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Section 1
INTRODUCTION AND SUMMARY

1.1 INTRODUCTION

The object of this study is to identify a feasible concept for a launchable
three-year lifetime helium dewar from which the required technology development
tasks can be identified. In order to keep the dewar size and weight within
reason, it is important to reduce the parasitic heat load below those obtained
on current flight dewars, designed for durations on the order of one year., In
order to determine which areas provide the largest improvement potential, a
breakdown of the parasitic heat 1loads of current helium dewar designs was

examined. For example, on the IRAS program, the breakdown is as follows:

IRAS Parasitic Heat Leak [1-1] %
Multilayer Insulationl 14
Tension Band Supports? 67
Plumbing? 2
Wire Leads? 17

100

1. Three vapor-cooled shields

2. Vapor cooled

1-1



The tension band support represents one of the most advanced support
technoloaies currently available yet still constitutes two-thirds of the

parasitic heat load.

For this reason, Lockheed started an in-house effort in 1978 to deveiop a new
support concept that has a thermal conductance value at least an order of
magnitude below the tension band system. The passive orbital disconnect strut
(POD3) that 1is currently being developed and is described in this report
exceeds that goal and cuts the dewar weight in half (as compared to tension
bands) for the same mission requirements. Consequently, qualification of the
PODS supports is a key item 1in demonstrating the feasibility of a 3-year
lifetime dewar.

Insuring the wire feeds are adequately cooled with venting helium 1s another
key item and a design concept to accomplish this wss developed on this program.
Decreasing the thermal conductivity of multilayer insulations is another area
of potential benefit, particularly in the low temperature range where radiation

becomes less important and conduction begins to dominate.

A1l these technology areas are addressed in this study and development plans

1aid out to verify their performance.

1.2 SUMMARY

Using the dewar requirements established for this study, two trade studies wers
performed. The first trade study selected which cryogen(s) should be used

while the second trade study examined different support concepts. A single

1.2



stage helium dewar plus PODS supports were chosen. Additional system analyses
were performed so a preliminary dewar design could be laid out. The dewar
performance was calculated and performance sensitivity analyses were
performed. Finally a technology development plan was prepared and costed that

demonstrates the recommended design approach,

Section 9 of this report provides a description of the computer programs used
in the study. The thermal and structural properties of materials analyzed in

the program are provided in Section 10.



Section 2

DEWAR REQUIREMENTS

The contract requirements for dewar performance were used throughout the study.
The selected dewar design in Section 5 meets or exceeds all of the following

requirements as shown here.

Selected Dewar

Contract Performance
Requirements {Section 5)
1. Orbit Tifetime 3 Years > 3 ,2ars for vacuum

jacket temperature
< 300K (< 540R)

- - - - - - - - - ——— e | > - . - e o | - = - - -

2. Shuttle launch loads Launch loads: raunch loads:
10g axial 10g axial
10g laceral 10g lateral
3. Cargc bay Must fit in 4,.5M diam. Dewar dimensions:
(180 in) by 18M long e Diameter 1.48m
(720 in) cargo bay. (58.3 in)
e Length 4.55m
(179 in)
4. Spacecraft power Control power of 25W |Maximum control power
at 24V will be avail- | reguirements are 24
able. watts {momentary)
5. Support resonance > 35 Hz launch 35 Hz launch (min)
requirements > 20 Hz orbit 20 Hz orbit (min)

(Assumes rigid tank
and vacuum shell

rings)
6. Total loaded dewar weight < 2000 kg 989 kg
including helium and (< 4409 1b) (2180 1b)
200 kg {441 1b) instru-
ment.
7. Dewar reuse possible? Expendable system Yes, reusable systcm
allowed except for aperture
covar

i - w Y W D P D W e S A A e e T A e o Gt s | O e S e s e e A A e e b we e
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Contract

Requirements

Je.ected Dewar
Performance
{Section 5)

8. Ground servicing

Dewar orientation in
space

Ground command links
to dewar

- o en - - s s - - . . -

- - ) - . - - - -

Instrument character-
istics

e Size
e Weight

Max temperature

e Continuous heating

e Joule
e Aperture radiation

o Wires

No ground servicing
allowed one day before
launch; intermittent
servicing allowed
duiring preceding two

- o - - - —— -

One side assumed to
always point away from
Sun. Radiator considered
as part of the thermal
protection system,

- - e - - - = - - -

Not iast longer than 10

1M diam x 2M long

200

days.

vears.

KG (441 1b)

2K (3.6K)

10 mW (0.03 Btu/hr)
1 mW (0.003 Btu/hr)

400 ea coax cables

e /2 mil diam SS wire
e 10 mil 0D x 2 mil

Ground servicing required

11.1 davs prior to launch;

no additional servicing
reguired.

3-year lifetime achievable
as long as aperture doesn't
view Sun or tarth,

Valves PV7 and RAY3

opening and apercture
cover separatioan can be
commanded from the ground.

- - - - - - . " - -

- - - - - - - - -

Same
Same

Same

Same
Same

Same

(Additional wires required

' SS sheath for valves and
e Teflon insulation instrumentation)
Manganin wires
e 200 ea #40 gage
e 40 ea #32 gage
o 10 ea #24 gage

2-2




Section 3

CRYOGEN SELECTION ANALYS!S

Analyses were performed to determine whether a single stage or dual stage
dewar is optimum and which cryogens should be used. Since the instrument
cooling requirement is < 2K (< 3.6R), only a superfluid helium dewar can meet
this requirement. The question remains which guard cryogen should be selected
for the dual stage concept and whether a single or dual stage dewar is
optimum. This section provides the data to answer these questions. The major
analyticai toel wused in these analyses is the CRYCP program described in

detail in Section 9.

3.1 SELECTION OF GUARD CRYOGFN CANDIDATES

Prior to performing the single stage vs. dual stage trade studies, it is
necessary to narrow the number of potential gquard cryogens used on the dual
stages to a reasonable number. A preliminary analysis was performed on CRYQP
tor He/CHgq, He/Ne, He/Hp and He/Nj. This analysis was performed before CRYOP
was modified to h>adle up to six vapor-cooled shields and the PODS support

option.
The supports for the dual stage system consist of 1large-diameter folded

fiberglass tubes, which provides a cantilever-type support similar to previous

coolers which have been developed and flown [3.1].
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The vapor cooling utilization for the helium was based on cooling the
He-1I/quard cryogen supports, then cooling the guard crycgen, and finally the
outer shell/quard cryogen supports. A vapor-cooled shield in the multilayer

insulation was not assumed,

The relative system weights were determined for several gquard cryogens for the
nominal parameters. Sensitivity studies were conducted for the helium/solid

neon case only.

The nominal parameters at X/XyoM = 1 are:

° Instrument heat load = 21 mW (0.07 Btu/hr)

° Multilayer insulation is double aluminized mylar with 2
silk net spacers each.

° Vacuum jacket temperature, Ty = 200K (360R)

The results shown in Fig. 3.1 indicate the He/Hp, He/N; and He/Ne have similar
weights with the He/CHgq somewhat heavier., The He/Hp system represents a
safety impact due to the flammable H; and also has a substantially larger
volume than the others, so appears to be an unlikely choice, while the He/CHg

system also has some undesirable safety features due to the flammable CHg.

The prime candidates to be studied further are therefore He/Ne and He/Nj.
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Fig. 3.1 Guard Cryogen Trade Studies
3.2 SELECTION OF TANK CONFIGURATION CANDIDATES

A trade study was performed to determine which tank configuration was most
suitable for use in the single stage LHe dewar for maintaining the 1 m (39.4
in) diam. x 2m (78.7 in) long instrument at < 2K (< 3.6R} for three years.
General criteria normally used in selections of this type include weight,
moments of inertia constraints, limitations on C.G. shift, geometric

constraints, technical risk, cost and schedule.



Criteria Contract Requirements

Weight < 2000 kg (4409 ibs), total system
including the instrument

MOI constraints None specified

Limitations on C.G. shift None specified

Geometric constraints Fit into the Shuttle Cargo Bay, 4.5
m (15 ft) diam. x 18 m (60 ft) long

Technical risk, cost and Development program not to last

schedule longer than 10 years

As can be seen from the table, the contract requirements provides no

sigificant constraints on any of these criteria.

The tank configurations considered in the single-stage dewar study are shown
in Fig. 3.2. The tank size shown is based on a very preliminary estimate of -

the total heat load into the helium using three vapor cooled shields.

- —31.22m fo -~ 1 e — I —
T (88.0 1N) s (3.3 I8 (9.4 IN) T
f
j
|
|
i
{
!
CONF 1 CONF 2 CONF 2
m (3P

{78.7 IN} T
|
> |
: im

¥.4 N 3.2 .
130.7 IN)

i
' '

L T T vyt ——
(39.4 1) (57,5 IN)

TAMKS ARE SCALED FOR AN EQUAL YOLUME OF 0.85 m*(0 FT’)

1

Fig. 3.2 Candidate Tank Configurations for Single Stage He Dewar
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Instrument Joule heating : 10

. : Given
Aperture heating - o ' 1
Wires (400 SS coax, 250 manganin) 4
M1 (varied with surface area) g |
Supports (PODS) 1 Calculated
Fill Yine - U

27 (0.092 Btu/hr)
*Ratioed from data in Ref. 3.2

25% margin (1ncluding ullage) )

The candidate configurations consist of 1) a toroidal tank that extends the
full 2 m (78.7 in) length of the instrument; a conduction shield closes off
one end of the instrument cavity; the other end is opened to space after
achieving orbit; 2) a toroidal tank that extends halfway, ! m (39.4 in), along
the cylinder with a conduction shield extending the other half of the
cylinder; one end is also closed off with a conduction shield as in
configuration 1; 3) a cylindrical tank with /Z /1 ellipsoidal ends and 2 2 m
(78.7 1in) long by 1 m (39.4 in) diameter conduction shield extending around

the instrument cavity.

Table 3.1 provides the criteria used to rank the three tank configurations.
A1l of the factors gffecting system weight are summarized in Table 3.2.
Configuration 3 is the lightest weight system followed byl configurations 1 and
2. Although the instrument/C.G. load patk will decrease vtMs weight advantage
for configuration 3, it is doubtful it would be large enough to change these
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Table 3.1 CRITERIA FOR RANKING TANX CONFIGURATIONS (SINGLE STAGE DEWAR)

Criteria = - D
Objective Criterta
Delta weight, kg (1b) (see Tadle 3,2) 36(79) 42(93) 0
External (Ty) surface area, normalized 1.0 1.09 1.12
Tank surface area, normalized 3.3 1.9 1.0
Spacecraft dimension, normalized
: k:::::cr }Zgz 1:26 {:86
Subjective Criteria(l)
Tank manufacturing complexity 3 2 1
Vacuum shell manufacturing complexity 1 2 1
Fill time based on miss to be cooled 3 2 1
(1) 1 ts most desirable ranking
Table 3.2 PRELININARY WEIGHT COMPARISON FOR TANK CONFIGURATIONS
— T F 17
{tem : 5 — -
Tank(1) 142 m 69
Vacuum Jacket 22 20(2) {223
Conduction shield around instrument 1.1 5.4 17.8
Vapor-cooled shields (3) (t « 0.05 cm or .02 in)| 49 $3(2) | sa.8
mi 9.8 10.7(2) | 11.0
Helium 103 112 118
Instrument CG/load path (3)
Total Wt., kg (1b) ]S526(1160)] $32(1173) |490(1080)
aWt., kg (1b) |_36(79) 42(93) 0

Includes 1.7% aluminum fosm
Weights ratioed from data in Ref, 3.2

8

but were not calculated due to lack of design detall,

These weights will de higher for configuration 3 than either 1 or 2,




preliminary weight rankings. Configurations 1 and 2 have a significant length

advantage over configuration 3.

When considering these criteria plus the others listed, there was no clear cut
choice between the three configurations. Configuration 3 1s the lightest; on

the other hand, configurations 1 and 2 are considerably shorter and the dewar
CG will change less as the tank is drained; configuration 3 is judged to be
the least complex design to manufacture and assemble. ODue mainly to the

lighter weight and lower manufacturing complexity, configuration 3 was
selected over configurations 2 and 3. This selection of tank configuration 3
was made for representing the tank weight and envelope during the crycgen
selection analysis. This choice should be re-examined when more detatled

system requirements are defined.

The analyses performed in Section 3.1 narrowed the selection of the secondary
cryogen to solid nitrogen or solid neon to go along with the primary
superfluid helium tank. These same preliminary studies showed the secondary
tank volume to be considerably smaller than the primary tank volume. For this
reason a small toroidal, secondary cryogen tank (to minimize dewar length)
plus an ellipsoidal LHe tank was selected for the dual stage cryogen selection
analyses. Fig. 3.3 shows both single and dual stage tank layouts. Note the
primary tank and conduction shield are supported off the secondary tank. The

secondary tank is supported off the vacuum shell,



o ¢ & (340 ("'ll(u.m
JNSTRUNENT
c.?
TR c.l.l — SECONDARY TAM
PRI QU PupR— SUPPORTS (6 EA)
p——PRINARY T
L SUPRORTS (6 £A)
LHe

Fig. 3.3 Selected Tank Configurations for Use in the Cryogen
Selection Analysis

3.3 SINGLE VS. DUAL STAGE TRADE STUDIES

These studies were performed using the CRYOP program described in Section 9.
When these analyses were performed initially, an error in the modified vapor
shield optimization subroutine caused the calculatead heat rates to be too low.
This error was discovered after the design of the selected single stage dewar
was well advanced and the detailed thermal nodal model of the design showed
higher heat rates than were calculated previously by CRYOF, Consequently, all
these trade studies were rerun to see {if the conclusions reached previousiy

were still valid. They were, in most cases examined, but the selection ot a
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single stage dewar over a dual stage dewar was not as clear cut as shown
previously by the incorrect analyses.

Using the corrected CRYOP program, the trade study was repssted for both
single and dual stages using the tank configurations shown in Sectioh 3.2 and
the assumptions shown in Table 3.3. Parameters that were varied include the
instrument heat load, warm boundary temperature, and number of vapor cooled
shields.

Nominal case tabular outputs from the CRYOP program are shown in Table 3.4
(He), Table 3.5 (He/Np) and Table 3.6 (He/Ne). The output includes the dewar
length (minus the aperture cover), dewar diameter, design lifetime (including
a 20% margin), optimum insulation thickness, location and temperature of the
vapor cooled shields, parasitic heat load with and without vapor cooling, tank
volume and a weight breakdown of the dewar (minus the aperture cover). The
aperture cover length and weight were added in manually after the runs were

completed.

Note that under "EXPERIMENT WT*, 17.6 kg (39 1b) was added to 200 kg (441 1b)
of experiment weight 218 kg (480 1b) total to account for the inner conduction
shield extending up from the helium tank surrounding the 2 m (78.4 1in) long
instrument and providing a< 2K (¢ 3.6 R) boundary, The nominal values used

“or the cryogen selection studies are shown in Table 3.7.
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Table 3.3 ASSUMPTIONS USED IN CRYOGEN SELECTION ANALYSIS

SINGLE STAGE DUAL STAGE
_  PRIFRRY SEUONRRY
Tank Configuration A Cylinder, Aluainum Cyl inder 6061
)| Aluminum
1ed with 1. Tumi Ring Stiffened Plus R tiffened
(Filled with 1.75 Alminum Foam) Ellipsoidal Ends | Plusy3/) Ellip- | TOrus
soidal Ends

Vacuum Shell

6061

Aluminum Cylinder,
Ring Stiffened Plus
Y21 Ellipsoidal Ends

6061 ‘
Aluminum Cylinder, Ring Stiffened Plus
/1 Ellipsoidal Ends

Supports(Vapor Cooled) PODS, 6 EA. PODS, 6 EA. PODS, 6 EA.
Primary Conduction Shield Around 6063 Aluminum, 17.8 Kg 6063 Aluminum, -
Instrument (39 18) | 17.8 kg (39 ) |
Vapor Cooled Shields 6063 Aluminum 6063 Aluminus 6063 Alumimum
0.05 o= (0.02 in) Thick

Multilayer Insulation

Double Aluminized Mylar/Silk Net Spacers

Aperture Cover

39 kg (86 1b) Weight
0.5 m (19.7 in) Length

39 kg (86 1b) Weight
0.&'(19.7 in) Length

Plusbing (Vapor Cooled)

1 Fill, 1 Vent

Cooled

re Led [ ]

- aabon

400 Coa i

S Shields rigera

Suppiemental Cooling (Radiato;-s.

No

1 Fill, 1 Vent

1 Fill, 1 Vent,
| 2 L1
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Table 3.4 CRYOP OUTPUT, Ak DEWAR

OPYINIZATION OF MLY THICUNESS -
APES BASELINE COOLERe @ INOT=I1. RUe 200 & SHFLLe 9 AL VEWT SNICLOS CAaSt
SYSTER CUTER O1a= 34,20 INe TOTAL LENGTNE 360481 ENe TANK WALLE 29 1N
PATPARY TANK LENGTNE  70.07 IN
CESIEN LIFCTINE 1095, DAVEe SNELL ViANe 280, K

CRYOSEN TEMP, WCY SOUND. NT SURL OLNSITY SPEC UT & OUT R IN VEAY MALS
CES & ARY TERESR BTU/ LA LO/CU FT BTU/LE-F TN, 1IN, SHDS LINES

+ELILN 2, 200, 8.8 9.0 120 19.7¢ 00 9 2
e TYeE COND.oBTU/ LAVERS OENSITY THICKNESS ACCELER. FACTOR RAD ALI

HA-FI=f PER INCH LO/CU FT XN, ANIAL  TRANS {8
RLEZSILK NET  o708-9% . 192 6e29% el =e00 1.80

PODS SUPPORT SYSTER

PRIN, VC SHIELLC LOCATICNS (X/710T7ALD ol o253 00 ST .78
PRIN, ¢C SHIELD YENPERATURES (KX) 237 3967 6504 102e1 10Ge6

HEAT LOAS (A ATTS)
PRINARY SECONDARY  RADIATCR

CAPERTPENT *011 «0089

NC VENY COOLING, TOTAL 086 +000

SITH VENT COOLINGs TOTAL 023 «000 <000
INSLLATICN 014 s 08¢ «000
SCPPLORTS ot 00 *e00¢ «008
LEAC VIRES «008 o000 «000
sLLPAING 002 o000 «000

HEAT REMOVALe TOTAL -e000 «.008
INSULATICA «000 o000
SLPPCATS «000 ~e080
LEAD VIRES o004 «s000
sLUrRING o800 o800

T REPOVAL BY VENT GAS -e 000 -e800
TcCTaL «036 «000 «000

CALCLLATED LEFLIINE CCAYS) 109%.08 «00

TAAK YCLUPE (CU FV) a0.8051 +000¢

CRVOEEN WY (LO) 40,22 90

ORY TANK &7 (L®) 229.09 00

IASULATION WY LA) 163,99 o0t ]

VENT SHIELD WY (LO) 229,85 00

SPICLL o7 UUD) +00 «00

VACULP TANK Y CLE) 394418

NOUNTING PLATE VT LO) o8

nisc. 4T WMy 102.08

SLPPCRT ut (LB) 3049

CRPERTIPENT UT ILOY 003.00

TCYAL DAY ¥7 LB 1682478

TOTAL SEIGNT LITH CRYDOFNS ¢(LO) 2002499

CYLIACRICAL VOLUNE (CL FT) 221.73%
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Table 3.5 CRYOP QUTPUT, He/Np DEWAR

OPTINIZATION OF MALI THICKNESS
APES=1 VE/ND COOLER, O INSTai3. M 203 K SHELLe | ME SHDe3 NP SNDS CASE ¢
- SUSTEP CLIER 0188 34,08 0y TOTAL LENSTNE 133,4C INs TANK wAlLS o19 IN
PRICARY TANE LEAGTNE 40001 6
SECONTARY TANN LENGTNE Qo335 TN
CESICR LIFETIPE®1099, DAVSe SHNELL TEWE 200, K

CRYCEEN TENP, HCT BCUND= N7 SUBL OENSITY SPEC HY R GUT A N VENT PLS
CL6 K ARY TERPoK ATY/ LB LB/CYU FT BFUZLO<F LN, N, $HDS LINTS

tELILP 2e 3. | P 9.0 120 19,79 03 1 2
(Y] . 200. 188.0 3S.0 -2 21.9% 0% 3 2
ALY TyeE CONDoBTU/ LAVERS OENSETY THICKNESS ACCELER, FACTOR RAD "I
PRF 1-F PER JNCH  LO/CY FT N, ARTAL TRANS LN
PLE/S LK MET  L102-0°% 37 192 179 ool =G0 1.92
SIS MET L0270 7. 1e%2 L FY 1]

FCCS SUPPORT SYSTER
PRIP, ¥C SRIELD LOCAVIONS (N/TOTAL)D 26

PRIN. ¥C SHIELD YENPERATURES (X) 13.6
SECe ¥ SPICLE LOCATICHS (X/707AL) 023 o830 o178
SECe UC SHITLL TEMPERATURES (n) T8.8 1189 160,

HEAT LOAD C(bATTS)
PRIRARY SECONUARY  RACIATOR

ENFERIPENY o013 «80°0

NC VENT COOLING: TCTAL o029 o908

WiITH VENT COOLING, TOTAL + 807 233 of0"
IASLLATEICH oloS YLl 0d0¢
SLPFCEATS N1} o148 0007
LEAT sines Y24 «019 «008
PLUPRING o0} +098 «00¢

HEAT AEROVAL, TCTAL .19 =49090
JASLLATICA s 82% =0
LOPCRTS 029 =s000
LEAD WINRES =e80Y *e30C
FLUPEING °ed%3 L= 117

*7 REPCUAL BY VELT GAS ~e13% ool 0C

TCTAL °J18 " o087 obutC

COLCULATED LIFLTIPE CCAYS) 109%.49 " 1093.5¢

TANK WOLURE (Cy FY) 20,4476 1.037)

CRYOGEN <Y (LD 22103 7.0

OPY TAMK OV ¢CL®Y t21.1¢C %19

I0SULATION ¥Y (LW) 32063 L APy 3 o0l

VYINT SMITLD &1 ¢LO) 32.7% 113.72

SNIELE of o) 393 of"

VACULP TaAK LY ¢LP) 298,72

PCUNTING PLATE WY WD) 1

"18C, WY W"n) 76 .08

SAPPCET »? (LB) 2019

ERFEBINENT Y (LY 680,20

TCTAL CRY uT 18) 1294,8%

TOVAL WL IGNT NITH CRYQGENS (L¥) 1573.32

CYLINCRICIL WOLLPE ¢(CL Ty 108,318

3-12



U FAGE

Table 3.6 CRYOP QUTPUT, He/Me DEWAR

OPTINI2AYION OF MLI THICKNESS
ANESeg FE/NE COOLER, G INST=11. Miye 250 KX SNELLe 0 HE SHOeS NF SHAS  CASE 6

SYSTER CLTFR CLAZ 0098 Ihe TOTAL LENGTNS 132,87 IN, TANK YALL: ,1R IN
, PRIPARY TANK LENGTIHS 41,75 IN
SECONCARY Tanm LENGTH: T.16 IN
CESIEN LIFEVINE=109%. DANSe SHELL YEMNP2 200. K

