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Abstract

Off-Axis mirrors are used in space borne telescapesinimize the aberrations for improved opticatfprmance.
This telescope consists of concave hyperbolic pyn@ad convex hyperbolic secondary mirrors whiclphie
capturing the light from far away sources and abthe images on to the detector. There is a neelddmn and
analyze the opto-mechanical system to mount thegwsi mirror of diameter 146 mm and secondary miobr
diameter 49 mm used in this project. The opto-meiciah system needs to withstand the environmerftatts
during launching of the rocket as well as duringcsp operating conditions. Mainly the system encaensnthe
following types of environmental conditions: inertbads, vibrations and temperature excursions.sjeem needs
to be designed and analyzed to withstand the aborditions for failure as well as for distortioreér wave front
error on the optical surfaces at all operating @dmrs. The objectives of the project are as fokod) Prevention of
mirror from failure for any operating conditions.iduring launching of satellite in a rocket antbkite operation in
space and 2) Optimization of geometrical parametérthe opto-mechanical components for minimum Wweig
which helps in improving agility and life of thetsbite. In order to achieve the above objectives different kinds
of mounting configuration have been considered, elgrteaf spring ring mount and bipod ring mount.eTdpto-
mechanical system is modeled using Solid Works (C3dftware). Two types of finite element analyses. il)
modal analysis under clamped/free-free conditioth 2nlinear static analysis under thermal and iaddads have
been carried out using MSC Patran(FEA pre-proce&gmst-processor software) and MSC Nastran(FEA@ssor
software) to study the stresses induced due ferdift environmental conditions. Several iteratibiase been
carried out to arrive at the optimum design. Atiedf calculations are done and compared with tBA Fesults in
order to ensure validity of the results.
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1. Introduction

Opto-mechanical design of optical instrumentstiglatly integrated process involving many technigiakiplines. It

begins with a statement of need for a particuladvare item and a definition of goals and firm riegments for

the system’s configuration, physical characterstind performance in a given environment wherg ittended to
function. The design effort proceeds through adalgisequence of major steps and concludes only vihen
instrument is awarded a pedigree establishingoilfyato meet its specifications and to be prodiigethe required
quantity.

The mirrors used in this project have applicationd).V telescopes. Satellite based U.V telescopes a
developed for various science and astronomicaliesue®ne of them is the Solar U.V telescope, wischsed to
view the sun disc in the U.V region and to study slolar dynamics. The Solar U.V telescope consistn opto-
mechanical system to house the primary and secpndaror. Optical systems are widely used in sdfant
defense, and commercial applications. By their neatoptical systems often calls for stringent atigmt and
geometricalrequirements that must be met despite the presehatatic, dynamic, and thermal loads. These
requirements often couple the optical, structuaat] thermal domains and demand a coupled approaaptimize
the system’s performance.

As an example, an optical instrument inside a spaftemust meet a number of requirements:

* Be robust enough to withstand the static and dyodpading encountered during launch and ground
handling.

* Function after exposure to extreme temperaturesracgum conditions.

» Meet optical requirements in the presence of amatc, static, or thermal operating loads by mizing
distortions and relative displacements

» Be designed such that its requirements for prelaatjustment, calibration, and testing can be mé¢heé
context of the larger system

* Be lightweight enough to meet mass requirements

To achieve these objectives, an instrument’s dgsigoess undergoes through various phases thdveioth
analysis and testing. Once the results are four teatisfactory, a prototype will be made and arpental testing
will be carried out to assess the performance @sgstem under simulated conditions. Succeedinghwkiie actual
model will be made and the telescope will be retmye integrated with the spacecraft for the fitesting in
integrated mode and then for the launching.

This paper presents brief details of the opto-meidahdesign concepts which could be employed foumting
the off-axis mirrors for space applications .Sorfi¢he finite element analysis exercises and thesults are also
presented along with the analytical calculations.
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2. Design Constraints

¢ Since the diameter of the primary mirror is 146 nangap of 57 mm from the bottom part of the mitwthe
base of the mount is maintained based on the preliy design. The base to mirror centre distanceusnts
to 130mm. The base to mirror centre distance (180 must be maintained in the secondary mirror mesont

that the light rays falls appropriately on the eeflve surfaces to obtain the images.

