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Gravity Probe B dewar/probe concept
k. T. Parmley, J. Gooaman, ¥. Regelbrugge, 5. Yuan

Research & Cevelopment Division, Lockheed Missiles & Space Company, Inc.
Palog Alto, California 94304

Abstract

Preliminary z2nalyses and development tests are beglnning to define the Gravity Probe B
{GP-B) superfluid helium dewar and probe that contain the scientific instrument. The
status ¢f the current cdewar and propbs concent is reported, and supporting analyses used to
defire the neck tube region are deacribed.

Tntroduction

The GP-8 is a new test of Einstein's General Thecory of Relativity based on measuring
with extreme precision in an Earth-orbiting satellite the precessions of gyroscopes withn
respect to a telescope polinted a2t a suitable guide star. The desicn of the experiment
requires that the gyroscopes znd reference telescope operate a2t liguid-pelium (LHe)
terperatures, and hence, that the entire mechanical portien cf the scientific instrument
ke mounted in a long-hold-time liguid-helium dewar. This paper discusses the status of
the analyses and design of the probe which holds the sclientific instrument and the
guperfluid-helium {SFEe) dewar into which the preobe is mounted.

Freliminary desian concept

Tairle 1 is a partial list of regquirements that affect the prebe and dewar design.
Figure 1 presents the preliminary design status of the probe and dewar.

Table 1. ©Partial List of Beguirements That Affect the Science Missien Probe/Dewar Design

Lifetime
¢ 1 vear minimam
e 2 years desired
Z. Probe inserted into cold dewar at a2 controlled rate
3, EReusanle/refuroishable
4, Stiffness of QBA suvport/dewar =20 Hz
5, Spinup of gyroscopes ’
o foenip =170 Hz
‘@ Helium spinup gas at gvro inlat
- B-B R {+/- 0.25 K)
- = 60 mg/s
- = 5{ torr
® Helium sginup gas at gyro exhaust
= Foupt (mgss) £ 1.6 Pip (torr)
- Pput £ Pin/ld (torre)
Heiium leakage into proke near (QB&
- g (.14 ma/ss
- % 4.3 x 10-% torr
Sufficient hoileff for pointing plus roll rate of gnee per minute
trahigh vacuum iakeout
B2 temp: + 2AK over ogerating
Gltimate pressure following pakeout = 10710 torr
cience miz=zion data tzking
UBA temp: 1.5 ko 2.5 ¥
5 10-30 torr
£ 1077 causs
£10°10 g's
Sufficient bolloff for drag makeup, roll once zper 10 minutes plus zointing (varies
by & factor of 4 over lifetime}
Maximum allowalle shift of satellite center of gravity
- perpendicular to roll axis, 2 mm
- parallel tec rell axis, 110 mm
# S8losh damzing of SFHe
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Figure 1. Preliminary zrobe/dewar concept.
Prope
Major companentz of the probke are discussed first.

The scientific instrument ceonsists of four ayroscopes, four SQUIDs and readout loops
for measuring the gyroscope precession, six high-voltage electrodes for each gyrescope for
suspending the gyvroscopes, feour gas inlet and four exhbaust spinup plumbing lines {one set
per gyroscope), and a drag-free proofl mass uged as a sensor Jn a control loop to keep
arbital accelerations below 1074Y g's. The four nickium-coated guartz cyroscopes ancd
guartz drag-free zroof wass are weounted in a guartzz block assemdly (0OBA). A guartz
telescope is mounted on the front encé of the tlock. Four equally spaced guariz flanges on
the (QBA are bolted to an azluminum cylinder with five titsnium bolts plus belleville
wasners, The cylindger is slit into five fingers at each flange to minimize strain in the
OBA during cooldewn yet keep the ({BA rescnance 2 20 Hz. A removable proke wvacuum shell
provides service access to the instrument when the entire probe is removed frem the dewar.

The aperture for the guartz telescope consists of an sluminasepoxry compcesite neck tube
mounted off the end of the QBA aluminum support flangse. & 0.3-wil 3.0&1 2,5V titanivm
foil iz konded on the inside surface to reduce the gas permeation and absorbtion rate.

Since the telescope views the earth over a portion of each orbit, three gold-coated
guartz windows plus five gold-coated radiation baffles are used to reduce the radiation
heat lecad. Gas leaking from the gvroscopes during spinup flows through the baffle
aperture, arcund the window, and out through the probe gate wvalve to space. Following :
spinup ané bakeout, the gate valve is closed because the required internal pressure is
lower than space vacuum at 650 km. XA gold-ccated guartz window is mounted In the gate
valve to allow wiewing of the references star Rigel.