TEMP, PCY RCUND- NPT SUBL CENSITY SPEC WY R our
CEG X ARY TENPK BATU/ LB LB/CYU FT  ATU/LB-F In,
PELILS - 2, 14. 3.8 9.0 Le2¢
REON 18, 220. L} P fle0 2%

P 16 VENT PLS
INe SHDS LINES

19.70 0% 0 2

20,85 466 3 2

CRYCSEN

MLl TYPE CONDWoRTUZ LAVERS OENSITY YHICKNESS ACCELER. FACTOR RAD WPLT

- HR-FT-F PER INCH LO/CL FT N, ARIAL TRANS INe
PLE/SILK AET  o2%a=2¢ 37. 1.92 ore . =l =of¢ 1.30
PLISSILK MET L 747-23 3. 1e92 - S50 -

FGDS SULPPORT SYSTEN -

SECe VC SHIELC LOCATIONS (X/TJTAL) el6 37 65
SECe VC SHIELD TEMPERATURES (X) 396 7842 13361

HEAT LOAD (LATTS)

PRIPARY SECONDARY RACIATCR

EXFERIPCNT of12 0932

AC VEAT COOLTINGe TCTAL 1 *493

WITH VENT COCLINGe TOTAL o004 o138 «000
INSLLATICN *306 «032 #3700
SUPPCRTS o1 «193 oJEE
LEAL MIPES «000 «011 509
FLUPEING 2351 «003 «032

HEAT FRENQOWAL, TQTAL e 57 ~e00¢
INSLLATICN -alod X
SLPPCFTS -.001 =e02C
LEAC MWIRES =.003 *eG0C
FLUPEBIAS ~o001 =096

1 REPCVAL BY VEAT GAS -a§2 -e%d2
TCTAL «917 . B0 «00°"

CALCLLATED LIFETIPE (CAYS) 1095409 1097.72

TANK WOLUNE (CU FT) 22.87115 24858

CRYCGEN WY (LE) 276,95 231432

ORY TOAK &7 Q8D 113492 21.87

TASULATICA T (LA) 1342 135475 oC”

VENT SHIELD WY (LE) 45 110.91

"SHIELLT T (LR 36.97 00

VACULE TAMK &7 (LR) 299,77

MCUNTING PLATE UY WB) 03

®iSCe WY (LR 7151

SLPPCRT T (LE) 2%

EXPEPTIPENT WY (LH) 48%.3C

TOTAL DRY WY (LB 1266,58

TOTAL MEIGHT BEITH CRYOGFNS (LE) 1674.39

CYLIACRICAL SCLUME CCU 7Y 182.%29

3-13



S

Table 3.7 NOMINAL VALUES USED IN THE CRYOGEN SELECTION ANALYSIS

Single | Dua) Sta
Stage Primary I Jecondary
Vacuum Shel! Tamperature, K (R) 200(360) 200(360)
No. of Vapor Cooled Shields ) 0 He/Ne 3
1 NQ/N2
(Between Primary (Between Second-
and Secondary ary Tank and
Tank) Vacuum Shell)
Support Conductance {Vapor Cooled) 6 e, 6 e, 6 e,
PODS PODS PODS
Instrument Heat Load, m (continuous) n n

3.3.1 Single Stage Results

The study results for the single stage helium dewar are shown in Figs. 3.4 and
3.5. The nominal case value shown by a square was varied, one parameter at a
time, to examine the sensitivity of the system to a change in different
parameters. Note in Fig. 3.5 the launch weight 1is relatively insensitive to
changes in instrument heat load (7% increase for a doubled heat load). As
instrument heat loads are increased, parasitic heat loads are reduced due to
greater vanor cooling, Launch weight {is optimum at 5 vapor cooled shields.
Changes in warm boundary temperature had the largest effect on launch system

weight, i.e., -17% at 150K and -31% at 100K vacuum shell temperature. The
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added weight of shadow shields, radiators, etc., required to obtain these

lower temperatures was not included in Fig. 3.5.

Fig. 3.4 shows the effect of parameter changes on the total dewar length
including the aperture cover. Note the nominal length will not fit into the

cargo bay, crosswise. Lengthwise, of course, there is no problem.
3.3.2 Dual Stage Results

The study results for the dual stage helium/nitrogen dewar are shown in Figs.
3.6 and 3.7; Figs. 3.8 and 3.9 summarize the helium/neon dewar results. The
data fcr both dual-stage dewars follows the same trends. The launch weight is
near optimum when taree vapor-cooled shields are used for either dual stage
candidate., The heliun/nitrogen dewar's launch weight is less than the
helium/neon dewar above Ty = 178K (320R). Between Ty = 178K (320R) and 110K
(198R), the helium/neon dewar is the lightest. Below Ty = 152K (274R) for
nitrogen and Ty = 110K (198R) for neon, the weight of the secondary cryogen
went to zero showing the single stage helium dewar is optimum in this

temperature regime.

Note in Fig, 3.9 the He/Ne launch weight 1is slightly more sensitive to
doubling the instrument heat load (11%) than the single stage system (7%).
When the instrument heat load was doubled for the He/N; case, the nitrogen
weight went to zero, indicating a single stage helium system was optimum tor
this case. Both duai stage dewar weights were sensitive to warm boundary

temperature changes, but not as sensitive as the single stage dewar.
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Figs. 3.6 and 3.8 show the effect of parameter changes on the total dewar
length including the aperture cover, Note the nominal length will fit into

the cargo bay, crosswise, if it is desired to mount it in that orientation.

3.4 SELECTED CRYOGEN

Using the data developed in Section 3.3, selection criteria were prepared for
the single and dual stage dewars. Fig. 3.10 provides a comparison of dewar
lengths including the aperture cover; Fig. 3.11 provides a weight comparison

of the dewars. Additional selection criteria are provided in Table 3.8.

Based on these data, the single-stage helium dewar was selected for the

following reasons,

The average orbit warm boundary temperature will probably be less than 200K
(360R) judging by the predicted temperatures for programs of a similar nature,
i.e., the superfluid helium dewar on IRAS [3.2] and the neon/methane dewar on
Teal Ruby [3.3]. These orbit temperatures are achieved using thermal control
coatings, insulation, radiators and active orientation systems. At these
temperatures of 170K (306R) and 150K (270R) respectively, weight penalties
incurred using a single-stage helium dewar are on the order of 17% to 15% when
compared to the lightest helium/neon dewar. [At 200K (360R), the weight
penalty is 28% when compared to the 1lightest helium/nitrogen dewar.] This
weight penalty is not considered excessive when balanced against the lower
cost and lower complexity of the single stage design as discussed 1in Section
6.3. (The dual-stayge dewar requires an additional tank for the neon or

nitrogen, low heat ieak tank supports, fill 1line, vent line, coolant inlet
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and exit lines and associated plumbing components. The GSE also requires a

neon or nitrogen loading module.)

Secondly, the single-stage helium dewar weight is less sensitive to changes in

the instrument heat rate as shown in Table 3.8.

Third, althlough the dual-stage dewars by themselves are shorter thar the
single-stage dewar and will fit into the Shuttle Cargo Bay crosswise as well
as lengthwise, when a spacecraft is added to the dewars it is highly likely
both the single- and dual-stage dewars can only fit into the Shuttlie Bay

lengthwise.

Finally, the single-stage dewar weight of 966 kg (2130 1b) 1is considerably
lower than the 2000 kg (4409 ib) contract requirement, providing more than
adequate margin for the weight growth that normally occurs as a design

matures.
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Table 3.8 CRITERIA FOR CRYOGEN SELECTION

Dewar Type
Selection Criteria He He/Ne He/N>
Lightest-weight dewar when Ty is: |< 110K (198R)} 110 to 178K | > 178K (320R)

(198 to 320R)

Nominal dewar launch weight*, 966 799 753
kg (1b) (2130) (1761) (1660)
Shortest length dewar when Ty is: |< 110K (198R)| 110 to 280K | > 280K (504R)

(198 to 504R)

Fits into Shuttle Bay

° Crosswise NO YES YES
° Lengthwise YES YES YES
% change in dewar weight for +7 +11 Single-stage
doubled instrument heat rate, l'e dewar is
22 mW (0.08 Btu/hr) optimum for
this case
Cost and complexity of analysis,
design, manufacturing, cryogen
loading, test
o Dewar 1** 2 2
. GSE 1 2 2

*: TH = 200K (360R)
1 is the most desirable
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Sertion 4

SUPPOR™ :.LECTION ANALYSIS
4.1 SUPPORT SYSTEM SCREENING

For state-of-the-art helium dewar flight systems, the support heat leak can be
the major parasitic heat load to the cryogen. For example, the heat leak
breakdown for the IRAS program [4.1] shows the tension bands constitute two
thirds of the parasitic heat load. (Note the shift in heat load for the PQDS

support system selected in this study as shown later in Fig. 5.30.)

PQODS
Parasitic Heat Leak, Percent IRAS Dewar
Multilayer insulation 141 303

Supports? 67 2
(Tension (PODS)

Band)

Plumbing2 2 4

Wire leads? 17 44

1. Three vapor-cooled shields 100 100

2. Vapor-cooled

3. Five vapor-cooled shields
If this support heat leak can be lowered an order of magnitude or more, dewar
weight can be decreased substantially or dewar lifetime extended significantly.,

An extensive literature search was performed to define the state of the art in
helium support systems and uncover any advanced support concepts that are under

development., The unclassified literature surveyed included:
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° Advances in Cryogenic Engineering (Vols. 1-25)
. National Technical Information Service (1964 to date)

. Science Abstracts: Physics, Electrical and Electronic,
tngineering and Computers and Control (1970 to date)

° Detense Technical Information Center Data Base (1970
to date)

° NASA Research Facilities Data Base (1970 to date)

and was performed using the DIALOG literature search program.

The most extensive research work on alternate support concepts was performad by
Lockheed [4.2] on 12 different concepts. The concepts include monocoques (both
passive and pyrotechnically detached), honeycomb cone, vapor-cooled cone,
fiberglass struts, and three active disconnect struts (torque tube, ball and
clamp, and retracting wedge). Six concepts were fabricated and tested
thermally. The selected concept, a fiberglass support tube, also had extensive

structural tests performed at cryogenic temperature [4.3].

Most of the helium dewar flight systems use some version of the fiberglass
tension band support as shown in Table 4.1. The Stanford Relativity Experiment
[4.4]) has a combination of fiberglass bands and titanium support tubes. The
titanium tubes are actively retracted in orbit. GIRL uses compound fiberglass
bands to take advantage of the higher strengths of fiberglass at low temperature
and tie contact resistance of multiple band parts. No new advanced support
concepts were uncovered in the litecaturs survey that had not already been

considered by Lockheed previously.

In 1978, Lockheed started a research program to develop a support system with a

thermal conductance value at least an order of magnitude Jlower than present
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Table 4,1 COMPARISON OF STATE-OF-THE-ART HELIUM SUPPORT SYSTEMS
1 (
Systes Tank Helium | Instrument Tota! Support Systes Mass in i mum AL, RA/L,
Description® volume, Mass, Heat load, Heat ioad, Ceneral Description Supnorted, Resonance (<] w/K
| titers ¢ Kg (1b) ! ea (Btu/nr) | s (Btu/hr) Class k3 {Ib}) (Mz) (tn) (Stu/ne R)
(| 1 ;
IS (1 yr) |a66 (16.5) | 70 (154) $ (0.03} | 37 (0.13) Point 9 F.G. Bands/Supports | 309 (681) 21 0.388 | 1.58 €3
! Support doth tank & vc shield (0.15%) (0.01)
‘ Tension
LSt 10 fxpmt (17 (18.3) | 71 (157) i 42 ( 0.14) | S3 ( 0.18) [Point Support | & F.G. tube pates to | 217 (478) | | YT
AL i i Tension/Compr,| form 3 truss at one end.
{Study) (1 yr) i | 3 F.6. bands 1in tenston
t i ‘ at other end.
T stanfore (136 (300) , 31 ( 0.11) ;  Orbit: |Point Support | F.G. bands (orbital). | 340 (750% | | |
Relativity g 81 ( 0.28) Discunnect Retractabdle titanium
Expwt {Study! Launch: tubes for launch,
{1y ! €400 (22.00)
................ T T T T T Tepiny PR T PR, PSRRI RS PRI SR
MeYiwa Test |59 (20.8) ; 86 (130) 50 { 0.17) . 160 ( 0.34) |Point Support 6 tilarynt wound F.G.
Progres ; ! | Disconnect bands. letractable sup-
for [AAS ports fo. launch,
(11 mo! i i
.............. B e T Rt Tl LT T Uy P T L P [ upny (ESVIREIU PR SR
CLIR (Phase 1) {701 (24.8) | 80 (176) i3600 (29.00) l 415 ( 1.4) Continuous Continuous F.G. tube 140 (309) 25.4 0.32 1.3 g3
Study ! Tension/ (0.13) (0.009)
(30 day) I ’ Compresston
""" GIRL |30 (10.6] | 35 { 77) | 442 (151.0) | S22 { 1.8) |Point Support 16 £.G. chatns 150 (331) | | T
{ i k Tension (glass Tfider composite)
T omesus ) 75 (165) 89 ( 0.3) |Point Support | 24 R-glass fiver rein- | T sz 36 £
(30 day" Tenston forced plasttc contatn- (0.6) (0.05)
fng 751 glass
------------------------------------------------- R L e B e T LD T T PO PIRUEPORY PRy pUNpRTgIy PR U
Mpolle LE¥ 1178 (6.2) 22 ( 48) 2340 ( 8.0 |Point Support | Fosmed fiberglass pads
(5 day) l { Compress ion
Noollo LEM 670 (23.7) | BA (185) p 322 ( 1.1) |Point Swpport | | T -
Gromd i { Compression
Sefvice Tank ‘ {
FOOS Orwsrse (1000 (35.3)]137 (302) ; 1! (0.03) [24.3 { 0.08) |Point Swpport | 12 ea PODS, 431 (950) |35 Launch 1.1 £-3
i Disconnect cold end only 20 Ordit (0.007)
t Lawnch
7 €5
| (5 €-4)
{ oroit

“Hardware Program Unless Aanotated (Study)

**The selected system from this study is show: for comparison ™ *poses.



state-of-the-art support systems. Hundreds of different concepts were examined
of the generic types summarized in Tahle 4.2. Screening criteria used (updated
for this program) are shown 1in Table 4.3. From this screening, one support
concept was selected for development. This system, the passive orbital
.disconnect strut (PCDS), was analyzed, designed. fabricated, structurally
tested, and 1is currently under thermal test. The PODS system is <he first

candidate to be selected for this program.

The contract specifies a minimum of two advanced support system concepts shall
be analyzed. Consequently, since no promising new support system concepts wer:
uncovered in the literature survey, the second best of the support systems
developed from the screening analysis was selected. This concept, the folded
tube strut, is a combination of three support system ccncepts listed in Table
4,2: the point support, the large folded tube support and the alternate load
path support. Details of the two candidate support system concepts plus a

reference state-of-the-art system follows,
4.1.1 Concept No. 1 - Passive Orbital Disconnect Strut (POUS)

The concept is a modified version of a developed and qualified fiberglass strut
system, The design combines the desirable features of a thermal disconnect in
orbit with the high reliability of a completely passive design.

The portion of the point support strut design that makes it unigque is shown in
Fig, 4.1. The gold-coated Invar stem is suspended inside the gold-coate¢ Invar
body by prestressed S-glass filaments., In low-g or under specified loau condi-~
tions in l-g, heat transfer occurs 1in vacuum between the gold-coated stem and

body by radiation and by conduction along the S-glass strands.
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Table 4.2 DEMONSTRATED* AND ADVANCED SUPPORT CONCEPTS EXAMINED

Tension

Compression/Tension

Disconnect

High-strength steel
wires

S-glass/epoxy™

Kevlar 49
Bands*

Chains or compound

Fiberglasilepoxy
monocoque

Fiberglass/epoxy
honeycomb cylinders

Dusted plates
Fiberglass pads*

Point supports™®

Differential temperature
expansion

Mechanical (electrical,
pyrotechnic, pneumatic)

Piezoelectric expansion
Sublimation

May. .ic (active feedback

bands* Toop ;
Folded tube* Cut filaments

Alternate load path
(PODS)

NiTi memory alloy

Table 4.3 CRITERIA FOR SUPPORT SYSTEM SELECTION

e Minimum parasitic heat leak on ground and in orbit for 3-year lifetime
e Minimum weight

e Minimum cost

e Resonance > 35 Hz during launch and > 20 Hz in orbit

e Passive design

® Can be demonstrated thermally in one-G qualification tests

e Applicable to different tank sizes, weights and shapes

e Suitable for use in Shuttle launch and abort modes

e Orbit heat rates independent of launch loads

e Support configuration to simplify MLI installation and minimize
thermal degradation of MLI

e Support vapor-cooled shields
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Fig. 4.1 Passive Orbital Disconnect Strut (POD>) System,
PODS at Cold End Only
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Under the high-g load conditions of launch, the S-glass filaments stretch
elastically to the point where the stem holes bottom out against the two metal
load pins. The high loads are transmitted through the pins until orbit is
achieved. Once the load is removed, the Invar stem recenters itseif inside the
body and the load pins no longer touch the stem. This passive orbital
disconnect support (PODS) concept greatly reduces the strut heat leak in orbit,
yet is designed to handle *° high structural Tloads of launch. The strut
performance can be tailc. @ separately for the launch loads (sizing of
fiberglass tube and load pins) and desired orbit resonance {length and area of
S-qlass filaments). The parts required for a PODS strut at both the warm and
cold ends are shown in "ig, 4.2. The design that was selected for this program
(based on analyses described later) uses the PODS mechanism only at the cold end

of the strut.

4.1.2 Concept No. 2 -Folded Tube Strut (FTS)

The FTS concept consists of 3 concentric, folded fiberglass tubes connected
together to form a single strut as shown in Fig. 4.3. During launch, tube No. 1
is designed to take the launch loads at a rescnance of 35 Hz. The loads are
transmitted through the wedge-shaped Invar ring shown (due to elastic strains in
fiberglass tubes 2 and 3). In orbit, the wedge disconnects passively when the
load is removed; the fiberglass conduction path lenath is approximately tripled

while the strut resonance drops to 20 Hz.
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4.1.3 Reference-State-of-the-Art Tension Band Support System

In order to determine the potential performance improvement possible with
advanced support concepts 1 and 2, a reference state-of-the-art support system
was selected so comparative analyses can be made. As shown previously in Table
4.1, the tension band support 1is wused on several helium flight dewars and
represents one of the most advanced systems currently in use. A typical support
system is shown in Fig. 4.4 for a superfluid helium dewar and LOp/LHy Orbiter
Power Reactant Storage Assemblies. The support consists of opposing sets of
uniaxial S-glass/epoxy bands wrapped over metal end-spools. The bands are
pretensioned so the supports never go slack under changing pressures,

temperatures, or launch loads.

4.2 THERMAL/STRUCTURAL OPTIMIZATION TRADE STUDIES

The support system is used to support the helium tank, cold plumbing components,
the instrument, the vapor-cooled shields and the insulation off the vacuum
shell. Twelve supports are used, three pairs 1in opposition to three other
pairs. They are 1located so the center-of-gravity of the supported mass is
midway between the supports as represented in Fig. 4.5. The actual dewar

configuration is shown later in Section 5.

The objective of this task is to optimize each support system candidate in such
a way as to minimize the flow of heat from the vacuum shell to which they are
attached, while maintaining enough structural rigidity to keep the lowest

frequencies at launch and during orbital conditions above certain specified
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values, and stresses due to assembly and launch 1lcads below those that would

cause buckling or material failure.

In this analysis, the vacuum shell and the tank/instrument structure to which it
is attached are assumed to be rigid and the supports to be massless. It is also
assumed that the tank, vapor-cooled shields, insulation and payload are rigid,
supported by elastic struts or tension bands which carry loads only along their

axes (pinned ends). The three concepts that were analyzed are:

e The passive orbital disconnect strut (PODS)
e The folded tube support (FTS)

e The reference tension band system

In the PODS and FTS concepts, the effective axial stiffness (EA)off and heat flow
conductance (KA/L)eff change abruptly from the launch condition to the orbital
conduction due to "disconnect" features within each strut, so that design of each
of these support systems involves the solution of two optimization problems, one
corresponding to the launch phase and the other corresponding to the orbital
phase. The tension band concept involves solution of one optimization problem,
corresponding to the launch condition only, since the nature of this support
system does not change for the orbital phase and the launch phase represents the

more severe environment.

Trade studies are conducted with the use of a computer program called PANDA,
originally designed for weight minimization of composite cylindrical panels
subjected to destabilizing loads [4.5]. For application to the problem of dewar
support design, this program has been modified by replacement of the expression

for weight by an expression for heat flow and replacement of expressions for
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Toca! and genera! buckling loads with expressions for vibration frequencies.
This modified program is called PANDA-DEWAR and is described in detail in

Section 9.

The program inputs include:

1) Weights and dimensions of supported equipment;
2) Launch and orbital frequency constraints;

3) Young's modulus and the maximum allowable stress of the
fiberglass tube or band; and

4) Thermal conductivities of the tube, band and S-glass
filaments.

Program outputs include:

1) Center-of-gravity locations and polar and tilting moments
of inertia of supported equipment;

2) Launch design margins of maximum stress , tube column
(Euler) buckling, tube shell (local) buckling, and tube or
band thermal stress;

3) Strut length and diameter, strut spacing and angles, cross
sectional area and wall thickness, and pretension load
(tension band only);

4) Launch and orbital frequency margins in lateral, tilt,
axial and torsional modes; and

5) The axial length and cross-sectional area of the S-glass
filaments for the PODS support.

Optimization is carried out by a nonlinear programming algorithm called CONMIN
(4.6, 4.7]. This program, written by Vanderplaats in the early 1970's, is
based on a nonlinear constrained search algorithm due to Zoutendijk [4.8]. The
basic analytic technique used in CONMIN is to minimize an objective function

(heat flow, for example) until one or more constraints, in this case vibration
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frequencies, buckling loads, maximum stress or strain, and upper and lower
bounds on design variables, become active. The minimization process then
continues by following the constraint boundaries in design variable space in a
direction such that the value of the objective function continues to decrease.
When a point is reached such that no further decrease in the objective function

is obtained, the process is terminated.

An example of this optimization process is shown in Fig. 4.6 for the PODS
support system. Note approximately 13 design iterations were required before
the launch conditions were optimized; the orbit case required seven design
iterations. Once the optimum values are achieved, the results are printed out
in the tabular format shown in Tables 4.4 through 4.7 for the PODS support (both

ends), PODS support (cold end only), FTS and the tension band system.

A separate optimization run was conducted for each support system as a function
of the supported weight. The parametric results are plotted in Fig. 4.7 for the
Taunch case. Note in Fig. 4.7 that putting the PODS at the cold end only is
superior to putting the PODS mechanism at both the cold and warm ends of the
strut. This result is due to the longer fiberglass tube length possible for the

same rod-end-to-rod-end length of the strut.
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Table 4.4 PODS, BOTH EMDS OF STRUT

DEWAR POD CONCEPT, 1200 LBS.

EFFECTIVE HEAT LOSS FACTORS FOR LAUNCH AND ORBIT...

(KA/L) FOR LAUNCH, ORBIT = 3.5102E-03

2.8354F-04

WEIGHT AND LENGTH OF SUPPORTED EQUIPMENT...