¢ The mass of the mirror mount is dependent upondtat load carrying capacity and the number of pagb
being carried by the rocket. Along with this tel@se, many payloads are being carried by the romkétthe
weight of this telescope is governed by the wedajlihe other payloads. It has been decide thatiotiaé mass
of the telescope (Primary mirror mount + Seconatairyor mount) should be less than 6.5 Kg.

3. Opto-Mechanical Design

3.1. Primary Mirror Opto-Mechanical Design

A. Leaf Spring Ring Mount:The components of primary mirror opto-mechanicatey shown in figure 1. It can
be employed as a design concept to mount the pyimmétror having a diameter of 146 mm. Leaf spritiggr

mounting configuration is considered as a firstapt

Stand
Primary Mirror Component Mass (grams)
Mirror 2354.89
Ring 623.08
Stand 1695.43
Total mass = 4673.39

\

Figure 1: Exploded view of the primary mirror opteechanical system

The major contribution of the overall mass of tiseeanbly is the mass of the stand and there is oope
reducing the mass of the mounting structure. Howetie mass of the mirror is fixed and it cannotaliered once
the mirror design is finalized. The opto-mechangatem must be optimized for weight. It is alwdgsirable that
the mass shall be as minimum as possible withowifieéng the strength and stiffness. The initiahss before
optimization is found to be 5.345 kgs. The finalssafter optimization is found to be 4.673 kgs. fikid that a
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percentage reduction of about 12.6 % is possimeliain the final design, several iterations ameied out. Figure
2 and 3 shows the preliminary and final desigrhefgrimary mirror opto-mechanical system respeltive

Figure 3: Final design of the primary

Figure 2: Preliminary design of the primary ) )
mirror opto-mechanical system

mirror opto-mechanical system

B. Bipod —Mirror Mount: The leaf spring ring mount is replaced with a biggde ring mount having the same
contact area with the mirror. Bipod type ring mongtconfiguration is considered as the second aptithe

performance of both the type of mounts is compéaféglire 4 shows the bipod ring for the primary wirr

Figure 4: Bipod Ring for primary mirror

The mass of the stand is slightly modified to acemdate the bipod ring. Figure 5 shows the bipod nmount

assembly for primary mirror.

Component Mass (grams)
Mirror 2354.89
Ring 665.70
Stand 1668.07
Total mass = 4688.66
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Figure 5: Bipod ring mount assembly for primary moir

3.2. Secondary Mirror Opto-Mechanical Design

The components of secondary mirror opto-mecharsigsiem, shown in figure 6, could be employed assigt
concept to mount the secondary mirror having a dtemof 49 mm. Leaf spring ring mounting configioatis
considered. The opto-mechanical system is optimiaedeight by designing a mount having mass asrmim as
possible.Figure 7 shows the secondary mirror opto-mecharissémbly. For secondary mirror, analysis is carrie

out only for leaf spring ring mount since the weighsecondary mirror is less compared to primairyon

Component Mass
(grams)

Mirror 65.08

Ring 53.59
Stand 382.82

Secondary Mirror
3 Total mass

=501.49

Figure 6: Exploded view of secondary Figure 7: Secondary mirror opto-
mirror optc-mechanica mechanical assemb
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4. Finite Element Analysis of the Opto-M echanical System
4.1. FEA Procedure Employed

The CAD model is imported into MSC Patran (FEA Precessor) where the components are meshed using
CQUAD 4 elements by extracting the surfaces. ThaUBD 4 elements are then transformed into CHEXA 8
elements using the sweep/transform- extrude, aft;,dtc tools provided. Since accuracy is of tighést concern,
hexahedral mesh is the most preferable one. Rigity elements can be used to connect different esiesrif
required. Material properties, loads /boundary ¢orts are applied and the bulk data file (bdf)file generated.
The bulk data file is imported into MSC Nastranogassor) and MSC Access database (xdb file) isrgeete The
MSC Access database (xdb file) is imported backvi®c patran for post-processing purposes. The fatigw
material properties of the components are useldriinite element analysis and is given in table 1

Table 1: Material properties of components

Component Mirror Ring Stand Glue Screws
Material Zerodur Invar Titanium EC2216 B/A S.S
Young'’s Modulus(E) (Gpa) 90.3 148 108 0.689 193
Poisson’s Ratia) 0.243 0.29 0.31 0.43 0.3
Densityp (gm/cnT) 2.53 8 45 1.25 8
CTE (x 10°/°C) 0.05 1.3 8.6 102 16
Yield Strength (Mpa) 5-10 300 800 17.2 at 24°C 900

4.2. FE Model Assumptions

Following assumptions are made while carrying batfinite element analysis.

