.9993%		99.9686%

		8		92.27%		99.92%		99.40%		99.9992%		99.9539%
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						fab'd Al		Al sandwich		carbon fiber

				total weight, incl. array, cover, mounts (lb)		345		299		234

				fundamental natural frequency (hertz)		35.7		35.2		42.5

		max stresses (ksi) in Ti thermal mount from accelerations		5g x-direction		9.3		2.4		9.6

				2.5g y-direction		13.8		3.7		14.9

				2.5g z-direction		12		3.2		12.9

				5g x-direction, 2.5g y-direction		18.2		4.4		18.4

				5g x-direction		2.6		4.7		2.9, -4.2

				2.5g y-direction		3.9		5.9		6.4, -6.2

				2.5g z-direction		3.4		5.5		5.5, -5.5

				5g x-direction, 2.5g y-direction		5.1		7.7		5.7, -7.9

		strength of Ti (ksi)				128		128		128

		strength of baffle mat'l (ksi)				40		40		74, 34       (tens., comp.)

		safety factors in Ti thermal mount from accelerations		5g x-direction		13.8		53.3		13.3

				2.5g y-direction		9.3		34.6		8.6

				2.5g z-direction		10.7		40.0		9.9

				5g x-direction, 2.5g y-direction		7.0		29.1		7.0

				5g x-direction		15.4		8.5		25.5, 8.1

				2.5g y-direction		10.3		6.8		11.6, 5.5

				2.5g z-direction		11.8		7.3		13.5, 6.2

				5g x-direction, 2.5g y-direction		7.8		5.2		13.0, 4.3

		acceleration at critical buckling load (g)		x-direction		55		na		24.5

				y-direction		26		na		27.5

				z-direction		70.5		na		60.5

				x-direction, y-direction (2:1 ratio)		30.1, 15.1		na		17, 8.5

		Stresses in metals are Von Mises, stresses in carbon fiber are Maximum Principal, Minimum Principal.
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