TOTAL WEIGHT . . . s o=
PAYLOAD WEIGHT (INSTRUHENT PACK) =
TANK WEIGHT (CRYOGEN + CONTAINER) =
VAPOR SHRIFLD + INSULATION WEIGHT =
LENGTHS OF TANK, SHIELD 5.2700E+01

CG LOCATION AND MOMENTS OF
CG LOCATION (FROM AFT END OF TANK) . .=
POLAR MOMENT OF INERTIA. . ¢« ¢« ¢ o o .=
MOMENT OF INERTIA FOR TILTING, . . . .=
TANK + CRYOGEN TILTING . . . e
VAPOR SHIELD + INSULATION TILTING-
PAYLOAD (INSTRUMENT PACKAGE) TILT =

LAUNCH & ORBITAL FREQUENCY CONSTRAINTS=
AXIAL AND LATERAL LAUNCH ACCEL. IN G S=
YOUNGS MODULUS OF TUBE MATERIAL .... =
MAX. ALLOWABLE STRESS OF TUBE MATERIAL=

CONDUCTIVITIFES [BTU/ (ZR-IN.-DEG.F)] FOR
CONDUCTIVITY, K1, OF TUBE OR STRAP. . =
CONDUCTIVITIES (SGLAS) OF HOT,ClID END=

INNER RADIUS OF CRYOGENIC TANK. . . . =
OUTER RADIUS OF TANK AND PAYLOAD., . . =
INNER RADIUS OF VACUUM SHELL. . . . . =
LENGTH OF RIGID PART OF SUPPORT,
EXCLUCING LENGTHS OF SGLAS MEMBERS=

MARGIN
MARGIN
MARGIN
MARGIN

ON
ON
ON
ON

MAXIMUM STRESS DURING LAUNCH=
COLUMN BUCKLING AT LAUNCH . =
SHELL BUCKLING AT LAUNCH . =
TUBE THERMAL STRESS . . . . =
STRUT LENGTH, TUBE LENGTH (PL, TUBEL)
PXTIRL SPACING OF DEWAR SUPPORT RINGS
STRUT ANGLES (THETA, GAMMA)
TUBE CROSS SECTI1ON (AREA, INNER DIAM)
TUBE WALL THICKNESS, R/T RATIO .
fRETENSION ({(ONLY FOR TENSION STRAP )
AUNCH FREQ. MARGINS, (LATERAL, TILT)
LAUNCH FREQ. MARGINS, (AXIAL, TORCSION)=

T EN ,--.‘ -

A1rL LENGTH OF SGLASS TENSICY MEMBIR =
CRJSS SECTION AREA OF SGLASS MCIMBER -
CEBITAL FREQ. MARGINS, (LATERAL, TILT)s=
CrReITAL FREQ. MARGINS, (AXIAL,TORSICN)=

1.2000E+03
4.8000E+02
3.9656E+02
3.2344E+02
1.3150E+02

5.5390E+01
9.1321E+02
3.2180E+03
1.203BE+03
1.5337E+03
4.8047E+402

3.5000E+01
1.0000E+01
6.0000E+06
5.0000E+04

SUPPORT..
2.7900E-02
5.2G00E-C2

1.20508-06
1.9700E+01
2.7200E+01

2.4000E+00

1.2959E+00
1.2588E+00
1.4115E+400
1.8292E+n0

.7304E+01
.5390E+01
.4171E+01
.3354E-02
.1203E-02
.00C0E+00
.0005E+00
.9890E-01

WHONWSNU -

.5000E+00
.0697E-04
.9532E-01
«9375E-01

O O O+

INERTIA or SUPPORTED EQUIP

2.0000E+01
1.0000E+01

7.2200E-03

B.9040E+00

3.5222E+01
1.3803E+00
3.3051E+01

1.0639E+00
1.5646E+0C

1.0584E+400
1.5566E+C0



Table 4,5 PODS, COLD END OF STRUT

DEWAR pPOD CONCEPT, 1200 LBS,

FFFECTIVE HEAT LOSS FACTORS FOR LAUNCH AND ORBIT..,.

K A/L) FOR LAUNCH, ORBIT = 2.6217E-03

1.7197E-04

WEIGHT AND LENGTH OF SUPPORTED EQUIPMENT...

TOTAL WEIG"T . . . . . . . . . . ..
PAYLOAD WEIGHT (INSTRUMENT PACK) =
TANK WEIGHT (CRYOGEN 4+ CONTAINER) =
VAPOR SHIELD + INSULATION WEIGHT =
LENGTHS OF TANK, SHIELD 5.2700E+01

CG LUCATION AND, MOMENTS OF INERTIA OF SUPPORTED E(UIP

CG LOCATION (FxOM AFT END OF TANK) . .=
FOLAR MOMENT OF INERTIA, . & ¢ o« o o o™
MOMENT OF INERTIA FOR TILTING. . . . .=
TANK + CRYOGEN TILTING . . . « «
VAPOR SHIELD + INSULATION TILTING=
PAYLOAD (INSTRUMENT PACKAGE) TILT =

LAUNCH & ORBITAL FREQUENCY CONSTRAINTS=
AXIAL AND LATERAL LAUNCH ACCEL. IN G S=
YOUNGS MODULUS OF TUBE MATERIAL .... =
MAX. ALLOWABLE STRESS OF TUBE MATERIAL=

1.2000E+403
4.8000E402
3.9656E4C2
3.2344E402
1.3150E+402

5.5390E+01
9.1321E+02
2.2180E+03
1.203BE+03
1.5337E+403
4.8047E402

3.5000E+01
1.0000E+01
6 .0000E+06
5S.0000E+04

CONDUCTIVITIES [BTU/ (HR-IN.-DEG.F)]) FOR SUPPORT..

CONDUCTIVITY, K1, OF TUBE OR STRAP., . =
CONDUCTIVITIES (SGLAS) OF HOT,COLD END=

INNER RADIUS OF CRYOGENIC TANK., . . . =
OUTER RADIUS OF TANK AND PAYILOAD. . ., =
INNER RADIUS OF VACUUM SHELL, , . . . =
LENGTH OF RIGID PART OF SUPPORT,
EXCLUDING LENGTHS OF SGLAS MEMBERS=

MARGIN ON
MARGIN ON
1'/RGIN ON
MARGIN ON

MAXIMUM STRESS DURING LAUNCH=
COLUMN BUCKLING AT LAUNCH . =
SHELL BUCKLING AT LAUNCH .
TUBE THERMAL STRESS . . . . =

STRUT LENGTH,
AX1IAL SPACING OF
STRUT ANGLES

TUBE LENGTH (PL, TUBEL)
DEWAR SUPPORT RIMNGS
(THETA, GAMMA)
TUBE CROSS SECTION (ARFEA, INNER DIAM)
TUBE WALL THICKKESS, R/T RATIO . . . .
FRETENSION (ONLY FOR TENSION STRAP )
LAURCH FREQ. MARGINS, (LATERAL, TILT)
LAUNCH FREQ. MARGINS, (AXIAL. TORSION)

W & B M N oMo

AXIAL LENGTH® OF SGLASS TENSION MEMBER =
CROSS SECTION AREA OF SGILASS MEMBER "
NRBITAL FRFQ. MARGINS, (LATERAL, TILT)=
ORBITAL FRFQ. MARGINS, (AXIAL, TCRSION)=
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2.7900E-02
1.0000E+06

1.0000E+00
1.9700E+01
2.7200E+01

2.4000E+00

1.2945E+00
1.3914E+00
1.3C16E+00
2.2820E+00

1.7309E+01
5.5390E+01
7.4171E+01
9.3255E-02
2.0824E-02
0.0000E+00
9.9947E-01
9.9879E-01

1.5000E+00
4.8292E-04
9.9264E-01
9.9895E-01

(POD AT ONE END ONLY OF STRUT)

2.0000E+01
1.0000E+01

7.2200E-03

1.1509E+01

3.5246E+01
1.4046E+00
3.4225E+01

1.6631E+00
1.5631E+00

1.0633E+00
1.5632.+00



Table 4.6 FOLDED TUBE SUPPORT

DEWAR FOLDED TUBE CONCEPT, 1200 .3S.

EFFECTIVE HEAT LOSS FACTORS FOR LAUNCH AND ORBIT...

"A/L) FOR LAUNCH, ORRIT =

2.0935E-03

2,0075E-04

WEIGHT AND LENGTH OF SUPPORTED EQUIPMENT...

TOTAL WEIGHT . . . .
PAYLOAD WEIGHT (INSTRUMENT PACK)
TANK WEIGHT (CRYOGEN + CONTAINER)

VAPOR SHIELD + INSUGLATION WEIGHT =

LENGTHS OF TANK,

CG LOCATION AND MOMENTS OF INERTIA OF SUPPORTED EQUIP
TOCATION

CG

SHIELD 5.2700E+01

(FROM AFT END OF TANK) . .=

FCLAR MOMENT OF INERTIA. ¢ &« + o o o +=

v.n‘

“ENT OF INERTIA FOR TILTING. . . . .=

TANK + CRYOGEN TILTING . . « « . .=
VAPOR SHIELD + INSULATION TILTING=

PAYLOAD

(INSTRUMENT PACKAGE) TILT =

LAUNCH & ORBITAL FREQUENCY CONSTRAINTS=

.TAL AND LATERAL LAUNCH ACCEL.

IN G S=

JUNGS MODULUS OF TUBE MATERIAL .... =

MAX. ALLOWABLE STRESS OF TUBE MATERIAL=
CONDUCTIVITIES ([BTU/ (HR-IN.-DEG.F)] FOR
CONDUCTIVITY, K1, OF TUBE 1 AT LAUNCH =
CONDUCTIVITY OF TUBE 1 IN ORBIT . . . =
ONDUCTIVITY OF TUBE 2 IN ORBIT . . . =
CONDUCTIVITY OF TUBE 3 IN ORBIT . . . =
INNER RADIUS OF CRYOGENIC TANK . . .
OUTER RADIUS OF TANK AND PAYLOAD. . .

INNER RADIUS

LENGTH

MARGIN
MARGIN
MARGIN
MERGIN

STRUT LENGT

OF

ON
OoN
CN
ON

e I ;‘\L S?

SPACI!
STRUT ANGLES
TUBE CROSS SECTION
TUBE WA
PRETENSION
LAUNCH FREQ.

LL

OoF
RIGID

VACUUM SHELL. . . . .
PART OF SUPPORT . . .

MAXIMUM STRESS DURING LAUNCH=
COLUMN BUCKLING AT LAUNCH
SHELL BUCKLING AT LAUNCH
TUBE THERMAL STRESS . . . . =

H, TUBE LENGTH (PL, TUBEL)
NG OF DEWAR SUPPORT RINGS
(THETA, GAMMA)
(AREA. INNER DIAM)
THICKNESS, R/T RATIO . .
(ONLY FOR TENSION STRAP )
MARGINS, (LATERAL, TILT)

LAUNCH FREQ. MARGINS, (AXIAL, TORSION)
LZNGTHS OF FOLDED TUBES NOS. 2 AND 3 =
'”fFQ f‘”ILC OF TUBE NO. 2 =
JESE UF TUCBE X0, 2 4 w + o o
uU" R RADIUS OF TUBE NO < T .=
THICKNESS OF TUBE NO. 3 @ e =
NRBITAL FREQ. MARGINS, (LATER?L, TILT)=

ORBITAL FREQ. MARGINS,

(AXIAL, TORSION) =
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1.2000E+03
4.8000E+02
3.9656E+02
3.2344E+02
1.3150E+02

5.5390E+01
9.1321E+02
3.2180E+03
1.2038E+03
1,5337E+03
4.8047E+02

3.5000E+01
1.0000E+01
6.0000E+06
5.0000E+04

SUPPORT. .
2.7900E-02
3.5600E-02
2.5500E-02
1.4900E-02

1.4900E-02
1.9700E+01
2.7200E+01
5.0000E+00

1.2940E+00
1.3652E+00
1.0692E+00
2.2121E+400

1.7308E+01
5.5390E+01
7.4171E+4C]
7.6962E-02
1.6767E-02
0.0000E+00
9.9936E-01
9.9852E-01

1.1692E+01
6.7214E-01
3,7617E=02
2.4373E-01
1.0000E~-02
9.9683E-01
9.9600E-01

2.0000E+01
1.0000E+01

1.2308E+01

3.5242E+01
1.4443E+400
4.3569E+01

1.0629E+00
1.5629E+00

1.0602E+00
1.5589E+00



Table 4.7 TENSION BAND SUPPORT

DEWAR TENSION STRAP CONCEPT, 2000 LBS,

EFFECTIVE HEAT LOSS FACTORS FOR LAUNCH AND ORBIT...

(KA/L) FOR LAUNCH, ORBIT = 5,0889E-03

4.6174E-03

WEIGHT AND LENGTH OF SUPPORTED EQUIPMENT...

TOTAL WEIGHT . . . . . e s oF
PAYLOAD WEIGHT (INSTRUMBNT PACK) =
TANK WEIGHT (CRYOGEN + CONTAINER) =
VAPOR SHIELD + INSULATION WEIGHT =
LENGTHS OF TANK, SHIELD 1.0630E+02

CG LOCATION AND MOMENTS OF INERTIA OF SUPPORTED EQUIP

CG LOCATION (FROM AFT END OF TANK) ., .=
POLAR MOMENT OF INERTIA. ¢« ¢ ¢ o o o =
MOMENT OF INERTIA FOR TILTING, . « . .=
TANK + CRYOGEN TILTING . . . o o
VAPOR SHIELD + INSULATION TILTING=
PAYLOAD (INSTRUMENT PACKAGE) TILT =

LAUNCH & ORBITAL FREQUENCY CONSTRAINTS=
AXIAL AND LATERAL LAUNCH ACCEL, IN G S=
YOUNGS MODULUS OF TUBE MATERIAL .... =
MAX. ALLOWABLE STRESS OF TUBE MATERIAL=

CONDUCTIVITY Or
CONDUCTIVITY OF

STRAP AT LAUNCH . . .
STRAP IN ORBIT . . .

INNER RADIUS OF
OUTER RADIUS OF
INNER RADIUS OF
LENGTH OF RIGID

CRYOGENIC TANK. . .
TANK AND PAYLOAD., .
VACUUM SHELL., . . .
PART OF SUPPORT . .

MARGIN ON MAXIMUM STRESS DURING LAUNCH=
MARGIN ON SLACK STRAP DURING LAUNCH .
MARGIN ON STRAP THERMAL STRESS . . . =

STRUT LENGTH, TUBE LENGTH (PL, TUBEL)
AXIAL SPACING OF DEWAR SUPPORT RINGS

STRUT ANGLES (THETA, GAMMA)
TURE CROSS SECTION (AREA, INNER DIAM)
TUBE WALL THICKNESS, R/T RATIO . . .

PRETENSION (ONLY FOR TENSION STRAP )
LAUNCH FREQ. MARGINS, (LATERAL, TILT)
LAUNCH FREQ. MARGINS, (AXIAL, TORSION)
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2.0000E+03
4,8000E+02
8.8360E+02
6.3640E+02
1.8510E+02

8.3171E+01
1.6153E+03
1.2160E+04
4,4407E+03
5.3173E+03
2.4017E+03

3.5000E+01
1.0000E+01
7.5000E+06
5.6000E+04

3.1300E-02
2.8400E-02

1.0000E-08
1.9700E+01
2,.7200E+01
2.0000E-02

1.1488E+00
9.9994E-01
9.8381E-01

2.2162E+01
7.1287E+01
7.4171E+01
3.0000E-01
0.0000E+00
7.3117E+03
9.9979E-01
1.7072E+00

2.0000E+01
1.0000E+01]

N

.2142E+01

.0369E+01
.0000E+00
.0000E+00

.8951E-01
.5177E400
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Fig. 4.7 Launch Support Conductance

The inflection in the tension band support curve at 770 kg (1698 1b) is due to a
change in which margin requirement designs the supports. Below ~ 770 kg (1698
1b) the lateral frequency margin is the de<igning criteria. Above 770 kg (1698
1b), the tilt frequency margin designs the supports (due to the increasingly
longer helium tank). The folded tube data shows it is the optimum support for
launch conditions. This analysis, however, is too optimistic for the FTS since
it does not account for radiation heat flow from the outer tube to the ir- r

tubes.
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Fig. 4.8 plots the orbit support conductance as a function of supported weight.
Here, the PODS (cold end only) is the optimum support system. Since the
calculated conductance values in Fig. 4.8 are based on solid conduction heat
transfer only (no radiation), a check was made on the PODS system (cold end) to
see if this assumpticn was valid. The PODS thermal model was used to calculate
the conduction and radiation heat transfer as a function of the first vapor
cooled shield temperature, Ty. Note in Fig. 4.9 that radiation is negligible
below 30K (54R) so the conduction only assumption used is valid for the PODS
support system. The inflection 1in the conduction curve in Fig. 4.9 at ~ 15K
(27R) is due to the change in slope of S-glass conductivity at this temperature

as shown in Fig. 4.°0.

Using the FTS thermal model, analyses show radiation cannot be neglected for the
FTS as indicated by the temperature distributions shown in Fig. 4.11. Note the
temperature goes up from tube 1, 180K (324R), to tube 2, 209K (376R), and then
back down to 125K [225R) at tube 3 showing radiation heat transfer between tubes
is significant. Consequently, the FTS conductance data shown previously in Fig,
4.8 that ignores radiation heat transfer is too optimistic (low). Note the
tension band support system conductance in Fig. 4.8 1is over an order of

magnitude higher than the optimum system, PODS (cold end only).

The effect of support conductance on single-stage dewar weight was calculated
using the CkYOP program as shown in Fig. 4.12. Note the PODS system (cold end
only) was the lowest weight; FTS is 4% higher and the tension band dewar weight
is double the PODS dewar weight. Also note the PODS system will support a full
helium tank minus the instrument, without shorting thermally. Consequently,

simulated space parasitic neat rates for the supports can be measured in one-g

4-22



]

CONDUCTANCE W/¥ (Btu/hr R)

(1000) (1590)

( 20'00)

.003
4(0.015)
.002 |
TENS1ON BAND
J(0.01)
001}
-X .005)
0 4(0)
T, = 250K (450R) Z
Ve T = 2K (3.6R)
SOLID CONDUCTION ONLY
,0003
—0.0015)
.0002}- PODS (BOTH ENDS)
<(0.001)
= a8
ao01k PODS (COLD END)
40.0005)
n 1 i 1 L e 1 (0)
300 400 560 600 760 800 900 1000

\

SUPPORTED WEIGHT, KG (LB)

Fig. 4.8 Orbit Support Conductance
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Fig. 4.10 Thermal Conductivity of S-Glass
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* The final support design shown later in
Fig. 5.24 will support 600 kg (1322 1b)

WEIGHT,
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400 -

*
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======T* NORMAL HELTUM

T, = 250K (450R)

300 -
Te = 2K (3.6R)
b SUPERFLUID HELTUM
FT —n (500)
PODS (COLD END) (e FTS - .
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Fig. 4,12 Comparison of Weight Factors for Support System Candidates
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thermal tests. For the FTS, it is marginal whether this type of test could be

performed even with a partially filled tank.

4.3 SUBJECTIVE TRADE STUDIES

Fabrication and assembly costs were estimated per strut for both strut
candidates, These estimates assume all the manufacturing processes have been
demonstrated and all required tooling or assembly fixtures are available. The
estimate per strut is based on a total build of 18 struts. No product assurance
hours are included in the estimates. The material costs and hour estimates for
the PODS struts are based on records kept while the engineering model strut was
being fabricated and assembled on the Lockheed Indepencent Research Program.
The folded tube strut estimate was kept consistent with the PODS numbers where
comparable materials or assembly tasks are used. As can be seen from Table 4.8,

the total cost per strut and the delta are:

FTS $2882
PODS (cold end) $2459
A $ 423

The cost differential 1is insignificant compared to total program costs.

The steps required to install a tank within the Invar vacuum shell ring using

the strut supports is given as follows,
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Table 4,8 COMPARISON OF STRUT FABRICATION AND ASSEMBLY COSTS (PER STRUT)

FOLDED TUBE

PODS (COLD END ONLY)

Estimated Purchased Material Costs

Based on Actual Purchased Material Costs

($1980) ($1980)

Machined Invar Parts, 490 Machined Invar, 307
S.S. Parts S.S. Parts

' Rod Ends 700 Rod Ends 700

. F.G. Tubes 150 F.G. Tube 50

| Misc 50 Misc 50

| $1390 $1107

ESTIMATED HOURS BASED ON ACTUAL HOURS

Dimensional Check 2 Dimensional Check 3
Gold Coat Parts 16 Gold Coat Parts 8
Bond Operation iRk Bond S-Glass, 4 Times 8
Insulation Discs 0.8 Epoxy On-9 Pins, 2 Times 2
MLI Wrap 4 Prestress Bond, 2 Times 4
Bond Operation 155 Al Washer Bond, 2 Times 0.5
MLI Wrap 4 Install Insulation Discs 0.8
Bond Uperation 1.5 F.G. Tube Bond 1.5
Clearance Adj Locknut 2 Outer Insulation Wrap 2

| Load Test 2 Load Test 2

. Vacuum Bakeout 2 Vacuum Bakeout 2

| TOTAL HRS/STRUT 37.3 TCTAL HRS/STRUT 33.8
AT $40/HR $1492 AT $40/HR. $1352

| TOTAL COST/STRUT $ 2882 TOTAL COSTS/STRUT $2459 ;

A COST PER DEWAR
12(2882-2459) = $5076
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FTS PODS

e Prefit struts to tank and e Prefit struts to tank and
vacuum shell (with load gap vacuum shell with “zero"
locked). clearance load pins installed.

e Tighten locking nuts. e Tighten locking nuts.

e Remove struts and reset load e Remove "zero" clearance load
gap. pins and install flight load

pins. (If access is a problem,
® Reinstall struts. Check the struts can be removed and

nonshorting of strut across | installed one at a time for

the load gap with an ohmeter. | this operation.) Check non-
shorting between the stem and
the body with an ohmeter.

The analysis, design and fabrication complexity for accepting point loads into the

vacuum shell or tank are corparable for either support system.

Installation complexity of multilayer insulation around the struts 1s the same for
either support candidate. However, vapor cooling the PODS supports is easier than

the FTS because of the restricted access to tubes 2 and 3 of the FTS.
The operational reliability of both support systems is comparable since they both
operate in a passive mode with design stress levels set low enough (25% of

ultimate) to preclude fatique failures.

Therefore, from a cost, fabrication/assembly complexity or reliability viewpoint,

the PODS has a slight but not significant edge.
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4.4 SELECTED SUPPORT SYSTEM

The PODS (cold end only) support system has been selected over the FTS system
based on tne analyses performed 1in Sections 4.2 and 4.3. A summary of the

reasons for this selecticn are:

° Lower orbital support conductance
° Dewar weight lower by 4%
° Orbit nerformance can be demonstrated in one-g

. For lower orbit resonances, PODS heat rate can be decreased; FTS
tube #13 is at minimum gage.

® PODS geometry is ideai for wvopor cooling. Tubes 2 and 3 of FTS
require separate cooling circuit.

e Other factors are about equal:
3 Cost
° Reliability
e Effect of point loads on weight
° Ease of MLI and vapor-cooled shield installation
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Section 5

DEWAR DESIGN AND PERFORMANCE

Based on the analyses performed in Sections 3 and 4, a single-stage helium
dewar (with 5 vapor-cooled shields and 12 PODS struts) was selected for
further analysis and design. Initially, some additional system analyses were
performed to further define the dewar des'gn. Using the results of these
analyses, the design was drawn using CADAM, the thermal performance was

analyzed and weights were calculated.