1. Mirror is assumed to be linearly elastic eveautgh it is brittle, because any brittle materiasges elastic

property when the deformations are in nano scale.

2. Glue layer is not modeled in the FE Models,hasdlue layers are very thin, very compliant and foodulus (E
< 1000 psi) rubber like and nearly incompressible 0.49). Each of the above features causes sdifieult in
modeling the adhesive layer. The sudden changkement size required to describe very thin layens cause
geometrical modeling problems. Due to computatidingtations, the optics and mount cannot be matieléh

such a fine resolution.

3. Screws are replaced with rigid body elements.
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4.3. Acceptance Criteria

The following are the stress levels within whick thdividual components of the assembly can beestidy to
while applying all types of loading conditions.

e Stressin mirror < 5 Mpa

e Stressinring <300 Mpa

e Stressin stand < 800 Mpa

e Stressinglue <5 Mpa

« Natural Frequency of assembly > 200 Hz

Environmental noise due to the launching of the&kebds considered while calculating the naturafjérency.
The frequency range of the noise is between 10HDOMence, the component must be designed in sucydhat
its natural frequency is more than 100 Hz. The gpezhanical mount is designed to obtain a natuegjuency of
above 200 Hz since the analysis does not condigemeiterial non-homogeneity, voids, cracks, ete Waidity of
the results is checked by testing the componemes #&$ assembly. Since the experimental resullisb&i closer to
the FEA results, a margin of more than 100 Hz iss@tered as the design target. (i.e.> 200 Hz)

4.4. Analysis of Primary Mirror Mounts
4.4.1. Leaf Spring Ring Mount
44.1.1. Modal Analysis

Boundary condition: The base is fixed with 6 degrees of freeddfigure 8 shows the finite element model of
primary mirror with leaf spring ring mount. Figueshows the Modal analysis result. Natural freqyesiatained is

242.02 Hz
3144001
Paran 2010 20-May-14 16:38:44 293+001
Fiinge: SC1 MODALFIXED, A3 Node 1 :Fieq.= 24202, Eigefed BB agnituce, (NON-LAYERED) §;§*gg}
Deform: SCI:MODALFIXED, A3:Mode 1 : Freq. = 242.02, Roha 2814001
Number of nodes: 16566 ! Q\ 210
‘ 1684001
\ 1.47+001
Number of elements: 11586 ‘ 1
8.38+00
6.29+00
419400
21040
defautt_Fringe
Max3.14+001 @Nd 14818
Min 0.@Nd 10610
Y’L\X default_Deformation
Max3.14+001 @Nd 14818
Figure 8: Finite element model of primary mirrotthvi Figure 9: Modal analysis result of primary mirror
leaf spring ring mount with leaf spring ring mount
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Several iterations are carried out to optimize ¢ipto-mechanical system for weight. The variationnatural
frequency with reduction in mass is presented éntéble 2.

Table 2: Variation of natural frequency with redantin mass

Iteration Mass Natural Frequency (Hz) Generalized Stiffness Value
( Grams)
1 5345.22 295.84 3.45E+06
2 4978.10 274.48 2.97E+06
3 4837.87 271.92 2.92E+06
4 4723.18 254.47 2.56E+06
5 4673.39 242.02 2.31E+06

From table 2, we can conclude that the results tpmiph the fact that natural frequency is diregbisoportional to
the stiffness of the opto-mechanical system. Funtbéuction in mass of the stand will lead to rdatucof natural
frequency. After five iterations, the design is siolered optimum keeping in view that the naturefiérency target
to be above 200Hz.

4.4.1.2. Linear Static Analysis

Boundary condition for quasi-static loads: The random vibration/dynamic load that arises riptihe launch is
converted to an equivalent Quasi-Static load usiigs' equation [1]. It gives an approximate methodfind
whether the component would withstand the dynawéd$. This eliminates in carrying out the dynanmalgsis.

However, for accurate prediction of stress distidny dynamic analysis may be conducted.

From Miles’ equation we have,
’7[ f, ASD ;
GR s n Q [ mput] (] )

Grus = Root Mean Square Acceleration in G's

Where,

f,= Natural frequency = 242 Hz

Q= iz Transmissibility (or amplification factor) at f

where( is the critical damping ratio.

A critical damping ratio of 0.05 is consideredcsirthe transmissibility / amplification is highthts ratio.

[ASDinut] = Input Acceleration Spectral Density girf units of f'—i =0.1
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x242% 0.1
Grvs = ’—2*2*0_05 =19.5
The mirror should be designed to withstand a mimmmandom vibration level of 3 x 19.5 = 58.49 tinggavity.

The primary mirror mount is designed to withstandreertia load of 70 g.

Boundary condition for thermal loads: Taking 20°C as the ambient temperature. The sys&esubjected to a
temperature variation of +30°C and -30°@T§£30°C). Figure 10 shows some of the FEA resultshef primary

mirror (with leaf spring ring mount) opto-mechanicamponents. Figure 10 (a) shows stress in theoméue to

709 inertia load in X direction. Figure 10 (b) shostress in the ring due to 70g inertia load inidéation. Figure

10 (c) shows stress in the stand due to 70g inexdigin X direction. Figure 10 (d) shows stresghi& mirror due to
plus 30°C thermal load. The stresses in mirroff, $paing ring mount and stand with 70g inertia |aagosed in X,

Y and Z directions and due to variation in temp@n@tre presented in section 4.4.1.3, summarysofte

45700 116:0
Pt 2010 20Map14 164224 4360 Paln 201022:1g141041% 10840
Fiinge: SC1:706X, A2 Static Subcase, Sress Tensar,,von Mises, (NON-LAYERED) 406+000 Fiinge: SC1:706X A2 St Subcase, Stess Tensor,. von Mises, (NON-LAYRRED) ;g‘g:gg‘
X
e iz
3144000 17601
2834000 6994001
2534000 6204001
220+000§ 5.45+001
191000 468401
1614000 3924001
130000 3164001
Q901 2384001
692401 1624001
sl i
defautt_Fringe Y defautt_Fringe
iy Mac4 674000 @Em 16801 1 NX Mat1 164002 @Eim 113441
t Hin 00-002 @€ 14023 1 z Min 81801 @Eim 10221
(a) (b)
2604001 125400
Paan 201022-Hay-1410:46:09 244001 Pafran 2010 20-May-14 16:4538 117400
Fiinge: SC1 706X, A2 Staic Subcase, Strss Tensor,, von Mises,(NON-LAGNAR g%*ggi Fringe: SCBTEMPPLUS30, A2 Static Subcase, Stess Tensar..von Mises, (NON-LAYERED) 109020
O 2 100400
190401 920001
1764001 837001
157001 756001
1404001 870001
128401 58701
1064001 504001
8784000 42101
7044000 3384001
5:30:000 254001
356400 171401
it iR
D default_Fringe default_Fringe
yTx Mar262¢001 @Em 3130, y Max 1 25+000 @Eim 15669,
v Min 8074002 @EIm 85841 t Min 472003 @6 174621
(c) (d)

Figure 10: FEA results ot the primary mirror (witkaf spring ring mount) opto-mecncanical components
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4.4.1.3. Summary of results

Table 3 and 4 shows the summary of results forcthraponents of primary mirror with leaf spring ringount
subjected to quasi-static and thermal loads res@gt The stresses in the individual componengsgiven.

Table 3: Quasi-Static Analysis results for compasef primary mirror with leaf spring ring mount

Von Mises Stress(Mpa) in component
Sl. No. Component for 709 load Allowable
X Y Z stress(Mpa)
1 Mirror 4.67 3.89 4.82 5
2 Ring 116 98.5 120 300
3 Stand 26.2 28 72.6 800

Table 4: Thermal stress analysis for componengsiofary mirror with leaf spring ring mount

Von Mises Stress(Mpa) in
SI. No. Component component due to thermal loagsAllowable
+30°C -30°C stress(Mpa)
1 Mirror 1.3 1.3 5
2 Ring 33.2 33.2 300
3 Stand 84.9 84.9 800

4.4.2. Bipod Ring Mount

4.4.2.1. Modal Analysis

Boundary condition: The base is fixed with 6 degrees of freedéfigure 11 shows the finite element model of
primary mirror with bipod ring mount. Figure 12 st®the Modal analysis resulNatural Frequency obtained is
230.64 Hz

Kaushik M. M, M. M. M. Patnaik, Venkateswaran R



Vol.2 Issue.7,

July 2014.