5.1 SYSTEM ANALYSES

Prior to finalizing the dewar design, a number of system analyses were
required to make design choices or to optimize system performance. These
analyses included modeling the system thermal performance; selecting the
optimum vapor-cooled shield thickness and attachment design to the struts;
analyzing the struts' unique attachment requirements based on system operating
temperature ranges; sizirg the porous plug, vent lines and bur<t discs;
selecting the optimum ground hold concept and selecting the optimum tank and

vacuum shell material and design.

5.1.1 System Thermal Modeling

A thermal nodal network of the dewar was setup for both the ground hold and

orbital cases as shown in Figs. 5.1 and 5.2 The thermal analysis was
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Fig. 5.1 Ground Hold Thermal Model
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Fig. .2 Orbit Thermal Model
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performed using the THERM program. In the figures, R represents conduction

resistors and K radiation resistors.

For the ground hold model, note the PODS supports have both conduction (R7,
R62) and radiatinon (K11, K12) resistors at the cold end since the design
described later in this section does not short out against the load pins in
one-g. The first vapor-cooled shield is shorted (mounted) to the torus tank,
node 11 (described later in Section 5.1.5), and consequently runs at 4.2K
(7.6R).  Heat sink nodes 31 through 35 represent the heat removed by the
normal helium vent gas. Note the fill line 1is only shorted to the first
vapor-cooled shield; otherwise, fill with superfluid helium would not be
possible. The wire feed throughs are divided into the parallel wire resistors
(R50-R55) and Mylar cone resistors (R90-R95) shown later in Fig. 5.23. The
aperture cover is radiatively coupled to the dewar through resistors K19
(irner surface) and K20 through K24 (the ends of the shields viewing each

other).

The orbit case shown in Fig. 5.2 is similar to the ground hoid case with the
following changes. The aperture cover is ejected in orbit so nodes 26-30 (the
flanged ends of the vapor-cooled shields) radiate to deep space. Also, the
first vapor-cooled shield temperature and torus tank are noct set at 4,2K

(7.6R) but float.

5.1.2 Vapor-Cooled Shield Analyses

Three analyses were conducted on the vapor-cooled shields. The first analysis
determined the minimum thickness required, from a thermal stanupuint, to

mininize system weight, The second analysis determined if the minimum
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thickness required thermally was adequate structurally while the third
analysis calculated the flexure capability required at the shield/strut
attachment point due to differential contractions of the tank, vacuum shell,

struts and vapor-cooled shields.

5.1.2.1 Shield Thickness Analysis. Using the orbit thermal mecdel described in

Section 5.1.1, the vapor-cooled shield thickness was variad parametrically.
The overall dewar heat range did not increase more than 1.7% going from 0.5 mm
(0.020 in) thickness down to 0.127 mm (0.005 in). Consequently, from a
thermal standpoint, a 0.127 mm (0.005 1in) thick vapor-cooled shield is

adequate.

5.1.2.2 Shield Structural Analysis. The vapor shield must carry its own

weight plus the weight of the insulation blanket wrapped on top of it. The
0.127 mm (0.005 in) shield must be stiffened to carry this load. The most
efficient means is to bond an aluminum honeycomb core on one side only (no gas

can be trapped in the cells with this arrangement).

The face plate is made of 0.127 mm (0.005 in) thick 6063 aluminum and the core
is aluminum honeycomb desianated as 5052/F40-.0013 with a density of 33.7
kg/m3 (2.1 lb/ft3). There are 1.3 cells per cm and the gage is 0.033 mm

(0.0013 in).

The loading on the vapor shield is the weight of the shield and the insulation
between two concentric vapor shields. The weight of the thickest layer of
insulation weighs 1.22 kg/m2 (0.25 lb/ftz). A load factor of 10 is to be

carried by the shield.
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For the analysis, the shield is assumed to be loaded by a hydrostatic pressure
rather than the gravity loading of the shield and insulation blanket. This is
a2 slightly conservative approach which allows a simplified analysis. The
dimensions are that of the outermost shell: 1.32 m (52 in) diameter and 2.37 m
(91.5 in) length. The PANDA code was used to investigate the effect of the

height of the honeycomb core on the buckling pressure,

In the first analysis, the faceplate/honeycomb combination was treated as a
shell wall consisting of two homogeneous layers. In this case, the honeycomb
modulus was taken as 4.5 x 108 N/m2 (65000 psi), in accordance with the 1981
revision of the publication "Mechanical Properties of Hexcei Honeycomb

Materials, TSB120". The following table gives results from this series of

analyses:
Skin Thickness Core Height Loading Buckling Pressure
mm (in) cm (in) N/mé (psi) N/mé (psi)
0.13 (0.005) 0.64 (0.25) 175 (0.02%4) 3,700 (0.537) [1,5]
0.13 (C.005) .89 (0.35) 183 (0.0266) 7,500 (1.087) [1,5]
0.13 (0.005) 1.3 (0.5) 196 (0.0284) 16,200 (2.351) [1,4]

0.25 (0.010) 0.64 (0.25) 210 (0.0304) 4,600 (0.665) [1,5]

In the above table, the "Loading" is the combined weight of the shield and
insulation blanket. The buckling pressure is the general instability pressure
and the numbers within the brackets give the axial and circumferential numbers
nf buckling waves. The table seems to indicate a substantial margin between
the buckling pressure and the applied loading (3700/175=21) in the first case,
for example), but we have to remember that the honeycomb is treated as a

homogeneous layer and not as a structure built wup of very thin plates,
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unsupported on one edge. To make an assessment of the local buckling modes, a

second series of PANDA analyses were made as follows.

The honeycomb was modeled as "rings" and “stringers" spaced 0.76 cm (0.3 in)
apart (1.3 spaces per cm, as in the honeycomb). Thus, a square pattern
results, not a hexagonal as in the honeycomb. The ring/stringer model is
conservative; there is a smaller amount of stiffening material than in the
honeycomb, and the “ring" and "stringer" stiffeners are not attached to each
other at their intersections. The results obtained in this analysis are listed

in the foliowing table:

Skin Thickress Core Height Loading Buckling Pressure
mm (in) cm (in) N/m2 (psi) N/m (psi)
0.13 (0.005) 0.64 (0.25) 175 (0.0254) 515 (0.0747), ring

buckling, n=272

Here the "rina" part of the honeycomb buckles (or rolls) at a much lower load
than the general instability load found for the two-layer shell model discussed
above. (General instability loads for the ring/stringer model was 2455 N/m2
(0.355 psi). These loads are lower than the corresponding loads for the
two-layer skin model; this is so because of the smaller amount of stiffening in
the square stiffener patt.rn.) The 272 waves correspond to a wave length of
0.76 ¢cm (0.3 in), which is the same as the spacing of the rings. The actual
honeycomb material, with its shorter unsupported plate lengths, must have a

higher buckling load than the ore given in the table above.
To summarize: the above-described analyses indicate that the vapor shield with
a 0,13 mm (0.005 in) face and a 0.64 cm (0.25 1in) high honeycomb core will

survive a 10-g loading with an extra margin of 515/175=2.9.
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5.1.2.3 Shield Attachment Analysis. Since the vapor-cooled shields are

supported off the 12 PODS struts, it is important they do no exert enough force
on the struts to thermally short out the load pins in orbit. This load can
develop due to the different contraction values for the vacuum shell, struts,
tank and the vapor-cooled shields as the temperatures change from ground hold
values to orbit values. Worst case mismatch values between the strut and the

vapor-cooled shield were calculated to be, for a Ty = 200K (360R) case:

A Movement
mm_(in)
Radial 0.89 (0.035) Based on the
selected design
Axial 0.48 (0.019) ,  shown later in
Fige. 5:2
Circumferential 0.13 (0.005)

These values require an attachment design that permits this amount of movement

by either shield deflection or attachment deflection.

5.1.3 Support System Analyses

In order to prevent the PODS support system from thermally shorting out in
orbit, the six supports attached to the tank and the six supports attached to

the instrument flange support must either:

Ls Be allowed to move independently of each other in the axial
direction as the tank and instrument cooldown to < 2K (< 3.6R)
and the vacuum shell temperature fluctuates in orbit; or

e The strut spacing between the six pairs of struts must be set
so the forced change 1in length of a strut is < 0.13 mm (<
0.005 in) with the primary tank and ‘nstrumert structurally
joined.
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Six supports can be used to independently support the primary tank and another
six struts support the instrument as long as the six attach points are in a
common plane. Six supports provide a statically determinate support system but
the tilt loads can be higher than when the tank and experiment are tied
together structurally, i.e., the first alternative requires the use cf a
mechanical link between the tank and instrument such that axial movement can
occur but lateral movement is restricted. A linear ball bushing or scissors
links satisfies this requirement although there are questions whether the links
would be stiff enough in the lateral direction and whether cryodeposits might
freeze the 1linkage and prevent movement. The magnitude of the required
movement is set by the axial spacing of the six pairs of struts, i.e., 0.086 cm

(0.034 in) for a typical spacing of 1.3 m (52.8 in).

The second alternative requires setting the strut spacing, Lg, such that the
forced change in length of the strut is { 0.13 mm (< 0.005 in). Figs. 5.3, 5.4
and 5.5 illustrate in three different views how the pinned end struts move when
both the tank and the vacuum shell temperatures are reduced. The movements are
artificially divided along separate axes for each effect, i.e., tank shrinkage,
strut shrinkage, and vacuum jacket shrinkage, to better illustrate how the

movements were calculated. In actuality, this movement occurs simultaneously.

For tank cooldown, the "therma! null" poinL occurs when:

Ls/2 (aL/L) = BC + CD
where
. Lg/2 is defined in Fig. 5.3

e A L/ is the unit change in length of aluminum going
from 300 to 2K (540 to 3.6R)

© Lengths BC and CD are defined in Fig. 5.3
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For vacuum shell cooldown (after the tank and instrument are at 2K (3.6R)), the

“thermal null" point occurs when:

Lg/2 (aL/y) = BC + CD + EF + FH - ED

where lengths EF, FH and ED are defined in Fig. 5.3.

The thermal null value for Lg was calculated and plotted vs. the vacuum shell

temperature in Fig. 5-6.

An average value of Lg was then chosen, 93.6 c¢cm (36.85 in) that minimized the
forced change in strut length as the Invar vacuum shell temperature changed
over a typical range in orbit. Note in Fig. 5.7 the forced change in strut
length over the vacuum jacket temperature range of 100 to 250K (180 to 450R)
never exceeded 0.044 mm (0.0017 in), well within the allowable limits of 9.127
mm (0.005 in). Also note th2 Lg value can be varied slightly without affecting

the forced strut length change significantly.

A PANDA/DEWAR run was performed using the selected Lg value of 93.6 cm (36.85
in) as shown in Table 5.1. The orbit conductance value was increased 63% over
a system where Lg was allowed to optimize based on structural and resonance
considerations only. (If the helium tank configuration was changed to a toroid
surrounding the instrument, this orbit increase would bec much less because the
tilt frequency margins are sizing the supports (Table 5.1) due to the long,
narrow desiyn. A dewar with a torvidal tank is 40% shorter than the current

design.)

The prelaunch conductance drops Lo near the orbital value (depending on Ty)

because the larger S-glass strands can now support the fully loaded tank and
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instrument without thermally shorting out the load pins. (For purposes of
optimizing the fiberglass tube dimensions for launch, the PANDA-DEWAR program
assumes the load pins are shorted; consequently, the launca conductance value
shown in Table 5.1 1s correct for launch but not for prelaunch ground hold.)
Since the orbit heat leak for the vapor cooled struts with the selected Lg
value 1s currently 3.1 mW, this amounts to a 1.2eW increase over supports
where Lg is allowed to optimize (a 5% increase 1in the total heat rate, not a
significant change). Consequently, this method of support (Invar vacuum ring
plus a thermal null value of Lg) was selected over the use of linear ball
bushings or scissor linkages, because it 1{is completely passive requiring no
moving parts and has a minimal thermal impact.

During the dewar development program, accurate thermal contraction data will be
obtained on assembled struts, invar and aluminum to set an accurate value of
Ls.

5.1.4 Plumbing Aralyses

Sizing ana” < were performed on the porous plug, vent line and burst discs,

5.1.4.1 Porous Plug Sizing. The porous plug was sized based on ':e test data

obtained by Lockheed [5.1] and shown in Fig. 5.8.

The helium vent rate for this dewar is ~ 9 cc/sec (0.06 in3/sec). It fis
desired to keep the pressure drop across the plug down to < 1.0 torr (0.02 psi)
so the flow area has to be increased (using a safety factor of 10) to
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5.1.4.2 Vent Line Sizing.
temperature of 1.73K (3.11R) using the PRESS program as shown in Table 5.2.

The vent line size was optimized for a helium dewar

Note the line diameters for shields 4 and 5 are larger than the honeycomb

thickness of the shield, G.64 cm (0.25 in). Consequently, elliptical or

rectangular tubing of an equivalent area is required for these shields to

prevent the tubing from protruding beyond the shield.

Table 5.2 OPTIMIZED VENT LINE DIAMETERS

Temp, Length, Diameter,
Line K (R) M (in) cm (in)

From Tank to Shield 1 2 (3.6) 0.76 (30) 0.32 (0.13)
2zt?40)

Shield 1 Circumference 22 (40) 3.23 (127) | 0.32 (0.13)

Shield 2 Circumference 40 (72) 3.38 (133) | 0.32 (0.13)

Shield 3 Circumference 65 (117) 3.56 (140) | 0.64 (0.25)

Shield 4 Circumference 101 (182) 3.81 (150) | 0.95 (0.37)

Shield 5 Circumference 147 (265) 4.01 (158) | 0.95 (".37)

Shield 5 to External Vent 147 (265) 0.46 (18) 0.95 (0.37)
| 200t?360)

Total Length: 19.2 (756)

NOTE:

Tank temperature is 1.739K (3.11R); tank pressure is

9.4 Torr (0.18 psi); pressure drop across porous plug

is 1 Torr (0.02 psi)

5.1.4.3 Burst Disc Sizing.

where the vacuum shell i. punctured and air
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An extreme emergency condition was postulated

is rapidly solidifying on the




superfluid helium tank and instrument shruud and on the normal helium torus
tank and first vapor cooled shield. The heat rate to each tank was taken from
Fig. 5.9 [5.2] based on their respective surface areas. The "Cryostat with

MLI" curve was used.

Area Max. Heat Rate
me (ft2) W (Btu/hr)

Superfluid tank plus 19.5 (210) 3,000 (375,000)
instrument shroud

Torus tank plus first | 23.9 (257) |140,000 (475,000)
vapor cooled shield

Since the heat rates were about equal, calculations of the required burst disc
diameter were made using the PRESS program for only the higher value . The

diameter is plotted as a function of the tank pressure in Fig. 5.10.

This calculation assumes the helium is dumped directly into the instrument
cavity. A burst disc on the vacuum shell Invar ring then dumps the helium
outside the dewar. The gas couldn't be routed directly out of the dewar
because the 1line sizes were getting so large the orbit heat rates down the

lines became excessive.

For the torus tank, a burst disc diameter of 5.1 cm (2.0 in) was selected. For
the primary tank, the burst disc should be larger because air will also be
solidifying on an instrument of unknown area that is conductively coupled to
the tank. The primary tank burst disc diameter was arbitrarily doubled to 10.2

cm (4.0 in) to account for the instrument.
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5.1.5 Ground Hold Analyses

Once the single stage helium dewar is installed in the Orbiter and loaded with
superfluid helium, it is desirable, from an Orbiter servicing point of view,
not to require further dewar servicing. From the Orbiter timelines, it appears
desirable to have greater than a 10-day prelaunch hold capability for the dewar

(although servicing up to a day prior to launch is feasible).

To see what ground hold capability the reference subatmospheric pressure
superfluid helium dewar has, a calculation was made on the time it takes for
the nonvented tank temperature to rise from 1.72 v 2.0K (3.1 to 3.6R). From

Table 5.3, the maximum allewable ground hold time is 0.6 days.

Table 5.3 COMPARISON OF GROUND HOLD METHODS

I Ground
' | Hold Time msogg" Added Wefght
| | Without (Dewar or
| | Servicing Superfluid Flight
| ML Concept (Days) Helium Tank Equipment ) Comments
|
f
| Rel[ Hold Superfluid 0.6(1) 65 o This method is
| | Helium Tank Non- | unaccepteble
| | vented i unless ground
l hold times are
t kept very short,
1 | Add Norma) Helium, 12 0.13(3) 3.5 LHe The helfum tank
Helium Tank for 4.3 Torus can be sized for
[ Grouni Hold Cooling 1.0 Plumbin any ground hold
i (see Fig, 5.1i) B.8 kg (19 'b) period. Minima)
shuttle inter-
‘ faces. |
==
| 2| shuttle | As long as 1.3(4) 24.5 pump(5) The on-board
Onboard required 2.0 Contrels pumping system
' Pumping (2) 1.5 Plumbing requires power
| System 2.0 Supports from the Orbiter
i | (See Fig. 5.11) .0 Kg ) |during pralaunch;
| 1ine separation
I system for frge
[ flyer mission
i ' [ (operates only
[ | | during prelaunch).
| | | | A
NOTES

(1) For a temperature rise of 1.73k to 2.0k (3.1R to 3.6R)

(2) The qround hold period can be extended with an equivalert loss of orbital life as
shown,

(3) The first vancr-cooled shield 1s shorted to the torus tank; consequently, the heat
rate ‘nto the primary tank is extremely low due to the 4.2k (7,6R) boundary. Also,
the PODS supports are not shorted out in one-g.

(4) The nigher heat rate fs due to the Figher warm boundary temperature of 300k (5408 as
compared to orbit,

(5) Leybold Heraeus D2A pump,
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Since holding the tank non-vented did not provide an adequate ground hold time,

two other ground hold concepts were examined.

5.1.5.1 Concept 1: Normal Helium Tank. To extend the ground hold period and

reduce the orbit weight penalty, a one atmosphere pressure, 4.2K (7.6R) helium
torus tank plus one additional valve was added to the dewar as shown in Fig.
5.11.  The tank is thermally shorted to the first vapor <cooled shield to
intercept the grcund hold parasitic heat load. During ground hold, the normal
helium vapor is vented through all of the vapor cooled shields. The tank can
be located inside the 1.7K (3.1R) enclosure because the radiation heat transfer
is negligible between the torus and the superfluid helium tank. The
subatmospheric pressure superfluid helium tank is non-vented during ground
hoid. Table 5.3 shows the added bottle, helium and plumbing weight, 8.8 kg (19

1b), for a 12-day prelaunch ground hold.

5.1.5.2 Concept 2: Onboard Pumping System. To keep the superfluid helium

tank at 1.7K (3.1R), a pumping system is Tlocated onbcard the Orbiter to
maintain the appropriate low pressure in the tank as shown in Fig. 5.11. The
pumping system flies with the Orbiter but is operated only during the prelaunch
phase. In orbit, the dewar vent line is separated from the pumping system
prior to dewar ejection from the cargo bay; the pumping system remains in the
Orbiter., This system has a higher heat rate into the superfluid helium tank by
a factor of 10 over Conce,t 1, and the added system weight is higher, 33 kg (73
1b) vs. 8.8 kg (19 1b). For orbital altitudes higher than the Orbiter is
capable of achieving, i.e., requiring the use of the IUS, the added dewar
weight becomes more important. Comparison of Concepts 1 and 2 shows Concept 2

is 4.3 k. (9.5 1b) lighter.
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Concept 1 5.3 kg (11.7 ) (tank, plumbing)
Concept 2 1.0 kg ( 2.2 1b) (one valve)

s 4.3 kg ( 9.5 1b)

5.1.5.3 Selected Concept. Concept 1 has been selected for the reference

design for the following reasons:
1. A nonvented tank without cooling or pumping does not provide
adequate ground hold times with acceptable weight penalties.
2. Concept 1 is lighter by ~ 24 kg (53 1b), has a lower heat
rate into the superfluid tank by a factor of 10 and has
simpler orbiter interfaces than Concept 2.
3. The slight dewar weight advantage for Concept 2, 4 kg (8.8

1b), at higher orbital altitudes is not significant enough to
justify selection of Concept 2.

5.1.€ Vacuum Shell Analysis

The vacuum shell is divided into four parts: 1) tne center invar ring to which
the 12 PODS supports are attached; 2) the aft cylincer/come; 3' the forward
cylinder; and 4) the aperture cover, Analyses were performed on the
cylinder/dome and cylindrical sections .0 eterm ne which material should be
used and the ring and membrane dim -icns required. The required buckling

pressure capatility of the shell i+ et at

1.03 x 103 N/m2 (1.5)/(0.7) = 2.21 x 10° N/m2

|}

o

(15 psi) (1.5)7(0.7)

32 psi

where 1.5 15 a safety fa‘'tor and 0.7 is a knockdown factor to account for

manufacturing imperfections.
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Of the two cylindrical segments, the longer one (cylinder only) is the buckling-
critical one. A preliminary analysis (Baruch-Singer) indicated that this
cylinder buckles in 4 circumferential waves. Based on this, a STAGS model was
set up and subjected to a bifurcation buckling analysis. Figure 5.12 shows the

STAGS model and the buckling mode shape.

VIEW OF i
45° SEGMENT

~n = 4 BUCKLE

Fig. 5.12 Vacuum Shell Buckling Mode Shape

A weight analysis was then performed on the cylinder only section for Irvar, 6Al

4V titanium and 6061 aluminum. Using PANDA, *he buckling pressure was set at
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1.03 x 10% N/m2 (32 psi) in a general instability mode with four circumferential
waves. The ring thickness was set and the ring spacing was varied. The optimum
ring height, membrane thickness and cylinder weight was calculated and plotted
in Figs. 5.13 and 5.14. Note a substantial weight penalty is incurred going to

an all Invar shell.

The aluminum vacuum shell is the lightest weight and is also the Tlowest cost
shell to build. Consequently, a design concept was developed where an Invar

flange transitions into an aluminum vacuum shell as shown in Fig. 5.15.

A simplified model with a symmetry plane replacing the ring is shown in Fig.

5.16. Versions of this model were used for preliminary analyses of the joint.

The joint is fabricated at 300K (540R), and subsequently baked out at 350K
(630R) and cooled to 100K (180R) in orbit. The worst case is the cooling.
During the cooling, the aluminum contracts in the radial direction about 0.25 cm
(0.1 in) while the livar section only wants to contract some 0.06 cm (0.025 in).
But the twain must meet, so forces are applied which create stresses. There is
no way to avoid these stresses by beefing up the material, a thickness increase

in one material will result in a stress increase in the other.

There are two stress problems in the joint which are addressed here.

Assuming that the bond between the Invar and aluminum is intact, the structure
behaves as a shell structure with variable thickness layered skin (the skin is
layered Invar-aluminum-Invar in the joint area). Tnis problem is solved by

thin-shell analysis, in this case with the help of the STAGS finite element
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code. The STAGS stress model configuration is shown in Fig. 5.16a. Fig. 10.4

gives the thermal contraction values.