Pgs: 28-50

3304001
3084001
286+001

Fringe: SC1:MODAL FIXED, A2 Mode 1 : Freq, = 230.64, Eigenvectyss iRON{ude, (NON-LAYERED)
’ ’ \\ 2644001
Deform: SC1 MODAL FIXED, A2 Mode 1 - Freq. = 230.64, EigefiVeCtors fransigtional, \\ 2424001
2204001
1.98+001
A 110400
/ 8814000
Y/ 660:00)
/ 440+000)

1.76+001
| 220*0(}9

Patran 2010 22-May-1411:0456

Number of nodes: 25914

1544001

1324001

Number of elements: 18113

default_Fringe
Max3.30+001 @Nd 12682
Min 0.@Nd 6673
default_Deformation
Max3.30+001 @Nd 12662

Figure 11: Finite element model of primary mirrathw Figure 12: Modal analysis result of primary mirvath
bipod ring mount bipod ring mount

4.4.2.2. Linear Static Analysis

Boundary condition for quasi-static loads: Applying Miles’ equation (equation 1) for the pringamirror with
bipod ring mount configuration, we get

_ ,1‘[*230.64* 0.1 _
Grus = 7005 19.03

The mirror should be designed to withstand a mimmmandom vibration level of 3 x 19.03= 57.10 tinggavity.

The Primary mirror mount is designed to withstandreertial load of 70 g.

Boundary condition for thermal loads: Taking 20°C as the ambient temp. The system ijestdn to a
temperature variation of +30°C and -30°@T£30°C). Figure 13 shows some of the FEA resultshef primary

mirror opto-mechanical components.

Figure 13 (a) shows stress in the mirror due toi@dia load in Z direction. Figure 13 (b) showss in the bipod
ring due to 70g inertia load in Z direction. Figur& (c) shows stress in the mirror due to minuC3fermal load.
Figure 13 (d) shows stress in the stand due to300€ thermal load. The stresses in mirror, bigad mount and
stand with 70g inertia load imposed in X, Y andicdtions and due to variation in temperature aesgnted in the
section 4.4.2.3, summary of results.
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@) (b)

8.16+001

Patran 2010 22-May-1411:0137
022-May-14108629

ATEMPMINUSS0, Al Staic Subcase, Stress Tensor. . von Mises, (NON-LAYERED)

Patran 201

Fringe: SCE TEMPPLUS30, Al Statc Subease, Stress Tensor
Fringe: SC

2184001
1644001

1.10+001

(©) (d)

Figure 13: FEA results of the primary mirror (whitpod ring mount) opto-mechcanical components

4.4.2.3. Summary of results

Table 5 and 6 shows the summary of results for @orepts of primary mirror with bipod ring mount sedted to
guasi-static and thermal loads respectively. Thesses for all the individual components are given.

Table 5: Quasi-Static Analysis results for compasef primary mirror with bipod ring mount

Von Mises Stress(Mpa) in component
Sl. No. Component for 70g load Allowable
X Y Z stress(Mpa)
1 Mirror 1.60 151 0.98 5
2 Ring 272 262 120 300
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3 Stand 20.7 29.5 73.2 800

Table 6: Thermal stress analysis for componengsiofary mirror with bipod ring mount

Von Mises Stress(Mpa) in
SI. No. Component component due to thermal loadsAllowable
+30°C 30°C stress(Mpa)
1 Mirror 0.2 0.2 5
2 Ring 32.6 32.6 300
3 Stand 81.6 81.6 800

A comparison of stresses induced in the mirrotdaf spring and bipod ring mount are shown in tivenf of graphs

(figure 14 and 15) when they are subjected toimand thermal loads respectively.

g5 151 :
E 4 - == eaf Spring Ring % '
B 0
E 31 % 3 «4=eaf SpringRing
E i ~=-Bpoding ; 21 =#-Bipod ing
§ 0. ;": 14 k= Acceptance Criteria
| == Acceptance 0 —d
® Togx gy T0g2 Criteria Pus 30 Mins 0
Inertia Load Thermal load
Figure 14: Stress in mirror for inertia loads wihf Figure 15: Stress in mirror for thermal load with
spring and bipod ring mounts leaf spring and bipod ring mounts
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4.5. Analysis of Secondary Mirror Mount