The problem of forces, particularly peeling or normal forces in the bond layer,
is a particularly difficult problem, since the strength of the bond in peel is
not a well-defined quantity. The approach here is to minimize the peel forces
at the edge of the joint as much as possible. The analysis of this problem is
most accurately made with a three-dimensional finite element code, but this is
time-consuming and expensive. The peel force analysis used here employs a novel
approach, again with the aid of STAGS. The invar section is modeled as a
continuous layer, as shown in Fig. 65.16b. The thickress is the combined
thickness of the face plates of the stress model. The centerline of the Invar
section is tied to the centerline of the aluminum section withhin the bond area.
In this model, the overall stiffness of the joint is somewhat underestimated,
while the stiffness of the individual Invar overlaps is overestimated. The
normal forces between the two shells are computed as equilibrium forces in the
STAGS code. Due to the design of the model, these forces are probably
over-estimated somewhat, but this is not of much concern, since we only want to
study their distribution in different geometry models. (A more exact analysis
could be had if the two shell segments were defined as eccentric to each

other.)

iwo difrYerent versions of the j~int were analyzed, one with the Invar
thicknesses varying as shown in Fig. 5.17 (thick joint) and one with the Invar
thickness varying as shown in Fig. 5.i8 (thin joint). From the results shown in

Figs. 5.17 and 5.18, the maximum stresses for the two cases are:
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Thick Jeiat Thin Joint

Material n/m? {xsI) N/m2 (xs1)
Invar
Applied 3.7 x 108 5 S.1x108| 72
Yield (Annealed) 2.3 x 108 80 28x108 | a0
Ratio (Yield/Appl.) 0.74 0.54

6061-T6 Alumimm

Applied 2.9 x 108 12 2.6 x 108 | 38

Yield 2.5 x 108 36 2.5 x 1 36

Ratio (Yield/Appi.) 0.86 0.95
| |

As can be seen, neither joint is acceptable; in both cases, the yield strength

is exceeded in both materials.

Titanium has thermal expansion properties part way between Ipvar and aluminum as
shown in Fig. 10.4 plus a muich higher yield strength than either material, as
shown in Table 10.1. Consequently, a new joint configuration, shown in Fig.
5.19, was analyzed that consists of a short titanium flange section and a bonded

titanium to aluminum joint.

I LA

£ROXY BONY JOINT

TV
O TiTANne o TiTAMI

———— |
T S081 ALV

Fig. 5.19 Vacuun Jacket, Titanium/Aluminum Joint
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The short titanium section moves the joint away from the stressed Invar/
titanium seal area. In the seal area, the maximum temperature induced stresses
in the mating Invar/titanium flanges are on the order of:

N/m2 (ks1)
Titanium 1.4 x 108 (20)
Invar <1x108 (<14)

well within their elastic limits.

At the bonded titanium/Invar joint, the maximum stresses are (ratioed from the

invar/alumirum data based on the lower differential expansion values):

Thick Joint Thin Joint
Material N/m2 (xs1) N/m2 (xSI)
6A1 4V Titanium
Applied 1.8 x 108 26 2.5 x 108 | 36
Yield 8.2 x 108 128 8.2 x 108 | 120
Ratio (Yieid/Appl.) 4.9 3.6
6061-T6 Aluminum
Applied 1.4 x 108 20 1.2 x 108 | 18
Yield 2.5 x 108 36 2.5 x 108 | 36
Ratio (Yield/Appl.) 1.8 2.10
|

Ratioing the values is not quite accurate since titanium's modulus is 20% lower
than Invar's, but the conclusion reached about the joint acceptability is valid
because of the large margin of applied to yield stresses. Again, Lne stresses

are within the elastic limits for both the titanium and the aluminum.

5-.3



The bond force model shown previously in Fig. 5.16b yielded the results shown in
Fig. 5.20 for the Invar/aluminum joint. These analyses were completed before
the titanium/aluminum bond joint was selected and represents a more severe case
than the selected design. Since the forces in the Invar/aluminum thin joint
design appear to be reasonable, the analyses were not repeated for the titanium/
aluminum bond joint since the differential temperature-induced stress is less.

Three models were analyzed: two “"thick" ones (one with coarse and one with fine
mesh), and one “thin". Fig. 5.20a and b gives the force distribution in the
“thick" models. The forces epresented in the figure are the normal forces
applied to the node points. We see that the total force in the two cases is the
same and the distribution similar: uniform in the interior (note that the force
per unit area is the same) and spikes at the discontinuities in thickness. Of
interest is the spike at the end of the joint, 36 N (8.06 1b¢) and 34 N (7.63
Ibg). This spike is the peeling force that tries to open the end of the joint.
Note that this spike is practically identical in the two models. This indicates
that the spacing 1is too coarse, even in the fine model, to define the force
variation in the edge zone; all we can say there is a rapid increase of

peeling force at the end of the joint.

The analysis of the "thin" joint (Fig. 5.20c) yields a much smaller spike; the
total force on the edge node is less than three times the force on interior
nodes, compared to almost nine times in the “thick" model. Since peel strengths
of typical epoxy adhesives are on the order of 35 N/cm (20 1b/in), only the thin

joint appears to be a safe design.
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Peel Force at Joint End

N/cm (1bg/in)
Thick Joint 28.0 (15.2) o
Thin Joint 5.7 ( 3.2)

The ideal situation would be if the edge node force is one half of the interior
node force, then the peeling forces would be uniform in the entire joint. With
a more gradual change in thickness than the two-step configurations used here,
it should be possible to come close te this ideal. Consequently, a thin joint

design with a smooth taper was selected for the titanium/aluminum joint.

5.1.7 Tank Analyses

The helium tank configuration is shown later in Fig. 5.23. The tank is designed

by a variety of loading conditions:

External pressure, -1 x 105 N/m2 (-15 psi) operating
Internal pressure, 4.1 x 105 N/mZ (60 psi) operating
Accelerations, 10 "g" axial, radial

0f the two pressure loadings, the external pressure is the worst condition. An
initial design was selected by comparison with the vacuum shell discussed in
Section 5.1.6. This design was analyzed 1in the same fashion as the vacuum

shell. The results are shown on the next page.
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RING-STIFFENED CYLINDER

Cylinder Ring Ring Ring Buckling
Weight Thickness Spacing | Thickness Height Pressure
kg (1b) cm (in) cm (in) cm (in) cm (in) N/m¢ (psi)

12.4 (27.3) |0.14 (0.055)| 7.6 (3.0)0.38 (0.15)[0.79 (0.31)|2.2x105 (32) (n=6)*
13.3 (29.3) 0.16 (0.23)(10.2 (4.0)|n.38 (0.15)]0.81 (0.32)|2.2x105 (32) (n=6)
14.1 (31.1) [0.18 (0.070)[12.7 (5.0)|0.38 (0.15)[0.56 (0.34)|2.2x105 (32) (n=6)
14.9 (32.9) 0.19 (0.076){15.2 (6.0)|0.38 (0.15)|0.89 (0.35)|2.2x105 (32) (n=6)

* Selected design
The end dome thickness is 0.28 cm (0.110 in).
5.2 DEWAR LAYOUT
Using the results of the analyses obtained in Section 5.1 plus the plumbing
schematic in Fig. 5.21, the dewar preliminary design was developed on CADAM. Fig.
5.22 provides the overall dewar layout, while Figs. 5.23 through 5.26 provide
details of the design. Dewar characteristics are summarized in Table 5.4.
A description of key features of the design and assembly sequences are discussed

first followed by a typical operational sequence. Refer back to these figures and

table while reading the following material.
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VV-VACUUM PUMPOUT VALVE

Fig. 5.21 Dewar Plumbing Schematic
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Fig. 5.25 Vapor-Cooled Shields
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Table 5.4 DEWAR DESIGN CHARACTERISTICS

1. SUPERFLUID HELIUM TANK
Temperature:
Operating Pressure:
Material:

Volume :

Ullage:

Dome Thickness:
Cylinder Thickness:

Ring Thickness x
Height x Spacing:

Ground Hold 2at Rate:

Temperature Rise Rate
(Ground Hold):

Orbit Lifetime:

1.73K (3.11R)

9.4 Torr (0.18 psi)
6061-T6 Aluminum
1.0 m3 (35.3 ft3)
ax

0.28 cm (0.11G in)
0.14 cm (0.055 in)

0.38 x 0.79 x 7.6 cm
(.15 x 0.31 x 3,0 n)

3.2 mW (0.01 Btu/hr)

0.0009 K/day (0.0016 R/da)

> 3 years

2. NORMAL HELIUM TORUS TANK
Temperature:
Operating Pressure:
Material:

Volume:
Ullage:
Thickness:

Ground Hold Lifetime:

4.2k (7.6R)

760 Torr (14.7 psi)
6061-T6 Aluminum
0.026 m3 (0.92 ft3)
4%

0.15 cm (0.061 in)
11.1 days




Table 5.4 (continued)

3. VAPOR-COOLED SHIELDS (S5 ea)

Face Sheet:

Honeycomb :

Shield Locations:

6063 Aluminum, 0.013 cm (0.005 in)

5052/F4C - 0.0013 Aluminum,
33.7 kg/m3 (2.1 1b/ft3)

(X/XT0TAL) 0.12,0.25,0.40,0.57,0.78

4. INSULATION

Radiation Shields:
Spacer:

Thickness:
Layers/cm:

Bulk Density:

Double Aluminized Mylar
Silk Net (2 ea)

18.4 cm (7.25 in)

14

30.8 kg/m3 (1.92 1b/ft3)

5. PODS

SUPPORTS (12 EA)

Rod End to Rod End Length:
Fiberglass Tube Length:
Fiberglass Wall Thickness:

Fiberglass Tube ID:

Area of on: S-Glass Strand:

Length of S-Glass Strand:

Weight Supported Before
Support's Short:

44.7 cm (17.6 in)

31.0 cm (12.2 in)

0.107 cm (0.042 in)

2.5 cm (1.0 in)

5.1 x 103 cm? (7.96 x 10-4 in2)
4.6 cm (1.82 in)

600 kg (1322 1b)
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Table 5.4 (continued)

6. VACUUM SHELL (4 SECTIONS)

Aft Dome/Cylinder
e Material:

e Dome Thickness:

e Cylinder Thickness:

e Ring Thickness x Height
x Spacing:

Center Cylinder
e Material:
e Thickness:

Forward Cylinder
e Material:

e Cylinder Thickness:
o Ring Thickness x Height
x Spacing:

Aperture Cover
e Material:

e Dome Thickness:

6A14V Titanium Flange,
6061-T6 Aluminum Cylinder/Dome
0.36 cm (0.14 in)
0.17 cm (0.067 in)
0.64 x 1.57 x 8.3 cm
(0.25 x 0.62 x 3.26 in)

Invar
0.25 cm (0.10 in)

6A14V Titanium

Flange, 6061-T6 Aluminum
0.17 cm (0.067 in)
0.64 x 1.57 x 8.3 cm

(0.25 x 0.62 x 3.26 in)

6061-T6 Aluminum
0.36 cm (0.14 in)

7. PLUMBING COMPONENTS

Diameter Pressure Differential
Burst Discs cm (in) N/mé (psia)
T BD 1 1.3 (0.5) 1.7 x 102 (25)
BD 2 1.3 (0.5) 1.7 x 105 (25)
8D 3 10.0 (4.0) 2.4 x 10° {35)
BD 4 5.0 (2.0) 2.4 x 105 (35)
BD 5 1.3 (0.5) 1.4 x 109 520
BD 6 1.3 (0.5) 1.4 x 10° (20
BD 7 10.0 (4.0) 2.1 x 105 (30)
Shutoff Valves
RA V1 Tank fill, motor driven (cold)
RA V2 Torus fill, motor driven (cold)
RA V3 Tank vent, motor driven (cold)
V4 Tank vent, manual, vac jacketed
V5 Tank fill, manual, vac jacketed
V6 Vacuum shell evacuate/relief
PV7 Fill line evacuate in orbit, pyro, NC
Relief Valves ji;[g;sure Differential
né (ps1)
RV 1 1.4 x 10° 20
RV 2 1.4 x 105 20
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Table 5.4 (continued)
7. PLUMBING COMPONENTS (continued)

Wall

. Diameter| Thickness*| Length**

Line Mat 'l cm (in cm_(in m_ (in

i 321 SS | . . : .

Primary Tank to 1st Shield| 321 SS | .32 (1/8)| .015 §.006 0.76 § 30
1st Shield 6061 A1 .32 (1/8)| .015 (.006)| 3.23 (127
2nd Shield 6061 A1| .32 (1/8)| .015 (.0n06)| 3.38 (133)
3rd Shield 6061 Al| .64 §1/4 .015 {.006 3.56 (140
4th Shield 6061 Al| .95 (3/8)| .020 (.008)( 3.81 (150
5th Shield 6061 A1| .95 (3/8)| .020 (.008)| 4.01 (158)
5th Shield to Vent 321 SS | .95 (3/8)] .020 (.008)| 0.46 ( 18)

* 321 Stainless Steel transition sections between shields
** 6061 Aluminum tubing length

Porous plug 2-5u |
7.6 cm (3.0 in) diameter

8. INSTRUMENTATION

Sensor Type Qty Location Range

Mass Flow Meter 1 Vent line exit Up to 50 g/hr
(0.1 1b/hr)

Differential Chromel - 5 Tank-instrument n-0.5K (0-0.9R

Constantan T.C. fill line 0-200K (0-360R

T | Germanium 2 Porous Plug 1.5-3K (2.7-5.4R)

e

m | Germanium 3 Main Tank 1.5-3K (2.7-5.4R)

P

e | Germanium 2 Torus Tank 3-6K (5.4-10.8R)

r

a | Platinum 10 Vapor-cooled 15-300K (27-540R)

t shields and

u supports

r

e | Platinum 5 Vacuum shell & 100-250K (180-450R)

flow meter

Open Circuit 12 Struts 0 or infinite
resistance

Ion Pump (pressure) 1 Vacuum Shell 10-4 to 10-8 Torr

Accelerometers 3 Instrument -
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Table 5.4 (continued)

8. INSTRUMENTATION (continued)

NUMBER OF WIRE FEED THROUGH LEADS

Manganin Wires
Gage
Coaxial
Wires #40 #32 #24
Instrument 400 200 40 10
Valves 6
Instrumentation -—- 104 e 4
Cross-sectional Area
(per wire)
Material m2 (in2)
Coaxial Wires
e Sheath 304 SS 4.1 x 10-8 6.3 x 10-5
e Insulator Teflon 3 x 10-8 4.7 x 10-5
e Wire 304 SS 2 x 10-9 3.1 x 10-6
Manganin
e #40 Manganin 5 x 10-9 7.5 x 10-6
o #32 Manganin 3.2 x 10-8 5 x 10-5
o #24 Manganin 2 x 10°7 3.2 x 10-4
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5.2.1 Design Features

The large superfluid helium tank shown in Fig. 5.22 maintains the instrument
at ¢ 2K (< 3.6R) for the required three-year orbit lifetime. The instrument
is thermally connected ard mounted to the tank through an aluminum barrel
extension and mounting flange. The smaller normal helium torus tank, mounted
off the first vapor-cooled shield, is used to minimize the ground hold heat
rate so the servicing interval in the Orbiter can be extended to 11.1 days;
that is, under a normal launch sequence, no servicing is required once the
dewar is located inside the cargo bay. The vented normal helium from the
torus tank (ground hold) or the vented superfluid helium from the primary tank
(orbit) is routed around the circumference of five vapor-cooled shields in
series starting at the inner shield; the vented gas is passed through a flow
meter and then exits through a thrust nullifier nozzle. Multilayer insulation

is interspersed between the shields.

The vapor-cooled shield consists of a thin aluminum sheet epoxy bonded to
aluminum honeycomb on one side. The shields are ittached to the supports in
multiple sections using indium coated screws and nuts as shown in Fig. 5.25,
Details G, H, and J. The corrugation and slots shown around the strut permits
the axial and circumferential movement required of the vapor-coolei shields
during temperature changes to prevent shorting of the struts. Diaphragm
action of the thin sheet plus corrugations around the strut allows the

required radial movement.
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The tank and instrument are supported off the vacuum shell with 12 POD
supports, six each end as shown in Figs. 5.22 and 5.24. The support rod ends
are attached to fittings inside channels on both the tank/instrument barrel
and the vacuum shell 1in order to position the strut so the cold end of the
PODS mechanism is located at the first vapor-cooled shield and the warm end of
the fiberglass tube is positioned at the outside layer of the insulation. A
perforated plate 1is attached across the tank channel to stiffen the tank,
distribute the point loads and raise the resonant frequency. The instrument
flange is assumed to be stiffened by attachment of the instrument. Note in
Table 5.4 that the struts will support a fully-loaded tank plus instrument
weighing 431 kg (950 1b) in one-g without shorting out. Consequently, "orbit"
performance can be demonstrated in one-g thermal tests and ground hold heat

rates into the primary tank will be very low.

The tanks and lines are protected against overpressure with burst discs as
shown in Figs. 5.21 and 5.26. BDl1, 2, 5 and 6 protect the 1lines against
trapped liquid and the tanks against overpressure. Burst discs BD3, 4 and 7
are protection of the tanks against a catastrophic accident, i.e., a large
hole in the vacuum jacket permitting air to sclidify onto the tanks. If this
happens, burst discs BD3 and 4 rupture, dumping helium into the instrument
cavity; BD7 then ruptures (in case the hole in the vacuum jacket is not large
enouch to handle this vent rate), venting the vacuum shell. This design was
chosen because the required line sizes were too large (from a thermal

viewpoint) to vert the tank directly outside of the vacuum shell.
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A1l plumbing components and 1lines will have adequate support bracketry to
survive the dynamic l1cad environment. The plumbing clusters external to the
vacuum shell are connected through bayonnet fittings as shown in Fig. 5.26,
Detail H. This feature permits rapid field replacement of faulty components.
A description of an actual usage sequence is the easiest way to explain why
the plumbing is laid out as shown so this discussion is deferred to Section

5.2.3.

The design of the wire feed through is shown in Fig. 5.23. The feed through
consists of a heat-formed Mylar cone with five bonded aluminum rings located
at the five vapor-cooled shields. The wires are wrapped in a spiral on the
outside of the cone and bonded into grooves cut into each aluminum ring to
effect good heat transfer at the vapor-cooled shield locations. The

assembly/removal procedure of the feed through is described in Section 5.2.2.

The bonded titanium/aluminum joint in the vacuum shell is shown in Fig. 5.23,
Detail C. This type of bond joint has been used successfully on all aluminum
vacuum shells on previous cooler programs, i.e., Teal Ruby. (This cooler has

been qualified but not yet flown.)

The aperture cover separation mechanism shown in Fig. 5.23, Detail P, is
activated with explosive bolts around the circumference of the V-band clamp.
The clamp diameter is expanded by the compression spring/lever arm shown. The
compressed spring/plunger then pushes the aperture cover away from the dewar.
Note the inclined seal surface traps the O0-ring and prevents it from

dislodging over the aperture upon cover separation.
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5.2.2 Assembly Sequence

Once the various component parts are fabricated, the dewar is assembled in the

following manner.

The center Invar section of the vacuum shell 1is slipped over the
tank/instrument barrel section with the torus tank and all the internal
plumbing installed and leak checked. "Zero clearance" 1load pins (two each)
are installed in each PODS support and the strut length is adjusted at the
warm end for all 12 struts vsing the mechanism shown in Fig. 5.24, Detail Q.
The locking nuts are tightened and the six forward struts are removed. The
flight 1load pins are then substituted for the "“zero clearance" pins on all

struts.

The fill line plumbing connection is made from the primary tank to the vacuum
shell and leak checked. Insulation is installed from the forward strut area
(struts now removed) around the aft struts and back over the tank. The first
vapor-cooled shield 1is installed next in two sections, a dome/cylinder
section, up to the six aft struts and a cylinder section that fits between the
struts (see Fig. 5.2%5, Detail G). This cylinder may be split in half for ease
of installation. The torus tank is attached to the first vapor-cooled shield.
The next 1insulation layers plus second vapor-cooled shield sections are
installed in the same manner, brazing and leak checking the vent 1line
connections as the assembly proceeds until all vapor-cooled shields and

insulation are installed up to the forward strut area.
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The six forward struts are installed next and bolted to the vacuum shell,
instrument channel and the vapor-cooled shields. Insulation is then laid on
the instrument barrel, butting up to the blanket already installed. Ticks of
aluminized Mylar tape are used periodically to prevent the tapered joint from
opening. The first cylindrical vapor-cooled shield (again split in two halves
for ease of assembly) that covers the instrument section is slipped on and
bolted to itself and to the mating shield already installed. The remaining
vapor-cooled shields and insulation in the instrument section are installed in
a similar manner. The aft (cylinder/dome) and forward (cylinder) vacuum shell
are then slipped on and clamped to the Invar shell, The external plumbing
modules, assembled and leak checked separately, can now be installed using the

bayonnet connection shown in Fig. 5.26, Detail M.

The removable wire feed throughs (Fig. 5.23) are installed after the
experiment is installed and holted to the interface flange. The installation
method is to reach in tne hole through the insulation and vapor-cooled shields
and make the electrical connection, then slip the cone-shaped connector into
the hole. Discs of insulation are laid inside the cone and an aluminum disc
is placed inside the cone. The disc and cone are attached to the first
vapor-cooled shield with indium-coated screws (Fig. 5.23, Detail R). This
process is repeated until all five aluminum discs are attached to the five
vapor-cooied shields with insulation discs in between the aluminum. The cone
is made of clear Mylar to aid in the assembly. The flange cover seal is then

made.

The aperture cover is installed and leak checked to complete the assembly.
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5.2.3 Operational Sequence

A typical operational sequence is described to provide additional insight into
the design. Refer to Fig. 5.21. The vacuum shell 1s evacuated at a
controlled rate (to prevent insulation damage) through valve VV6 and baked out
at ~ 350K (630R) for four to six weeks to outgas the dewar.

Both the primary tank and torus tank are evacuated and back filled with helium
gas several times. Both tanks are then cooled down to near helium temperature
at a controlled rate and the primary tank is nearly filled with superfluid
helium through valve RAVi. Valves RAV3 and V4 are open for this operation.
The vacuum-jacketed transfer lines will probably have to have a LNz-cooled
shield plus multilayers to allow transfer of superfluid helium. The end of
the vented line 1is connected to a vacuum pump to maintain a low pressure in
the tank for the fill operation. Tank pressure can be controlled by changing
valve setting V4. Pressure is inferred from tank temperature. Top off of the
tank is performed as many times as required until the tank is tull (4% ullage)

as determined by continuous weighing of the dewar.

Valves RAV1, RAV3 and V4 are closed and the pump shut off, Valve RAV2 is
opened and normal 1iquid helium is introduced into the torus tank through
valve V5 until flow stops. Valve V4 is then opened and flow continued until
the torus tank is full, The vent 1line inlet is positioned so a 4% ullage
always remains in the tank. Flow is continued until temperalure sensors on

the second vapor-cooled shield show liquid helium is exiting '» torus tank.
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Valve RAV2 is closed and the line bac« to V5 is evacuated. Valve V5 is then
closed. Helium continues to vent out of the torus tank through valve V4 for
the piz2launch hold and launch. Once in orbit outside the cargo bay, pyro
valve PV7 is opened to vent the fill line to space in case valve RAV1 has a
slow leak, The aperture cover is then ejected. When the flowmeter shows the
torus tank is empty, valve RAV3 is opened and the primary tank is vented
through tie vapor-cooled shields to space for the remainder of the mission.