4.5.1. Modal Analysis

Boundary condition: The base is fixed with 6 degrees of freeddfigure 16 shows the finite element model of
secondary mirror with leaf spring ring mount. Figut7 shows the Modal analysis result. Natural Feaqu
obtained is 499.11 Hz

1164002
Patran 2010 22-May-14 134956 1.07+002

Fiige: SCI MODALFIXED, Al Mode 1 Freq = 49911, Eigenvectors, Trnsialagniude, (NON-LAYERED) gg?‘gg:
p
Defom: SC1:MODALFIXED, Al Mode 1 Freq=499H,E\genvedor 'S%\ 8444001

/ 7674001
6.91+001
6.14:001
5374001
4604001
3844001
3074001
2304001
153+001

Number of nodes: 21657

e

Number of elements: 14927

767+0q9
defautt_Fringe
Y Max1.16+002 @Nd 17762
KJ Min 0.@Nd 2965
default_Deformation
Max1.16+002 @Nd 17762
Figure 16: Finite element model of secondary Figure 17: Modal analysis result of secondary mirro

mirror opto-mechanical system opto-mechanical system

4.,5.2. Linear Static Analysis

Boundary condition for quasi-static loads. Applying Miles’ equation (equation 1) for the sadary mirror opto-

mechanical system, we get
7x499.11% 0.1
Grws =\ 2e2+005 =28
The mirror should be designed to withstand a mimmrandom vibration level of 3 * 28 = 84 times gtsviThe

secondary mirror mount is designed to withstandhartial load of 90 g.

Boundary condition for thermal loads: Taking 20°C as the ambient temp. The system ijestdd to a
temperature variation of +30°C and -30°@T€30°C). Figure 18 shows some of the FEA resultthefsecondary

mirror opto-mechanical components.

Figure 18 (a) shows stress in the mirror due toifi@gia load in Y direction. Figure 18 (b) shoviess in the ring
due to 90g inertia load in Z direction. Figure t8 g¢hows stress in the stand due to 90g inertiad ilo& direction.
Figure 18 (d) shows stress in the mirror due touiB0°C thermal load. The stresses in mirror, §gaing ring
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mount and stand with 90g inertia load imposed inYXand Z directions and due to variation in tempee are

presented in section 4.5.3, summary of results.

2634001
Patran 2010 22-May-14 134322 Patran 2010 22-May-14 134531 2464001
Frnge: 90gy. A3 Static Subcase, Stress Tensor,. von Mises, (NON-LAYERED) Fringe: 90gz, A3 Static Subcase, Stress Tensor..,von Mises, (NON-LAY! 2284001
2114001
1934001
1.76+001
1884001
1414001
1284001
1064001
880400
bt 1060
520400
354+00(
: V e
¥ defautt_Fringe
= Max2634001 GEm 17091
99 910 Min 296:002 @Em 13461 1
@ (b)
2004001 230
Patran 2010 22-May-14 1346:37 196+001 Patran 2010 20-May-14 134352 2914
Fringe: 90gx, A Static Subease, Stress Tensor,. von Mises, (NON-UiR 1824001 Fringe: minus30, A3 Stafic Subcase, Stress Tensor,. von Mises, (NON-LAYERED) 2064
A 1684001 1904
1544001 1744
1404001 15940
1264001 1434
1124001 1274
9824000 1124
8434000 953001
704400 8024001
5,64+001 645001
4264000 488001
2864001 331001
y i g
d default_Fringe » aefaun_ange
Max2.09+001 @Em 46411 X Max237+000 @€Eim 181021
Min802-002 @Em 9613.1 Min 1.76-002 @Em 184371
(©) (d)

Figure 18: FEA results of the secondary mirroloepiechcanical components

4.5.3. Summary of results

Tables 7 and 8 show the summary of results for aorapts of secondary mirror subjected to quasiestatid

thermal loads respectively. The stresses for elilividual components are given.