The flowmeter provides data for an extrapolation of the missior lifetime.

The operation of the PODS supports is of interest during the launch and orbit
phase. Under launch loads, the S-glass strands shown in Fig. 5.24 stretch
elastically until the Invar stem seats against the two load pins (tension) or
the stem conical section seats against the Invar body (compression). Once
orbit 1is achieved, the stem recenters itself inside the body, passively
disc necting the stem from the body. Heat is then transferred by radiation
between the gold-coated stem and body and by conduction along the S-glass
strands. Electrical resistance measurements indicate whether this passive

disconnect did occur on all 12 struts.

5.3 DEWAR PERFORMANCE

The dewar ground hold interval where no servicing is required is 11.1 days

with the current size torus tank; the heat rate into the non-vented super-

fluid helium tank for the same period is 3.2 md (0.009 Btu/hr), 13% of the
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200K (360R) orbit case. The temperature rises only 0,01K (0.02R) during this
11.1 day perfod. The reason for the extremely low ground hold heat rate is as
follows. The 4.2K (7.6R) torus tank is shorted to the first vapor-cooled
shield; consequently, the heat rate intc ne tank is lower than in orbit where
the first shield floats and is nearer 15K (27R). Also, the PODS supports do
not short in one g, minimizing the support heat leak. The heat map for the
ground hold case is shown in Fig. 5.27 for a warm boundary temperature of 300K
(540R).

The dewar orbital lifetime is plotted as a function of the vacuum shel!
temperature in Fig. 5.28. The vapor-cooled shield temperatures are shown in
Fig. 5.29. These calculations assume a 40% degradation factor over flat plate
data for the installed multilayer insulation (see Fig. 10.1). No attempt was
made to calculate the insulation degradation in the region of supports,
wiring, plumbing or joints. A much more detailed thermal model would be
required to make these calculations of radiation tunneling and insulation
shorting that occurs in actual instaliations. The conductivity used assumes

the insulation is installed one layer at a time.

The orbital heat map for Ty = 200K (360R) case is showr in Fig. 5.7). Note a
substantial amount of energy is being radiated to space off the flanged ends
of vapor-cooled shields 4 and 5. In an actual flight system, this radiated
flux will be lower because of the radiation coupling between these flanges and
a Sun shade, i.e., with a configuration such as shown in Fig. 5.31. (No orbit
or pointing requirements were defined for this study so this type of systems
analysis was not performed.) Note in the Fig. 5.30 heat map, the Mylar cone

plus the wires are treated separately for the wire feed throughs. The
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number of wires were increased to account for the motor-operated valves and

instrumentation as well as the instrument as shown previously in Table 5.4.

Fig. 5.32 (on the previous page) provides dewar orbital lifetime sensitivity
to changes in the vacuum shell temperature, multilayer insulation
conduct-tivity, instrument heat load and PODS conductance. The lifetime is
the most sensitive to vacuum shell temperature changes and least sensitive to

changes in the PODS conductance.

5.4 DEWAR WEIGHT SUMMARY

A preliminary weight statement of the dewar design described in Section 5.2 is
provided in Table 5.5. The dry weight includes a 10% margin. The center of
gravity (CG) of the mass supported by the 12 PODS supports falls midway
between the supports, This mass 1includes both tanks plus helium, inner
instrument barrel, vapor-cooled shields, insulation, PODS supports, cold
plumbing and tne instrument., The CG of the instrument is 0,55 m (21,6 in)

forward of this CG point.
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Table 5.5 PRELIMINARY DEWAR WEIGHT STATEMENT

kg 1b

Primary Tank (1.0 m3) 38.7 85.3
Inner Instrument Barrel 27.3 60.1
Torus Tank (0.026 m3) 5.0 11.0
Vapor-Cooled Shields 57.9 127.6

#l 9.8
#2 10.7
#3 11.4 25.2
# 12.5
#5 13.5

Insulation 17l 170.0
PODS Supports (12 ea) 5.8 12.8
Vacuum Shell 241.0 531.3

Aft Cyl/Dome 61.4 135.4
Invar Cyl 72.6 160.0
Forward Cyl 107. 235.9

Plumbing and Wiring 29.2 64.3
Burst Discs 3.1 6.8

BD1 0
BD2 0
BG3 0
BD4 0
BDS 0
BD6 0
BD7 0

Shutoff Valves 4.5 10.0

vl 0.9
V2 0.9
V3 0.9
V4 0.5
0.5
0.7
0.2

OU—H:-‘NNN
OO OO0 O

V5
V6
V7
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Table 5.5 (continued)

kg 1b
Relief Valves 0.45 1.0
RV1 0.2
RV2 0.2
Mass Flowmeter 1.8 4.0
Vac lon Pump (8 1/s) 4.5 10.0
Thrust Nullifiers 0.7 1.5
TN1 0.2 0.5
TN2 0.2 0.5
TN3 0.2 0.5
Plumbing Lines and 6.8 15.0
Bayonnets
Wire Feed Throughs Ts3 16.0

(2 ea) including

flanges
Instrument 200.0 440.9
10% Margin 68.0 150.0
Dry Weight Minus 750.0 1653.0
Aperture Cover
Aperture Cover (with 99.0 218.0
Ejection Mech,
Shields, Insul.)
Dry Weight with 849.0 1871.0
Aperture Cover
Superfluid Helium 137.0 302.0
Normal Helium 3.2 7.2
LAUNCH WEIGHT 989 2180
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Section 6
TECHNOLOGY DEVELOPMENT PLAN

Prior to designing, building and qualifying a three-year superfluid helium
flight dewar, it is necessary to perform a series of development tasks to
reduce the technical and cost risks to an acceptable 1level. These tasks
consist of a series of component and subsystem developments culminating in a
series of full-scale helium dewar tests as shown in Fig. 6.1. These tasks
were selected based on their criticality to system performance (Table 6.1) and
their current level of development. In the following sections, the major
objectives plus the recommended approach is provided for each of these tasks.

A schedule plus ROM costs concludes the development plan.

6.1 TASK CEFINITIONS

6.1.1 System Requirements Definition and Design Update (Task 1)

6.1.1.1 Objective. The objective of the task is to increase the level of
design detail to the point component and subsystem development items can be

fabricated.

6.1.1.2 Approach. More detailed system requirements provided by the customer
(including experiment definition and operational mode) will be incorporated
into the dewar design. The level of structural and thermal analysis and
design detail will be increased to permit component and subsystem test items

to be fabricated in each of the tasks.
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Table 6.1 PRIORITY RANKING OF COMPONENT AND SUBSYSTEM DEVELOPMENT TASKS

Task
Mo,

Priority
Rank ing

Task

Ranking Criteria

1*
1
1

PODS tests
PODS support system buildup
PODS support system tests

The support systes c“hermal performance is the key to meeting the dewar 3-year
1ife-time goal. If the supports don't perform as dasigned and state-of-the-art
supports are used, the dewar lifetime is cut by approximately two thiras.

al/L Tests

These data are required to design the support system. Data are currently available
from different sources. These tests will provide comparable data on actual
materials in the same test setup.

Vapor<cooled shield tests

The current design 1s based on 100% heat exchanger efficiency. These tests will
determine how closely the design approaches this value. Delaying the tests until
the full dewar is assembled |y necessitate expensive redesign f the heat
exchanger performance s inadequate.

Vacuum shell tests

Vacuum leaks are a major problem, historically, on flight dewars. These /S scale
tests will demonstrate the Invar/>luminum transition joint plus the flinge seal
remain leak tight over the required operating temperature range, prior to
incorporating them into the full-scale vacuum shell design.

Multilayer insulation
conductivity

Multilayer insulation consitutes 30% of the parasitic heat load to the dewar. To
date, no experimental data are available in the lower temperature region, 1.=., 78
to Z&X. The current performance is based on test data over a broader temperature
range, f.e., 278 to 20K. In addition, {improved multilayer performance may be
obtained by changing the spacer/shield combinations to winimize the dominant
‘onduction term at these low temperatures.

Wire feed-th
development

™is modular design provides easy removal /installation plus wiring changes and
ensures efficient vapor cooling of the wires. Demonstration of the design prior to
system testing is not as critical, thermally, as PODS, vapor shields or witilayer
insulation testing, however, since changes can be made at the system test level.

Low-temperature valve
leak tests

The avacuated 7111 line heat leak will wncrease in orbit if 1t fills with leaking
helfum. This problem can be eliminated by opening the external fill line valve in
orbit. Mowever, the leak rate of the cold valve must be low encugh to prevent
excessive loss of helium over three years.

Full-scale aperture cover
separation tests

Ejection of the aperture cover is critical to operation of the experiment. However,
these tests can be delayed unti] system testing without too large & technical risk
since a flight-qualified system will have been tested on the IRAS program.

* 1 is the highest priority



6.1.2 Full-Scale PODS Development (Tasks 2, 10, 11)

6.1.2.1 Objectives. The objectives of these tasks are sixfold.

® Demonstrate the support system can be manufactured within
tolerances and installed with vapor-cooled shields and a
wire feed through without the load pins shorting.

© Measure the load it takes to short the load pins on indi-
vidual struts and as installed.

. Demonstrate the load pins will not short with Tg = 4K
(7.2R) and Ty varied over 300 to 100K (540 to 180RS.

E Measure the thermal performance of the strut over its
operational temperature range.

° Demonstrate the structural load capability of the struts
individually and installed (12 each) both statically and
dynamically.

[ Measure the modal vibration frequencies of the support

system both for the launch and orbit conditions (full to
empty tank).

6.1.2.2 Approach, Initially, one PODS support will be manufactured. The
change in length of the strut with temperature will be measured in Task 3.
The strut will be loaded in tension and compression to determine the load
required to thermally “"short" the load pins. The loads will then be increased
to design loads. The strut will be thermally cycled between 300 and 4K (540
to 7.2R) and the design load tests repeated. The strut will then be tested to

destruction in compression.

The heat rate for a second PODS support will be measured between Ty = 300K
(540R) to Tc = 4K (7.2R) with the load pins shorted to simulate the launch
condition, The simulated orbit heat rate will be measured with the stem at T¢
= 2K (3.6R) and Ty (Invar body) varied from 10 to 40K (18 to 72R).
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Fig. 6.2 Support System Test Setup

Using the thermal expansion/contraction data from Task 3, a test setup will be
designed and fabricated to test the installed struts as shown in Fig. 6.2
above. The setup consists of the Invar vacuum ring, mating titanium flanges,
12 PODS supports, five vapor-cooled shields, one wire feed through, plus an
aluminum inner structure that simulates the tank and instrument attach points.
The installation/removal procedure of the supports, vapor-cooled shields and
wire feed through will be demonstrated including ohmmeter measurements to
demonstrate the load pins don't short. Loads in first the axial and then the
lateral direction will be applied to the support system until the load pins
“short out“. The axial load will then be increased to the design load for a

series of cyclic load tests.

The test setup will be moved into a LNp shrouded vacuum chazoer. Helium heat

exchange coils will have been welded to the aluminum structvre previously and
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the vacuum chamber pumped down. The aluminum structure (tank/instrument
attach points) will be taken down to 4K (7R) with liquid helium; the PODS
supports will be monitored for shorting during this temperature transient.
Next the Invar shell temperature will be dropped by flowing LNz through the
chamber shroud. The temperature of the Invar ring will be controlled with
heaters. The temperature of the ring will be varied over 300 to 100K (540 to
180R); temperature gradients around the ring circumference will also be

varied. Again the PODS supports will be monitored for shorting.

The test article will be removed from the vacuum chamber and supported on a
shaker head off the Iavar ring. Accelerometers will be mounted or the test
article as required. A low-level modal resonance survey will be performed in
three axes with the load pins shorted by adding weights to simulate the dewar
launch (condition) and removing the weights so the load pins are not shorted
(simulated orbit condition). The measured orbit resonances can be corrected

to the design mass, depending on the weights used in the test.

The weignts will again be added to simulate the dewar launch weight and a

random vibration test performed in three axes.

6.1.3 aAL/L Tests (Task 3)

6.1.3.1 Objective. To properly design the support system, accurate thermal
expansion/contraction data are needed for the PODS supports, Invar vacuum ring
material, and titanium and aluminum (used in the helium tank, vacuum shell and
the aluminum/honeycomb vapor-cooled shield) over the temperacure range 200 to

4K (540 to TR).
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6.1.3.2 Approach. The PODS support aL/L measurements will be performed
separately on the PODS cold end assembly, fiberglass tube and warm end
assembly. This approach 1s necessary in order to fit the specimens into an
existing test apparatus. Specimens of Invar, titanium, aluminum and the
aluminum honeycomb will also be measured. The contraction will be measured
going from high to low temperature followed by expansion going from low to
high temperature. The data will be used to calculate the optimum support
spacing of the opposing six strut assemblies. 6.1.4 Vapor-Cooled Shield Tests
(Task 4)

6.1.4.1 Objectives. The objectiv«s are threefold: First, demonstrate the
manufacturing techniques for the honeycomb panels and tube heat exchangers;
Second, determine the load-bearing capability of the honeycomb panel; and
third, measure the thermal efficiency of the heat exchangers with and without

joints over their operating temperature and pressure range.

6.1.4.2 Approach. Representative honeycomb panels will be fabricated and
load deflection tests performed to demonstrate their structural capability.
Next a thermal efficiency test will be performed using the test setup shown in
Fig. 6.3. Scale test samples of the heat exchanger will be fabricated using
different size vent tubing and a simulated joint. Heat flux will be varied by
changing boundary temperature T,. The inlet pressure and temperature of
helium flowing through the heat exchanger will be varied around the predicted
values and the outlet pressure controlled. The enthalpy change in the gas and

the temperature gradients along the shieid and the joint will be measured.
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Fig. 6.3 Vapor-Cooled Shield Thermal Efficiency Test
6.1.5 Wire Feed Through Development (Task 5)

6.1.5.1 Objective. The objective of this task is to demonstrate the

manufacture and assembly of the wire feed through.

6.1.5.2 Approach. The fabrication plus the heat forming assembly techniques
will be developed for the Mylar cone and aluminum rings. (In Task 11, the
installation/removal of the feed through in the dewar is demonstrated; the

thermal performance of the feed through is monitored in Task 14.)
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6.1.6 Llow-Tamperature Valve Leak Tests (Task 6)

6.1.6.1 Objective. Measure the vaive leak rate as a function of the number

of openmings/closings with ¢ X {3.68; swperfluid helium on one side and high
vacuun on the otker,

6.1.6.2 fgproach. A motor-cperated superfis?? iiguid helium valve is
currently under development. These tests in a wav a ¢ wmber will be required
anly if the program Goes a0t adeguately test this waive under the desired
operatimg conditions or if the measured l‘e2kage rates are too high. In that
c2se, additional! w2lve development may be reguired.

$.1.7 Ome-Fifth Scale Wecumm Shelil Tests (Task 7)

6.1.7.1 Opjectives. Demonstrale the waosum sheil Tiange sedl plus the
titanium/2lusingn transition joimts will mot leak after repeated temperature

2nd pressure Cycling.

$.1.7.2 ilgproach. £ ose-fifth scale mode]l of the vacuum jacket flange seal
plus titanigm/2lumnus bond joimt will e fabricated and imstalled in & vacsum
system as shown n Fig. 6.4. The scale model will be evacuated with 2 he'ium
mess spectrameter; the wacuum Dell will be esacsated separately and back
fillet with helium %o 0.9 stmospheres. Leak cChecking will be performed
continupus’ly Guring These seguences. The helium pressare wiil de gecreased to
zere o see 7f 2 decressed Time Jo2c on The seal will dmitiate 2 Jeak. The
heligm pressure o711 e inoresset dack T 0.9 smospheres and Uhe shrowd
enilosure mpolet down gratue’ly Trom 300 o JOIK (580 to ISDR). Onoe the test



posinerk
. ;',

o e

& b

I B R =
¥ » [
Iqﬂ W il

m-'l.-'
-l..lzh T oS

Fig. 6.4 One-Fifth Scale Model Test of the Vacuum Jacket Fiange
Seal and Bond Joint

setup reaches 100K (18R), the helium pressure will be decreased again to
czera. This cooldown, pressure cycliag sequence wiil be performed enough times
to simsiate twice the number of pressure/temperature cycles the vacuum shell

would experience in use.

6.1.8 Full-Scale Aperture Cover Separation Tests (Task 8)

6.1.8.1 Dbjective. Demorstrate the aperture cover seal is vacuum tight (leak

rate less then a specified amount) yet will separate reliably from the vacuum
shell on command.
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6.1.8.2 Approach. Prior programs such as IRAS eject the aperture cover in
orbit once it is outside the Oribter cargo bay. Assuming this design works
reliably, it will be incorporated into this program and demonstrated only on
the qualification model. If for any reason designs from other qualified
systems are not suitable for this dewar, then the following development tests
will be conducted.

A full-scale aperture cover will be designed and built including a mating
vacuum shell hat section. The aperture cover seal will be leak checked by
evcuating the cover and bagging and flooding the exterior seal area with
helium. The cover is returned to ambient pressure, the bag removed and the
aperture cover installed in a vacuum chamber. The cover will be connected to
a counter-balanced weight using a pulley system to permit separation under
simulated zero-g conditions in vacuum. The aperture cover separation
mechanism will be fired, separating the cover. Movies will be taken of the
tests. This test will be repeated a number of times to demonstrate the

reiiability of the seal and separatior mechanism.

6.1.9 Multilayer Insulation Conductivity Tests (Task 9)

6.1.9.i Objectives. The objectives of this task are twofold: 1) Measure the
conductivity of the selected multilayer insulation over the temperature range
78 to & (140 tc 7R); and 2) develop and measure new combinations of radiation
shields and spacers that are more efficient thermally over this temperature

range.
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6.1.9.2 Approach. These tests are currently planned to be performed on the
Lockheed Independent Research Program. They consist of measuring the
conductivity of selected multilayer insulations over the temperature range 78
to 4K (140 to 7R) and then varying the number of spacers used between
radiation shields to reduce the dominant conduction term. The tests are to be
performed in a flat plate test apparatus with and without simulated joints.
These data should be available in time for use on this program. If they are

not, these tests should be conducted on this program.

6.1.10 Development Model Dewar Analysis and Design (Task 12)

6.1.10.1 Objective. Perform sufficient analyses and design work to allow a
full-scale, flight-weight, development dewar system to be fabricated.

6.1.10.2 Approach. Using the data from Tasks 2 through 11, update aid expand
the stress analysis, thermal model analysis and design developed in Task 1 to
a level of detail needed to fabricate the complete full-scale, flight-weight
development dewar.

6.1.11 Development Model Dewar Fabrication and Assembly (Task 13)

Using the drawings from Task 12, fabricate, assemble and leak check one
complete, full-scale flight-weight superfluid helium dewar including the
aperture cover. Perform extensive leak checks as the dewar is assembled.
Internal instrumentation such as temperature sensors and accelerometers will

be installed as the assembly progresses. The following parts will be
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available from prior tasks assuming no changes are required based on the tests

performed.
Quantity Part Task No.
12 PODS Supports 10
1 Invar Vacuum Shell Ring 10
5 Vapor-Cooled Shields (partial) 10
1 Wire Feed through 5
2 Low-Temperature Valves 6
1 Aperture Cover 8

6.1.12 Development Model Dewar Tests (Task 14)

6.1.12.1 Objective. Demonstrate the dewar will meet all the system

perform-ance requirements defined in Task 1.

6.1.12.2 Approach. Following assembly and leak check of the devar, a series
of tests will be performed to demonstrate the dewar meets all performance
requirements defined in Task 1. Periodic leak checks will be performed

throughout the test program. The following series of tests will be performed.

° Aperture Cover Separation Test. The test described in Task 8 will be

repeated only this time it will be installed on the complete dewar

that includes insulation and shields.

® Modal Vibration Test. The modal vibration tests described in Task 11

will be repeated in three axes on the evacuated, full-scale dewar. A
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200 kg mass will be installed to simulate the instrument weight and
the helium tank will be partially filled with water to simulate the
helium mass. Accelerometers will be installed as required. The

results will be compared with the test data obtained in Task 1l.

Vacuum Bakeout. The 200 kg mass simulating the experiment will be

removed prior to the bakeout. The dewar insulation will be
evacuated at a controlled rate and baked out at as high a
tempera-ture as allowed by the materials used in the construction.
Based on prior programs, this temperature should be in the area of
350K (630R). The high vacuum pumping system will be connected to
the dewar and operated during the entire bakecut cycle. Prior
program experience shows the bakeout time will probably be on the
order of 4-6 weeks before the rate of pressure decrease will be less

than 5% per week.

Thermal Performance. The dewar will be installed in a LNz shrouded

vacuum chamber for the following tests as shown in Fig. 6.5. The
superfluid helium tank plus the ground hold torus tank will be
evacuated and then purged with GHe several times. A normal helium
storage dewar located outside the chamber will be converted to
superfluid helium by pumping on the dewar. A vacuum pump will be
attached to the development dewar vent line and superfluid fluid
helium transferred from the storage dewar to the primary tank. The
helium fill level will be on the order of 20% for the initial tests.
The primary tank is then locked up and the torus filled with normal

liquid helium. Ground hold tests will measure the temperature
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Fig. 6.5 Dcwar Thermal Test Setup

distributions throughout the dewar, the rate of pressure rise in the
primary tank and the boiloff rate in the torus tank.

Once the torus tank is emptied, the primary tank will be vented
through the vapor-cooled shields and a pump on the vent 1line to
maintain the tank temperature constant. The boiloff rates will be
measured and then the vacuum shell temperature will be dropped in
increments to 250, 200, 150 and 100K (450, 360, 270 and 180R) by
flowing LN through the chamber shroud and adjusting the heater
power levels on the dewar shroud. Dewar temperatures plus the

boiloff rate will be measured at each of these temperature levels.
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The struts will also be monitored to see if the struts' 1load pins
short at any of these temperatures. The helium dewar will be emptied
by reverse flow out of the fill line. The LN flow to the shroud
will be stopped and the dewar brought back to ambient temperature.
The vacuum chamber pressure will then be brought back to ambient and

the dewar removed from the chamber.

Acoustic Tests. The dewar, appropriately instrumented with

acceler-ometers, will be moved to a precalibrated acoustic test cell
and suspended in an appropriate manner, i.e., bungee cord. Both the
primary tank and the torus tank will be filled with 1liquid helium.
The superfluid primary tank will be nonvented for this test while the
normal helium torus tank will be venting through the vapor-cooled
shields. The acoustic levels will be demonstrated in short 10-second
bursts before the full duration test is conducted at the required
decibel level. The temperatures, pressures and accelera-tion levels

will be monitored throughout the test.

Repeat Thermal Performance. The dewar will be moved back to the

vacuum chamber and the thermal performance tests repeated for ground
hold and at Ty = 200 and 100K (360 and 180R) for the simulated orbit
test. These data will be compared to the pre-acoustic test data to

see if any degradation has occurred.
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6.2 PRELIMINARY DEVELOPMENT SCHEDULE

The Technology Plan Schedule is provided in Fig. 6.6. As can be seen from the
schedule, the subsystem and development tasks are complete after two years; the
fabrication, assembly and test of the full-scale development dewar takes
another year and one-half for a total development span of three and one-half
years. This schedule could be compressed to three years without undue

technical problems.