Table 7: Quasi-Static Analysis results for compdsefi secondary mirror opto-mechanical system

Von Mises Stress(Mpa) in component foAllowable
Sl. No. Component 90g load stress(Mpa)
X | Y | z
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1 Mirror 1.71 1.49 1.02 5
2 Ring 12.4 18.7 26.3 300
3 Stand 20.9 5.93 20 800

Table 8: Thermal stress analysis results for coraptsnof secondary mirror opto-mechanical system

Von Mises Stress(Mpa) in Allowable
Sl. No. Component | component due to thermal loadsstress(Mpa)
+30°C -30°C
1 Mirror 2.37 2.37 5
2 Ring 31 31 300
3 Stand 87.2 87.2 800

5. Analytical Calculations

5.1. Glue Area

Guidelines for determining the appropriate adheanea for bonding prisms to mechanical mounts lagyeared in
the literature (Yoder, 1988, 2002) [2]. In genetlag minimum area of the bon@y,, is determined by equation 2.

Qmiv = WaGTfS (2)

Where,
W isthe weight of the optic
ac is the worst-case expected acceleration factor
fs is the safety factor
J isthe shear or tensile strength of the adhesive {asually approximately equal).
A safety factor of at least 2 and possibly as lagéour to allow for some unplanned, non optimwndition, such

as inadequate cleaning during processing, is taken.
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For primary mirror, we have

—239'81*70*2—18365 )
Qumiv = 2. 172 = .65 mm

Since the load is shared by 3 blades, a minimundharea of 183.65/3 = 62.25 rirper bladds required to
withstand the inertia loads. The bond area choseprfmary mirror mount is 611.56 nfm

For secondary mirror, we have

9.81x90%2
17.2

=6.67mm?

QMIN = 0.065

For the secondary mirror a minimum bond area.82 mnd per bladés required to withstand the inertia loads. The

bond area chosen for secondary mirror mount is7768f.

5.2. Stresses in Cemented and Bonded Optics Dueetoperature Changes

Fig. 19: Estimation of shear stress in adhesive

Vukobratovich (2002, 2003) [3] presented an anedytinethod, based on work by Chen and Nelson (19@8)
estimating the shear stress developed in a bonded @§s a result of differential dimensional chasget
temperatures other than that at assembigure 19 shows the dimensions of the leaf sprifichvis used for

estimating the shear stress in the adhesive. Titieg@e equations are as follows:

_ (apm —ag) AT S, tanh(BL)

5s Bte

®)

Ee

Se = 2(1+ ve) )
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Y
=1 G rme)l” ®)

Where,
S, is the shear stress in the joint
ay andag is the CTEs of the metal and glass, respectively
AT is the temperature change from assembly temperatur
S, is the shear modulus of the adhesive
tanh is the hyperbolic tangent function
L isthe largest dimension (length, width, or diametdithe bond
t, is the thickness of the bond
E, andE; is Young’s modulus for the metal and glass, retbpely
v, is the Poisson'’s ratio for the adhesive

ty andt; is the thicknesses of the metal and glass compsn@spectively.
For primary mirror, we have

E, =689.5Mpa; v, =043; ay = 1.26+107° /°C;a; =5+1078 /°C; L = 38.22mm; ty = S5mm

689.5

tG=16mm; te=0.1mm; Se: m

= 241.08 Mpa

b= [(241'08) ( ot 0 )]1/2 =0.070 /mm ; BL = 0.070 * 38.22 = 2.6754

0.1 147000%5 9060016

¢ (1.26 + 107¢ — 5% 1078)(30)(241.08) tanh(2.6754)
s 0.070 * 0.1

= 1.23 Mpa

This stress causes no damage to the mirror.
For secondary mirror, we have
L=24.50 mm ;ty = 294 mm; t; =6mm;t, = 0.lmm;S; = 0.86 Mpa
This stress causes no damage to the mirror.
5.3. Thermal Stresses Developed Due to Temperdixeursions

Tensile or compressive stress may be caused bictesf thermal expansion. Thermal stress can britzed as
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o= Ee (6)
= Ea AT

Where
o = stress due to temperature expansion (MPa)
E =Young's Modulus (Mpa)
€ = strain
o = temperature expansion coefficie?C)y
AT = temperature differencéQ)
Differential displacementAL) = Aa x AT x (Mirror Diameter /2)
= (1.26 —0.05) x 30 x (146 /2)°1= 2.6495 x 18
e= AL/L 7)(
= (2.6495 x T/ (146) = 1.815 x 18
6 = Ee =90600 x 1.815 x 10 = 1.64 Mpa
The analytical and FEA results are compared and/sthio the table 9 below.