6.3 ROM DEVELOPMENT COSTS

Based on the task definitions in Section 6.1, the Schedule in 6.2 and the
costing ground rules in Table 6.2, an ROM cost estimate was prepared for the

program, task by task, as shown in Table 6.3.

Table 6.2 COSTING GROUND RULES
e 1981 dollars
e Program Manager (no cost to program)
e No Quality Assurance coverage (development program)
e Fee not included
e LHe $2.30 per liter
e LN $0.27/ft3 (bulk)
e CADAM $56/hour
e 1110 computer $500/hr
e No GSE costed
e $43/hour labor (except manufacturing)
e $46/hour manufacturing

e Use flight-weight hardware
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TASK

YEARS FROM GO-AHEAD

(1) SYSTEM REQ'S, PREL. DESIGN

(2) PODS TESTS B

(10) STRUT SYSTEM BULLDUP__

[(11) STRUT SYSTEM TESTS

(3)_ A/ Tests

S ) _ :
((4) _V.C. SHIELD TESTS_

[(5)_ WIRE FEED THRU DEV.

((6) LOW TEMP VALVE TESTS

(8) _ APERTURE COVER TESTS

(9)__MLI TESTS.

12). DEV. MODEL ANALYSIS & DESIGN _

(13) DEV. MODEL FAB & ASSY

14) __DEV. MODEL TESTS

Fig. 6.6 Technology Development Plan Schedule




Table 6.3 ROM COST BREAKDOWN FOR THE FULL-SCALE, FLIGHT-WEIGHT,
DEVELOPMENT DEWAR
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This total program cost of 2.3 million dollars is Tor a full-scale development
dewar using flight-weight equipment and hardware.

The costs were also re-examined for a half-scale development dewar. The cost
reduction amounted to only 8%, with most of those cost savings coming 1in Tasks

13 and 14. The reason for this small reduction is as follows.

A smaller dewar does not reduce design, analysis, techii’zal publications or
management costs. In fact, small-scale models increase analysis costs slightly
because of uncertainties and difficulties in scaling the test results. Some
lower material costs plus lower fabrication costs are possible for a smaller
dewar. However, these cost-reductions are not large because the fabrication
and assembly process is highly labor-intensive and depends more on the number
of process steps than the part size. Test costs are only slightly affected by
the decreased cryogen costs. Basically, the same number of fabrication and
assembly steps are required forr a half-scale dewar as a full-scale dewar;

consequently, the cost savings are not large.

This type of analysis shows why it is more cost effective to build a slightly
larger and heavier single-stage helium dewar than a slightly smaller and
lighter-weight dual-stage dewar (with a larger number of parts and consequently

more fabrication and assembly steps.)

Some of the development tasks shown in Table 6.3 stand along (such as 2, 3, 4,
5, 6, 7 and 9) and could be accomplished throuygh individual research programs,
and accomplished in the order shown in Table 6.1 based on the priority

rankings.
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Section 7
CONCLUSIONS

The major conclusions reached in this study are as follows.

1.

2.

3.

A three-year lifetime superfluid helium dewar is feasible at
one-half the maximum weight specified in the contract, 989 kg
(2180 1b) vs. 2000 kg (4409 1b).

Demonstration of the PODS support system is the key technology

item required to achieve the predicted performance.

The achievable warm boundary tempcrature in orbit has a strong
effect on system performance and selection of cryogens. Below
~ 150K (270R), a single-stage helium dewar is the best overall
choice when both weight and manufacturing complexity are
consiui red, Between 150 and 200K (270 and 360R), the
single-stage helium dewar is still the best overall choice
although dual-stage He/Ne and He/Np dewars are ~ 20% lighter.
Above 200K (360R), the dual-stage concepts should be seriously
considered because of their increasingly larger weight
advant-ages. Warm boundary temperatures predicted for current
dewar flight programs are 150K (270R)--Teal Ruby (Ne/CHg)--and
170K {306R)--IRAS (SF He). These temperatures are achieved
using thermal contro! coatings, insulation, radiators and

active orientation systems.
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5.

6.

The SF He cylindrical tank with ellipsoidal ends chosen for
this study may not be the optimum geometry for other systems
depending on their specific requirements. For example, a
toroidal tank surrounding the instrument cavity shows a lower
CG shift as the tank is emptied, decreases the dewar length by
40% and improves the PODS thermal performance (since the
shorter length decreases the tilt loads now designing the
supports). Altering the tank geometry changes dewar dimensions
but does not aiter the basic development tasks recommended in

Section 6.

The support resonances were calculated assuming the tank/
instrument and vacuum shell attach points were infinitely
rigid. More detailed analyses are required to determine the
actual stiffening required at these attach points to achieve

the desired resonances.

More than adequate ground hold times can be obtained using a
secondary normal helium tank with a minimal weight penalty.
The ground hold heat rate into the nonvented superfluid heliur
tank is extremely 1low, 3.2 mW (0.009 Btu/hr) or approximately
13% that of the 200K (360R) orbit case. The reason for the
extremely low ground hold heat rate is as follows. The first
vapor-cooled shield is shorted to the torus tank at 4.2K
(7.6R); in orbit, the shield temperature is allowed to float.
Secondly, the PODS supports do not short in one-g, minimizing
the support heat 1leak and finally, the instrument is not

operating.
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Sensitivity analyses show the dewar lifetime is affected by the
following parameters listed in order of increasing sensi-
tivity: PODS conductance, instrument heat 1load, multilayer

insulation con ductivity and vacuum shell temperature.

A development precgram can be accomplished in three and one-

half years.

Development program costs of 2.3 million dollars are reduced

only 8% going to a half-scale dewar.
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Section 9

COMPUTER PROGRAMS

Eight computer programs were used in this study. A description of each program

is provided here along with the sections of the report where it was required.

9.1 CRYOP (Sections 3 and 4)

CRYOP is a UNIVAC 1110 computer program that sizes single-or dual-stage dewars.
This program was initially developed in 1973 and has been continuously refined
and improved over the years until it is now a generalized cryogenic dewar

optimization program.

The inputs to the program are number of cryogens, wire penetrations and plumbing
lines, MLI type, number of vent-cooled shields and the type of vent cooling
(supports, MLI, wiring, plumbing), required Ilifetime, boundary temperatures,

experiment heat loads and an initial geometry.

The solution provides a breakdown and summary of the heat load to each cryogen,
the temperatures and locations of the vent-cooled shields, the volumes of the
tanks, the overall dimensions of the tanks and the dewar, the optimum MLI

thickness and a weight breakdown and summary of the dewar.

The program medifications made specifically for this study are:
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® The PODS are now a support option with a heat leak that is both
cryogen weight and temperature dependent.

@ Up to six shields for each cryogen are available for vent cooling
of the supports, insulation, plumbing, and lead wires.

° The primary helium tank is 1 m (39.7 in) in diameter with
ellipsoidal ends and a cylindrical section. The secondary tank
for dual-stage applications is a torus.

o Weights are included for the MLI, vent-cocled shields and vacuum
jacket surrounding the 1 m (39.4 in) diameter by 2 m (78.7 in)
long instrument. Aperture cover weight and length are not
included. (These values were added in manually for this study.)

? The thermal conductivity is input as a function cof temperature

for coax wires (stainless steel and Teflon) and the manganin
wires. The wire length was assumed to be 0.5 m (19.7 in).

The method of solution is to first calculate the heat load and thereafter the
tank size for the primary cryogen. The secondary cryogen sizing is done after
the primary cryogen sizing is completed since the net heat load to the secondary
consists of the secendary heat load inputs less the primary heat loads due to
the MLI, tc the supports, and to the plumbing penetrations. Also, if vent gas
cooling is considered, the primary vent gas effects on the secondary are
included. The amount of cryogen to match the required lifetime for the

calculated heat load is then calculated.

9.2 VENTCOOL (Section 3)

A computer program that is used to optimize the location of vent-cooled shields.
The cryogen flow rate, boundary temperatures, and polynomial of a material's
thermal conductivity vs. temperature and the number of vent shields are input.
A Rosenbrock function minimization technique 1is used to locate the shields in

the insulation to give the minimum heat flow. The output is the heat flow, the
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shield locations, and their temperatures. This program is used as a subroutine

in CRYOP or can be used separately.

9.3 PRESS (Section 5)

A computer program that determines the cryogen temperature and vapor pressure
for a given flow system. The inputs are flow rate, molecular weight, and
mathematical curve fits for the vapor pressure and viscosity versus temperature
of the cryogen, the outlet (minimum) pressure in the system, and the dimensions
of the tubes and boundary temperatures. Any number of tubes and temperature
boundaries can be input. An iterative process is used to obtain the vapor
pressure of the cryogen at a corresponding temperature by calculating the
pressure change through each tube section assuming an ideal gas with
Poiseuille-type flow. This program defines the required line sizing for proper

cryogen temperature control.

9.4 THERM (Sections 4 and 5)

Detail design analyses are done with the Lockheed thermal analyzer computer
program, THERM, on the UNIVAC 1110 computer. The configuration is arbitrarily
divided into nodes by the designer, and THERM uses a finite difference solution
for the three-dimensional heat transfer equation at each node. Programs with
well over 1000 nodes have been run with no difficulty. Steady state occurs when
the largest temperature difference of any node between consecutive iterations is
less than a value specified in the program. Subroutines for THERM can be
performed at many places in the calculation. Two examples are: 1) at each
iteration, the temperature-dependent nroperties can be recalculated; and 2) heat
maps can be obtained for different nodes.
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9.5 PODS (Sections 4 and 5)

A thermal model (9 nodes) was setup for the PODS support. The THERM program is
used to perform the analyses. Program inputs include the boundary temperatures,
emittance of all surfaces, length and area of S-glass strands, fiberglass tube
area and effective length, diameter and length of the stem, body, load pin and
load pin hole, and epoxy areas where the S-glass strands are bonded. Program
outputs include temperature distributions along the strut and a heat map between

nodes.

9.6 FTS (Section 4)

A thermal model (7 nodes) was setup for the FTS support.  The THERM program is
used to perform the analyses. Program inputs include the boundary temperatures,
all three fiberglass tube diameters, areas and effective lengths and emittance
and dimensions of the end fittings. Program outputs include temperature dis-

tributions along the strut and a heat map between nodes.

9.7 STAGSC1 (Section 4)

The program performs stress, buckling, modal vibration, and transient response
analyses of general sheils with stiffeners, elastically and plastically.
Complex wall construction is permitted. The method uses discrete variational
analysis; local two-dimensional power representations of the displacement
components; modified Newton method for solution of the nonlinear algebraic
equations and automatic correction of load or time steps with restart capa-

bility.
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Free-field input with 11 standard geometries is vefined by their dimensions or
data cards. Non-standard geometries require user-written subroutines. No
element or node numbering is required for standard geometries. Automatic mesh
is generated for geometries defined analytically in user-written subroutines.
Loads are defined on data cards, or if varying with location on shell, are

defined in user-written subroutines. Loads can be forces or displacements.

The output includes displacements, stress resultants, stresses, strains,

equilibrium forces, eigenvalues, eigenvectors, lists and plots.

9.8 PANDA-DEWAR (Sections 4 and 5)

The objective of tivis support thermal/structural optimization program is to
minimize the flow of heat from the vacuum shell to which they are attached,
while maintaining enough structural rigidity to keep the lowest frequencies at
Taunch and during orbital conditions above certain specified values, and
stresses due tc assembly and launch loads below those that would cause buckling

or material failure.

In the analysis, the vacuum shell and the tank/instrument structure to which it
is attached are assumed to be rigid and the supports to be massless. It is also
assumed the tank, vapor-cooled shields, insulation and payload are rigid, sup-
ported by elastic struts or tension bands which carry loads only along their

axes (pinned ends).

In the PODS and F7S concepts, the effective axial stiffness (EA)eff and heat

flow conductance (KA/L)eff change abruptly from the launch condition to the
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orbital condition due to certain "disconnect" features within each strut, so the
design of each of these support systems involves the solution of two
optimization problems, one corresponding to the 1launch phase and the other
corresponding to the orbital phase. The tension band concept involves solution
of one optimization problem, corresponding to the launch condition only, since
the nature of this support system does not change for the orbital phase and the

launch phase represents the more severe environment.

The program inputs include weights and dimensions of supported equipment, launch
and orbital frequency constraints, Young's modulus and the maximum allowable
stress of the fiberglass tube or band and thermal conductivities of the tube,
band and S-glass filaments. Program outputs include: 1) center of gravity
locations and polar and tilting moments of inertia of supported equipment; 2)
design margins at launch of maximum stress, tube column (Euler) buckling, tube
shell (local) buckling, and tube or band thermal stress; 3) strut Jlength and
diameter, strut spacing and angles; cross-sectional area and wall thickness and
pretension load (tension band only); 4) launch and orbital frequency margins in
lateral, tilt, axial and torsional modes; and 5) the axial length and cross-

sectional area of the S-glass filaments for the PODS support.

Optimization is carried out by a nonlinear programming algorithm called CONMIN
(9.1 ,%.2]. This program, wirtten by Vanderplaats in the early 1970's, is based
on a nonlinear constrained search algorithm due to Zoutendijk [9.3]. The basic
analytic technique used in CONMIN 1is to minimize an objective function (heat
flow, for example) until one or more constraints, in this case vibration
frequencies, buckling loads, maximum stress or strain, and upper and lower

bounds on design variables, become active. The minimization process then
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continues by following the constraint boundaries in design variable space in a
direction such that the value of the objective function continues to decrease.
When a point is reached such that no further decrease in the objective function
is obtained, the process is terminated. The analyses that make up this program

are described in the following sections.

General Case

The kinetiz energy of the body shown in Fig. 9-1 is

3 3
_ e = .
K.E. = WM u_ + % I, a (1)
i=1 "1 i=1 i
in which M is the mass; Ii' i=1,2,3 are the principal moments
of inertia; &C are the velocity components along the principal
axes; and &c- tare the angular velocity components about the

L i
principal axes.

If the N identical pinned structural members supporting the body
are under initial tension, the strain energy in all cf the members
(or straps) due to modal vibrations or loading from the prestressed
state 1is
. & .2 2
Strain Energy = l:,(E‘Ji.)eff sz=:l(ej - ejo) (2)

in which (EA)eff is the effective axial stiffness of each strut,
and ej are the initial axial strains associated with the initial

L0 . .
tension (prestress) in the members.



The total axial strain e in any member can be written as

2

a ] 1]
€ = Upgp *+ % Upop (3)

in which Unop is the total displacement along the axis of the
member

Upor = Yg + U (4)

EA,T,L (Typical)

PIN ENDED STRUT OR STRAP

XUASS M, INERTIAS | I

POLAR’ "TILT

Fig. 9.1 Mass Supported By Pinned, Magsless Members With
Length L, Stiffness EA, Tension T

\D
|
@



with uo being the displacement associated with the initial tension
and u being the displacement associated with infinitesimal modal
vibration or static loading. The superscrip: ( )' represents the
derivative of Unor with respect to the coordinate along the axis

of the member. The total strain e can, with (4), be written in
the form

2
- L
e = u(') + u' + k(uo + u')

(5)
2

€ + u'(l + ué) + ku!

The strain energy U in Eq. (2) can then be written in the form

2 2
: + 2ey i (1 + ul + e. :
182 ey Uy ( g ) e uJ

N
U= &(EA) .. L 2
et j=1 | “o o o Jo

(6)

+ uiz (1 + u! )2 + h.o.t. - ei

The second term on the right-hand-side of Eq. (6) drops out when
the work done to provide the initial tension is considered to be
part of the total energy of the system. This term is equal and
opposite in sign to the work done on the system to provide the
initial tension. (It is assumed, of course, that the initially
tensioned system is in equilibrium!) The "h.o.t." represents cubic
and quartic terms in uﬁ, which can be dropped if we consider
vibrations or static deflections of infinitesimal amplitude. With

use of the approximation u'=~ e_, Fquation (6) can be expressed in

(o] (@]
the form
N 2
U = %(EA) 6L j};'jl ul (1 + 3ejo) (7)

or, with use of the stress-strain relation,

(EA) g. = 7. (8)
eff I j



in which Tj is the tension in the jth member, Eq. (7) becomes

N
2
U=Bsz-:1I(EA)eff+3Tj u_," (2)
With equal tension in all members, we have
LI
U= lsLI (F.A)eft. + 3T j§:l uj (10)

Special Case: Axisymmetric Dewar with Twelve Support Struts or Straps

Configuration and Mass Properties: Figure 9.2 shows an idealized

representation of an axisymmetric tank supported by twelve struts
or straps, six at a location Ls/z forward of the overall center of
gravity (C.G.) and six aft of the C.G. by the same distance. A
plan view of ihe supports is displayed at the top of Fig. 9.2. (In
general, both the support azimuthal anglef andthe declination angle
y, shown in Fig. 9.2, may be decision variaples in the optimization
process. However, several computer runs have demcnstrated that the
optimum value of 6 usually correspcnds to a case in which the struts
pass through one another, e.g., 6 = 90°. It was therefore judged
practical in the optimization computer runs to express 6 a< a func-
tion of{ * such that pairs of struts meet at the vacuum shell, as
shown in Fig. 9.2. However, in this Zerivation 6 is maintained
independent of y.

The supported mass cornsists of three bodies, treated here as rigid

in themselves and rigidly connected to each other:
(1) the tank and cryogen;

(2) the vapor shield and insulation;
(3) the payload.
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Fig. 9.2 Geometry Used in PANDA-DEWAR Analyses




The vacuum shell is treated as if it were rigid and immovable.

Optimization Strategy: The objective function of the optimization

analysis, that is the quantity to be minimized, is an effective
heat flow factor, N*(KA/L)eff, in which N is the number of supports,
K is the strut or strap conductivity, A is the cross-section area,
and L is the length. This factor is to be minimized by variation
of the design variables (decision variables) listed in Table 9.1
subject to the constraint conditions listed in Table 9.2.

In the PODS and folded tube concepts, the decision variables listed
under the heading "LAUNCH CONDITION" are first allowed to vary as
the heat flow factor (KA/L)launch is minimized. The variables
listed under "ORBITAL CONDITIONS" are not part of this problem.
They have no influence at all, since the nature of the PODS and
folded tube designs are such as to render them inactive during
launch. After optimum values of Ls’ 8, Y, t (wall thickness) and
IDIAM !inner diameter) have been found, they are held fixed and the
decision variables listed under the heading "ORBITAL CONDITION" are
allowed to vary as the heat flow factor (KA/L)

: is minimized.
orbital

Variation of Dewar Geometry with Weight: It is of interest to

ascertain optimum supports of the type shown in Figs. 4.1-4.4 for

a range of weight of supported mass. In this parameter study, the
inner diameter of the vacuum shell is held constant at 1.38 m (54.37
in), and the outer diameters of the tank and payload are held con-
stant at 1 m (39.37 in). The vapor shield and insulation project
forward from the forward end of the cryogen tank by a constant 2.0 m
(78.74 in), and the payload center of gravity is located a constant
0.50 m (19.69 in) forward of the forward end of the cryogen tank.

The tank length in inches varies according to the supported weight

(in pounds)

Loank = 21 1 b, (weight), (11)



£ET1-6

DESIGN PARAMETERS

TABLE 9.1

(DECISION VARIABLES)
OPTIMIZATION PROCESS FOR THE THREE DEWAR SUPPORT CONCEPTS

IN THE

PODS CONCEPT (FIG. 4.1) FOLDED TUBE CONCEPT (FIG. 4.3) TENSION STRAP CONCEP
(FIG. 4.4)
LAUNCH ORBITAL LAUNCH ORBITAL BOTH LAUNCH AND
CONDITION CONDITION CONDITION CONDITION ORBITAL CONDITIONS
8 (8 L5 = axial A2 = Cross 1. same as for 1% A, = cross 1. same as for PODS
spacing of section area PODS concept section area concept
supports on of Sglass of tube no. 2
dewar (Fig. 9.2) atrands
2. 6 = azimuthal SGLASL = axial | 2. same as for 2. A3 = Ccross 2. same as for PODS
?gglegag strut éength Zirands PODS concept saction area concept
g.9.2) glass of tube no. 3
2. y = declination 3. same as for 3. FOLDL = length 3. same as for PODS
angle of strut PODS concept of tubes 2 and concept
(Fig. 9.2) 3 as percentage
of length of
tube no. 1
4. t = thickness of ¢ t = thickness of 4. A = cross section
fiberglas tube " tube no. 1 area of strap
5. IDIAM = inner 5. IDIAM = inner 5. TENSN = tension

diameter of
fiberglas tube

diameter of
tube no. 1

in strap




Table 9.2

CONSTRAINT CONDITIONS ON THE OPTIMIZATION
PROCESS FOR THE THREE DEWAR SUPPORT CONCEPTS

PODS CONCEFT (FIG. 4.1) FOLDED TUBE CONCEPT (FIG. 4.3)[TENSION STRAP CONCEPT (FIG.4.%)

z 1. max. stress in 1. same as for PODS 1. max, stress in strap
o fiberglas tube concept, tube no. 1. due to launch loads, as
— due to launch loads in POIS concept.
= (16 g axial + 10 g
- lateral.)
a
z 2, buckling of fiber=- 2. buckling of tube no. 1 2, tension strap must not
o glas tube as a as a column, go slack during launch,
(€] column.
T 3. buckling of fiber- 3. buckling of tube no. 1
© glas tube as a thin as a thin shell.
z shell.
=)
< 4, stress in tube due to 4, same as for PODS 3. same as for PODS
] differential expansion concept, applied to concept, applied to
> of dewar and vacuum tube no. 1. tension strap.

shell during filling
z
@ with cryogen.
= 5. minimum thickness of S. minimum thickness of
o fiberglas tube = 0.038 cm tube no. 1 = 0.038 cm (0.015 in)
- (0.015 in)
- 6. maximum inner diameter of 6. maximum inner diameter of
; fiberglas tube = ?.S cm ; tube no. 1 = 5.08 cm (2 in)

1.% in

T 7. maximum values for sgrut 7. same as for PODS, 4. same as for PODS
i angles @ and v = 90 , concept. concept.
: 8. minimum vibration 8. same as for PODS 5. same as for PODS

frequency = 35 hertz. concept. concept.

1. minimum cross section area 1, minimun thickness

of S members = of tubes 2 and 3
e glass . .
=] 3 x 10=% cm” (0.00000 in®) equals 0.025 cm (0.01 in
-
5 2, maximum axial length of 2. maximum length of
8 o1 members = 3.8 cm tubes 2 and 3 = 957
3 BANSS (1.5 in) of length of tube no. 1:
= Length of tube 2 = that
5 of tube 3.
= 3. minimum axial length of

S members = 1.4 cm (0.t in)

plass

4. minimum vibration 3. same as for PODS 1. same as for PODS
frequency = 20 hertz, concept. concept,
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in which a, = =27.7; b = 0.067. The weight of the tank-plus-

cryogen is given by

W =cC

TANK + d, (weight) (12)

1

in which cy = -334.0; d1
the vapor shield-plus-insulation are

- 0.6088. The length and weight of

LVAPOR =a; + bl(welght) + 78.74 (13)

Woapor = €1 fl(weight) (14)

in which e, = -146.0; f1 = 0.391. The weight of the payload wPAY
is a constant 218 kg (480 lb). The total weight to be supported,

called "weight" in Egs. (11-14) is given by

welght = Woank * Wyaror * Wpay (3.5

and the mass is, of course,

MTOT = weight /g = M (16)
The mass moments of inertia required in the modal vibration

analysis are I and I the moments of inertia correspond-

polar tilt’
ing to rotation cf the dewar about its axis of revolution (rolling)
and rotation of the dewar about any axis through the C.G. normal

to the axis of revolution (pitching). The polar mass moment of

inertia, Ipular' is given by
B 2 2
Toolar = Mrank ‘R orank * Rrrank! /2
+ (R2 + RSy /2
Myaror ‘R ovap IVAP (17)
+ M__(RE_.) /2
pay ‘R pay



in which M signifies mass and

Rorank = R# R =0

R = R_; R = R (18)

where R, and R are given in Fig. 9.2. The mass moment of inertia

corxresponding to tilting, I is given by

tilt’

2 2 2
Lopank/22 + (Ropank + Rypank) /4

Teite = Mpank

+

2
Lyapor/12

2
(de.g = Lrank/2? ] * Myapor
112)
(R%,.  + R%, )/4 + (& - /2)2|
OVAF IVAP c.g. ~ Lvapor

+

2 ,
Rpay/

+

M

PAY 4 + (L

TANK

2
+ 19.7 - dc.g.) ]

in which dC G shown in Fig. 9.2, is given by

12 /2 + W 2

TANK LTANK VAPOR LVAPOR/

-

(20)

+

480 (L + 19.7)}| /(weight)

TANX

Natural Frequencies: There are six natural frequencies for the

system shown in Fig. 9.2 which correspond tc rigid body motion of
the supported mass. Four of these are distinct. These four
correspond to translation of the mass M: (1) along the axis of
revolution (axial) and (2) normal to the axis of revolution
(lateral), and rotation of the mass M: (3) about the axis of rev-
olution (torsional or roiling) and (4) rotation of M about an
axis through the C.G. normal to the axis of revolution (tilt-

ing or pitching). The natural frequencies are calculated from
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2 = .2
- L}
Qf = L|[(EA) g¢ + 3T) ng uj
-3 1i=1,2 (21)
Mu
i
for axial or lateral modes and
N
2 _ , 2
Q] = L |(EA) jg¢ + 3T }; ul
j=1
e =) 2 (22)
I a
i

for torsional (roll) or tilt (pitch) modes. The lateral an?
pitching modes are decoupled because it is assumed that the
rigid mass M is supported symmetrically with respect to the
axial coordinate on either side of the mass centroid (Fig. 9.2).
For these four modes of vibration it is required to calculate
ué, j =1,2 ...12 given unit values of u. ., i=1,2 (corres-
ponding to axial and lateral components o% translation) and
given unit values of QCi, i =1,2 (corresponding to unit values
of rotation about the axis of revolution (torsion) and rotation

about an axis through the mass centroid normal to the axis of

revolution.
Calculation of uj, j =1,2...12 for unit values of u_ . and .,
i i
(") Pure Axial Motion (in the z-direction, Fig.9.2): All
support members experience the same absolute value of strain
|u3|. This strain is defined as
= — = ' <y
€strut (Lpeyw =~ L)/L =u (23)

which, from Fig. 9.2 and for small u,, can be written
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u' = u, siny/L (24)

in which L is the length of the support member. From
Egs. (21) and (24) the frequency correspending to the axial
mode is

2

_ . 2
axial = N (EA)eff + 3T | sin“y/(LM) (25)

in which N is the number of support members (12) and M is the

supported mass.

(2) Pure Lateral Motion: In this section an expression for

the frequency corresponding to motion in the (x,y) plane is
desired. (See Fig. 9.2) Unlike the case for pure axial
motion the support members each have different strains due to
motion of the center of gravity (C.G.) in a given direction in

the (x,y) plane.

Table 9.3gives thestrains in each of the six forward support
members corresponding to a unit displacement in the x-direction
or in the y-direction. The strains in the six aft support
members are identical. With use of Eq. (21) and Table 2.3, one
can write for the frequency corresponding to motion of the C.G.

in the x and y directions

Ci = 4[(&1\)eff + 3T coszy c0528 + c082(60—6) + cosz(60+“)/(LM)

(26)
~2 2 2 s i 2
gy = 4 (EA)eff + 3T|cos“y|sin“e® + sin“(60-8) + sin”(60+48)/(LM)

The three terms involving € in Egs. (26) sum to 3/2, so that

Q° = Q7 =6 coszy/(LM) (27)

(EA)eff + 3T




Table 9.3

STRAIN IN VARIOUS SUPPORT MEMBERS DUE TO A UNIT LATERAL
DISPLACEMENT IN EITHER THE X OR THE Y DIRECTION (See Fig. 9.2)

Support Strain due to Strain due to

in y-Direction

Member® Unit Displacement Unit Displacement

in x-Direction

1 - cosysin(6) /L - cosycos(6)/L

2 - cosysin(60-6) /L ~ cosycos(60-6) /L
3 - cosysin(60-68) /L + cosycos(60-6) /L
4 - cosysin®/L + cosycos6/L

5 + cosysin(60+68) /L + cosycos(60+6) /L
6 + cosysin(60+46) /L - cosycos(60+0) /L
a

As shown in Fig. 9.2, these
supports forward of the combined C.G.
the corresponding members aft of the C.G. are identical.

9-19

correspond to

the

The strains in




The lateral modal vibration frequency is independent of 6.

It is clear from the symmetries displayed in Fig. 9.2 that the
frequency corresponding to lateral motion of the mass C.G. is
the same for motion in the x-direction and for any motion in
the (x,y) plane in 30° increments from the x-direction.
Therefore, the modal vibration behavior corresponding to motion
in the (x,y) plane is essentially isotropic.

(3) Pure Torsional (Rolling) Motion: As with pure axial

motion, all N suppcrt members are strained identically. The

absolute value of the strain in each member is given by

le| = |u'| = u, cosysin6/L (28)

in which

u, = a R (29)

The frequency squared, from Egq. (22), is therefore given by

Qz = RZN (EA)eff + 3T coszy sin29/(LI

TORSION )} (30

polar

in which N = 12, R is the radius shown in Fig. 9.2, and the

poiar mass moment of inertia, I is given by Eg. (17).

polar’

(4) Tilting (Pitching) Motion: Pitching of the supported mass

about the x-axis or y-axis (Fig. 9.2) involves resultant motions
of those ends of the support members that are attached at the
radius R (Fig. 9.2) which are combinaticns of axial [Eq. (24)]

and the lateral (Table 9.3) motions. Tables 9.4 and 9.5 show the
strains due to these components of motion due to pitching about
the x-axis and the y-axis, respectively. It can be shown from

Eq. (22) with Tables 9.4 and 9.5, and with superposition of the
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Table 9.4

STRAINS IN SUPPORT MEMBERS DUE TO PITCHING ABOUT THE X AXIS (Fig. 9.2)

SUPPORT Strain due to the ocomponent of Strain due to the component of
MEMBER motion parallel to the (x,y) plane motion in the axial (z) direction
Forward Members® Aft Members Forward Members® Aft Members
1 - Alcm‘)’sin(O)/L + Alcol'Ylln(O)/L 0 0
2 - AlcOlYMn(60-0)/L + A1c0l7lin(60-0)/l. - Azlin(v)/L + Azlin(v)/t.
3 - chos ¥ 8in(60-9)/L + AlcouYsin((:O-O)/L - Azsin(v)/L + Azlin(y)/L
4 - l"lcos“rlin(O)/L + :'laoa‘Ylln(O)/L 0 0
5 + Alcol Y sin(6049)/L - ‘-lcon‘y sin(60+9) /L + Azlin(y)/L - 8,8in(y) /L
6 + Alcoryun(6040)/L - Alcou'Ysln(()OW)/L + Azlln(Y)/L - 8,8in(y) /L
‘\1 = “CL'/Z : "-\2 =a, R(3)1/2/2; .= angular (pitching) rotation about C.G.

Table

9.5

STRAINS IN SUPPORT MEMBERS DUE TO PITCHING ABOUT THE Y AXIS (Fig. 9.2)

E:PPOM' Strain due to the component of Strain due to the component of
MEMBER motion parallel to the (x,y)plane motion in the axial (z) direction
Forward Membena Aft Members Forward Members Aft Members
1 - Alcosvcm(O).'L + A1c0lyc00(0)/l. - aRein(y)/L +chsin(y)/L
2 - L‘»lcou Y cos(60-0)/1 + 4 cosy cos(60-0)/L - aRsin(y)/(2L) + achin(y)/(ZL)
3 + Alco- Y cos (60-Q)/L - Alc01v cos(60-9)/L +a Rsin(y)/(2L) -<%R-1n(7)/(zL)
4
+ Alcoa Y cos(Q)/L - Alco' Y cos(9)/L +a Rsin(y)/L - aRsin(y)/L
5 + Alco.v cos (60+9) /L - AlconY cos (60+9) /L +a Rsin(y)/(2L) -t%Rain(y)/(ZL)
6 - Alcoo Yy cos (6049) /L B Al(:Ol Y cos(6049)/L - a.Rsin(y)/(2L) #achin(y)/(ZL)
A -
1 acL./2
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strains due to the two components of motion, that the frequency
corresponding to pitching about the x-axis is equal to that
corresponding to pitching abcut the y-axis and is given by

<

Upppr = | (B ege ¥ 3T]

1.5 Lg coszy + 6R2 sinzy

+ 6RLs cosysinycos® /(LITILT)

(31)

Stress and Buckling Constraints

In the pre-launch state and at launch, the dewar support system
is subjected to thermal and mechanical loading that may cause
failure of the support material or buckling of one or more of
the struts. If the dewar is supported by tension straps, the
tension in the straps must be sufficient at launch so that the

g-loading does not cause any strap to go slack.

In general there are three conditions, any combination of which

might constrain the optimum design:

(1) maximum tensile or compressive stress experienced
by any support member during the launch, when peak
accelerations of 10 g's axial combined with 10 g's

lateral are seen by the dewar;

(2) possibility that any support member may buckle
as a column (Euler buckling) or, in the case of
the tension strap concept, that a strap may go
slack due to dynamic launch loads;

(3) possibility, in the cases of the PODS or the
folded tube concepts, that any strut tube may
buckle as a thin shell.

9-22



Stress due to Launch Accelerations: During launch the dewar is
subjected to peak accelerations with a 10 g's axial component

and a 10 g's lateral component. The maximum stress seen by any
support membLer due to the inertial reaction of the supported
mass to the sum of these acceleration components must not exceed
a specified maximum.

The strain in each support member due to either an axial or a
lateral acceleration component can be computed in two steps:

(1) compute the amcunt u, the C.G. of the supported
mass moves relative to the vacuum shell due to

its irertial reaction to the 10 g's acceleration;

(2) with this value of u,, compute the maximum strain
and hence stress in any support member.

The strain energy of the supports is

N
- 2
U = 4L | (EA) g¢ + 3T jgl e, (32)

in which ej is the strain in the ;th support and N is the
nunber of supports. Corresponding to axial and lateral

motions the strain energy components are

2 2
u__. = u 6|(EA) + 3T | s1n"y/L (33)
axial caxial eff
U1 t 5 u2 3|(EA)eff + 3T coszy/L (34)
AROLR clateral




in which Eq. (24) has been used to derive Eqg. (33) and Table 9.3
has been used to derive Eq. (34). The C.G. displacements u

c
and Y. can be computed from the following equations: axial
lateral

axial du__. P

! : = MQ_._. g = axial = 1l2u (EA) + 37|sin"y/L

inertial axial HG:_—_— —— eff

axial
(35)

lateral du 2
F; h = MQ g = lateral = 6u [(EA) + 3T|cos“y/L

inertial lateral EG;—_____ Crateral eff

lateral

5 ; ,
in which anial and Qlateral are the numbers of g's seen by the
dewar during launch (anial = Qlateral = 10) .
The maximum axial and lateral strains corresponding to u

and B from Egs. (35) are, from Eq. (24) and Kxtal
lateral

Table 9.3, respectively.

Manialg
®axial = Yc_ ., STMV/E T l(EA)eff + 3T|sinv
(36)
MQlateral 9 .
lateral ~ Y, . . comy/l = I(EA)eff + 37| cosy

The total strain in the most highly loaded support member is

le

= | /
€launch axial * |€latera1l * T/(ER) (37)

and the associated stress is

’1aunch =~ E®launch (38)
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The constraint condition to be used in the optimization analysis
is

olaunch/omax 1.0 (39)

Note that Egs. (33-36) are valid only if the support members

are arranged symmetrically with respect to the mass (.G. as
shcwn in Fig. 9.2. Hence, the lateral component of acceleration
produces only lateral displacement of the supported mass rela-
tive to the vacuum shell. 1In a nonsymmetrical arrangement of
the supports, the lateral component of acceleration would of
course produce a combination of lateral and pitching displace-
ments of the supported mass M.

Column Buckling: For struts pinned at both ends (PODS and

folded tube concepts) we have

Critical Load = n2 EI/L2 = EA (4n)

e .
crit

in which I is the area moment of inertia of the strut cross
section about a diameter and L is the length of the strut be-
tween pinned ends (Fig. 9.2). The maximum compressive strain is

5 = - 41
Cerit EA 7eaxiall |elatera1l Al

in which the strain components e and e are given

axial lateral
by Eqs. (36). The constraint condition to be used in the
optimization analysis is
‘eaxialI * ‘elaterali = ’21 + L 4
;;7 ER (42)

or



le . .ia1] + le I
axlaé lateral e 1.0 (43)

E__ga,_T_
AL EA

In the case of tension straps, the bending rigidity is zero
(I = 0) so that the buckling criterion (43) is replaced by a
criterion that I in Eq. (41) remains positive during¢ launch.
Thus, the buckling criterion (43) can be used for tension stragps

if the area moment of inertia I is set equal to zero.

Buckling of Strut as a Thin Shell: In the PODS concept and in

the folded tube concept, each support member during the launch
phase consists of a cylindrical shell which may be compressez
axially according to Eq. (41). The buckling stress is given by

o} = K*|.6 Et /R

crit (44)

ave

in which K* 1s a knockdown factor to account for the deleterious
effect of initial imperfections in the shape or material of the
strut, t is the thickness of the tube wall, and Rave is the
average radius of the tube. 1In this analysis K* is taken as 0.5,
which previous experiments have demonstrated to be appropriate

for axially compressed cylindrical shells with Rave /t < 100.

The corresponding constraint condition for apgplication in the
optimization analysis is

E(le

>
(K .6Et/Ra

I |
agigl' * 'elateral”

< 1.0 (45)

ve)



"Effective" Stiffness and Conductivity Factors

In the PODS concept and the folded tube concept, each support
member is a compound strut with an "effective" stiffness (EA)eff
and an "effective" conductivity factor (KA/L)eff. In Pig. 9.3

is shown a schematic of a compound strut with three different

ir Ly By i 1,2,3.
The proper overall stiffness and conductivity factors are

sections, each with its own properties E;s K
obtained from the following mixture formulas:

1/(ER) j¢¢ = |Ll/(ElA1) + L,/EjA, + L3/EjA5| /L (46)
and

!L/(KA)!eff = L)/ (KyA;) v Ly/(KyA,) + L3/ (K4Aq) (47)

PODS concept: Figure 9.4 shows the geometry. 1In this case

(Ll’ El, Al, Kl) can be associated with tne fiberglas tube;

(L2, E2’ Az, K2) can be associated with the S-glass strands;
and (L3, EB’ A3, K3) can be associated with the rest of the

length of the strut, that is, calculated from the dimensions
of the end fittings and the distances at each end between

each of the two sets of S-glass strands.

The S-glass strands run at angles to the axis of the strut,

and there are eight strands (a "group") at ~ach end of the
strut, PODS both ends (1 "group" = 2 bundles of 4 each}, that

Eq,K

3

1
3°-3° Exis Knpkn o\
Ez,Ksz .% 1 1 1- 1

]
el B el I A— ——

r—— —L -

Fig. 9.3 sSchematic of a Compound Strut
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Fig. 9.4 Passive Orbital Disconnect Strut (PODS) Concept



connect the fiberglas tube to the thermally "isolated" invar
body (Fig. 9.4). It can be shown that the effective axial
stiffness of each group of 8 S-glass strands is

3/2

s-glass - 3 2 2
(EA)effective BESAS (SGLASL) "/ | (SGLASL) = + DI/2 (48)

in which SGLASL is the axial projection of the length of one
set of 4 S-glass strands (Fig. 9.4) and D; is the inner diameter

of the fiberglas tube.

In the launch condition, the effective stiffness and conductivity

factors for each support member in the PODS concept are

launch _ _
(EA)effective - ElAlL/(L 2L3)
(49)
launch
(KA/L)effeCtiVe = KlAl/(L _ 2L3)

in which L, is equal to the sum of the distance from the
center of the rod end bearing to the first attachment point
of the first set of S-glass strands (dl) and the distance ke-
tween the two sets of S-glass strands (dz) (see Fig. 9.4).

In the orbital condition, the effective stiffness and conduct-
ance factors for each support member in the PODS concept are

orbital _ L/‘ 25

2 2 / 2
- 3/2
effective | (SGLASL) ™ + % DI] / I(SGLASL) EA

(ER)

+ (L - 2L3)/(EIA1)} (50)

orbital _ ‘ [ 2
(KA/L) S tive = 1/l‘(1/xhot) + (1/xco1d4 I(SGLASL)

by Di ll/z/(BAs) + (L - 2Ly - 4 SGLASL/(KlAI%

in which K, and K are the conductivities of the S-glass
hot cold

strands at the "hot" and "cold" ends of each strut.



For PODS (cold end only), the effective stiffness and conduct-
ance are set at a large value for the warm end of the strut.

Folded Tube Concept: Figure 9.5 shows the geometry. In this
case,(Li, Ei' Ai' Ki) in Egs. (49,50) can be associated with
tube #1.

In the launch condition, the effective stiffness and conduc-
tivity factors for each support member in the folded tube concept
are given, as in the PODS concept, by Egs. (49), with L3 being
the gth of one of the end fittings. In the orbital cond-

ition, we have

orbital

(KA/L)effective

= 1/[(L = 2L3)/(K1A1) + Lfold/(KzAz)

+ Lfold/(K3A3)] (51)

in which Leoig is the length of tubes #2 and #3.

Tension Strap Concept: The effective stiffness and conductivity

factors are given by Egs. (49) with L, = 0.

Optimization

The ohjective of the optimization analysis for each support
member concept is to derive values of the design parameters

listed in Table 9.1 such as to minimize the flow of heat into

the supported mass from the vacuum shell, to which it is attached,
while maintaining encugh structural rigidity to keep the lowest
frequencies at launch and during orbital conditions above certain
specified values, and stresses due t¢ assembly and )2unch loads
below those that would cause buckling or material failure of the

support system.
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Fig. 9.5 Folded Tube Strut (FTS) Concept



A computer program called PANDA-DEWAR has been written to solve
this problem. Optimum designs have been obtained for several
dewar weights for four support concepts, including two PODS
concepts, a "folded tube" concept, and a sirple tension strap
concept. 7The first three conceptc involve support struts the
nature of which changes in a way that greatly decreases their
effective conductivity for orbjtal conditions. Optimization

of the dewar support systems involving each of these three con-
cents requires solution of two optimization problems, the first
corresponding to launch conditions and the second to orbital
conditions. In the case of the tensicn strap concepf the support

system need be optimized only for launch conditions.

Optimization is carried out by a nonlinear programming algorithm
based on the method of feasible directions [9.3]. The computer
program for the dewar support design was generated by modifica-
tion of a program called PANDA [9.4] for the minimum weight design
of stiffened composite cylindrical panels. Application tc the
dewar support problem was accomplished by replacement of the
expression for panel weight in PANDA with an appropriate expres-
sion for tne heat conductance N(KA/L)eff through the support
system and by replacement of certain expressions for genexal and
local shell buckling by the appropriate expressions for fre-
quency, stress, and buckling cf the supported mass and the supports

derived in the previous sections.

Figure 9.6 shows the strategy used to obtain optimum designs in
PANDA -DFWAR. The starting design does not have to be close to
an optimum, nor does it have tc be a feasible design. For the
PODS and the folded tube concepts, the strategy outlined in Fig.
9.6 is applied twice, first for the launch condition, during

which parameters relative to the orbital phase (Table 9.2) have
no role, and then for the orbital phase, durinc which the para-

meters varied in the launch phase are held constant.
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Fig. 9.6 Strategy Used in Optimization Process
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STAGS Analysis for Check of Equations (25), (27), (30), and (31)

It was judged advisable to check the equations for the modal
vibration frequencies by setting up a finite element model of

a typical case: a 635 kg (1400 1b) mass, launch conditions, PODS
concept. This was done for the geometry shown in Fig. 9.2. The
STAGSC-1 computer. program [9.5] was used for the analysis.

The agreement with PANDA is excellent, as listed below.

Vibration Mode PANDA-DEWAR STAGSC-1
Axial 35.0035 35.014
Lateral (y-axis) 35.0595 35.052
Lateral (x-axis) 35.0595 35.054
Pitching (about x-axis) 47.5755 47.311
Pitching (about y-axis) 47.5755 47.314
Rolling 54.236 53.47




Section 10
THERMAL AND MECHANICAL PROPERTY DATA

As a convenience to the reader, thermal and mechanical property data used

throughout this report are provided in this section. Data references are also

given.
Property Materials
Fig. 10.1 Thermal conductivity vs. S-glass, uniaxial S-glass/
temperature epoxy, filament-wound S-glass/

epoxy (Al1/Acp = 2.0)

Fig. 10.2 Thermal conductivity vs. Manganin, stainless steel,

temperature Teflon

Fig. 10.3 Thermal conductivity vs.  6063-T5 Aluminum
temperature

Table 10.1 Density, modulus of Uniaxial S-glass/epoxy, S-glass,
elasticity, ultimate filament -wound S-glass/epoxy,
tensile strength, Invar, 6A14V titanium, 6061-T6
yield strength al.minum, 347 stainless steel

Fig. 10.4 Thermal contraction vs. Invar, S-glass, 6A14V titanium,
temperature 347 stainless steel, 6051

aluminum
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THERMAL CONDUCTIVITY OF DOUBLE ALUMINIZED MYLAR, SILK NET INSULATION (Btu/hr ft o)
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Fig. 10.1 Thermal Conductivity of S-Glass, S-Glass Composites and
Multilayer Insulatiun
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Table 10.1 MECHANICAL PROPERTIES OF METALS AND S-GLASS AT 300K (540R)
Ultimate
Modulus of Tensile Yield
Density Elastici%y Strength Strength
kg/m3 109 N/m 109 N/m2 | 109 N/m
Ref. Materials (1b/in3) (PSI) (kSI) (kST)
10.2 | Uniaxial S-glass/ 2120 51.7 .17 J—
epoxy (70% by (0.077) | (7.5x106) (162)
volume glass)
10.9 S-glass 2490 86.9 4.59 =
(0.090) | (12.6x106) (665)
10.2; Filament -wound 2120 41.4 0.74 -—-
10.3 S-glass/epoxy (0.077) (6.0x106) (108)
(A1/Acp = 2.0)
10.7 Invar (annealed) 8050 141 0.45 0.28
(0.291) | (20.5x106) (65) (40)
10.8 6AT4V titanium 4430 114 0.95 0.82

Fig. 10.4
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