Table 9: Comparison of Analytical and FEM Resulie tb Thermal Load

Component Stress by Analytical Calculation StresmfFEA Result
Mirror 1.6 Mpa 1.3 Mpa

5.4. Stress Induced in Mirror due to Inertia Loads

Stresses are induced in the mirror when the migraubjected to inertia loads during launchinghef tocket. This
section gives an analytical way to calculate thesst
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120°,
60°(60°

* o
E F* Cos 60

y 2.3Kg

Figure 20: Stress in mirror due to inertia loads

Consider the free-body diagram shown in figure BPBe weight of the mirror is 2.3 Kg and it acts ity
downwards. F is the force acting on the blade dueeight of the mirror.

Force = Mass * Acceleration
Resolving the force (F), we get F * cos’60m*g

=2.3*%9.81=22.563 N
For 70 g load, F * cd¥ & 22.563*70
F=3158.82 N
Since the load is shared by the two bottom blades,

F _ 315882

2

= 157941 N

R is the reaction force acting on the mirror.

Reaction Force __ 157941

Stress = =
Contact area of blade 611.56

= 2.58 Mpa = 2.6 Mpa
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Patran 2010 22-May-14 10:47:43

Fringe: SC3:70G-Y, A2 Static Subcase, Stress Tensor. , von

1.66+00
1.30+00¢
1.04+00
787-001
6529001

35864

default_Fringe
Max 3.89+000 @EIm 15762.1
Min 1.22-002 @Elm 17626.1

Figure 21: Primary mirror subjected to 70g ineltiad in —Y direction

The analytical and FEA results are compared andishio the table 10 below

Table 10: Comparison of Analytical and FEM Resdlig to Inertia Load

Component Stress by Analytical Calculation StressfFEA Result
Mirror 2.6 Mpa 3.89 Mpa

In the analytical approach for calculation of str@sthe mirror due to inertia loads, it is assurtieat the mirror is
of symmetric mass. However, the mirror used infthige element model (figure 21) is of asymmetriasa. This

explains the variation of analytical results witBAresults.

6. Conclusion

1. The opto-mechanical design implemented for primemg secondary mirrors in this project has yielded
successful results. The overall weight of the as&derfprimary mirror mount + secondary mirror mount)
has met the mass requirements (<6.5 kg) by suitgiilmization.

2. The opto-mechanical system should withstand theatitms encountered during launching of the rocket.
The natural frequency of the system (>200 Hz) she! away from the operating range of frequency (10
100 Hz). It should also survive the effects duegaiedom vibration as the system is designed fordrigh
inertia loads using Miles' equation [1].

3. The linear static analysis result of the opto-meatal assembly has met the required targets. Mbbeing
a brittle material, the main concern in this projscwhether the mirror would withstand the chanies
environmental conditions. The stresses inducedhénmnirror due to thermal and inertial loads arel wel
within the acceptance criteria (< 5 Mpa). The stessinduced in the mounts are also within the \s&lelss
of the material which indicates the design of thgeanbly is safe.

4. Two types of ring mounts are compared. Namely $gaiing ring mount and bipod ring mount. From the
finite element analysis results it is observed tihe stresses induced in the mirror due to ineatid
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thermal loads reduce when bipod ring mount is ug&pod ring mount has given better results when
compared to leaf spring ring mounts.

5. The materials/material properties selected for #isk is ideal. Invar can be used as ring mounit &s
compatible with Zerodur (Mirror). Titanium can bsed as it has high strength/stiffneatio. The glue
material (EC2216) employed in the contact aredsise eompatible as the shear stress induced inlthe g
due to temperature excursions is low (< 5 Mpa) cWikeeps the mirror safe and it has better sheamgth
than most of the adhesives.

6. Analytical calculations for thermal stresses depetbdue to temperature excursions and stress iddoce
the mirror due to inertia loads comply with the FESults. The validity of the FEA results is esistid.
Hence, it can be concluded that the mounting candion employed in this work can be used for

mounting small off-axis mirrors for the optical ssmms used for the space applications.
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