Five counter-flow heat exchangers are used to cool the incoming warm helium gas during
gyroscope spinup. The last heat exchanger uses 2 heater to control the spinup gas
temperature to % to 8 K., A& thermo-mechanical holted joint grounds this heat exchanger to
the dewar tank neck. Four thermo-mechanical disconnects with indium contacts are used to
support ané conductively grcound the other four heat exchangers to the four vapor-cooled




shielde im the dewar neck. The 3.0Gal 2.5V titzniam gpinug pivmbking lines are bonded to
each heat exchanger on the outsice diameter of the composite neck tube. ELL electrical
feedthroughs renektrate the orabe al the warm end of the neck. flectrical cahiing is
tnermally grounded inside Lhe ok aperture av cacl: heat slation.  tour light
vipe-readouts from the telescops are routed out in the sane nznner.

A crvopump is used to attair the < 10710-torr pressure in eonjunction with a low-
temperature bakecub after gyro spinum,

Daewalr

Mador elements that make up the keliur dewar are digscuessed here. 5 S5FHe 1580-L
toroidal, &061-16 aluminun tane wrovides the temperature environmens, Z-year ocrbital
lifetime, znd mechanical sugport Eor the probe. 2&n sluminasegouy neck tube section
extends from the tank neck to the wecuurm shell and mates with the probke neck tube
sectiorn. EBotn neck tubes terminste in welded bellows at the warm end. A 0.%-cm extension
during tank cooldown would overstress the composite neck secticnsg if tnsy were not
structuraily decoupled from the vaccum shell. & compressiosn stop on the bellows keeps the
evacuated probe at the correct length during ingertion into the dewar.

A 62-L norrmai-helium (K¥e) guesrd tank is zupporied off the neck tuhe and grounded to
the first of four vapor-cocoled shields. The shield runs near 4.2 K on the ground with thne
SFde tank near 1.7 E. The irceocming heat bholls off the helium irn azprroximately 2 wesks,
The Kids tank is vented continugugly, while tias SFHe tark Is nonvented cduring the arcund
hold and launch phases of the mizsion. In erbit, after the remwaining helivm in the €3-L
tank blcws down, the SFde tank 1= vented to spzce through a porous piug. This guard tank
elininates the need for continuous vacuum pumping on the S5FHe Lank during ground bhold.

211 Ioads to the wvacuum shell from tne two tanks, four vapor-cooled shields,
multilaver insulation {¥LI), and neck tube sections zre taken out by 12 passive arkbital
dizconnect siruts (PODRS-IV). {See Figure 2.) Thesge struts, capasle of bota tensilon and
compression loads, havae a conductznce atproximately 10 times lower than nondlsconnect
fiberglsss tension band stravs boton on the grouné ard in orbkit. Under lacnch leads, the
conductance i1s e2gual to or better than tension straps

Figure 2. FPODS-IV supports.



Thne six feorward struts take oub lateral, til%, and torsional lsads in cenjenction with
the six aft struts. All axizl loads are remowved through the six aft struts. This
geometry prevents the PODS struts frowm shorting out due to thermally induced loads during
tank cooldown. The six forward struts are mounted to 2 ¢craphitesepoxy ring that changss
little dimensicnaliy with temperature, This composite ring prevents strut shorting due to
thermally induced loads from vacuum chell temperature charnges in corbit. These strufs have
baen optimized teo meet the launch loads, eoriit rescnance requirensats, end krermally
induced loads while minimizing the strut conductzace.

Figure 3 shows the dewsr plumbing schewatic. ALl trazmped woluwes are rrozected by
buzst discs (banksz) or burst discs/relief walwves (lines!. Both tanks are filled through &
gingle line: the Skie tank through HAV-1 and the Mle tapX through RAYV-2.  During coolidaown
and fill, the tank is wven=ed tharcugh RAVI-4. & single vent line is aleo used for both
tanzs. When the N¥e tank is empiy in space, the 8Fde tank is vented thrsugh porous plug
P2 and valve RAV-5 during gvroscope spinup operations when the heat rate is high
(2.7 W). (8ee Figures £ and 5.]

While science data are being taken, the tark is wvented through porous gplug PPl when
the heat rate iz lower. However, thare are times wien atpospleric disturbances regquire
that the wvent rate to the control thrusters he increazsed by & facter of 4 to keep the
oroof mass Erom colliding with the cavity wall. Means to zecnieve this change in vent rate
are under irnvestigation., Five rerotely actuated wvalves (FAV] are reguired to accomplish
all these operaticns over a range of 1.5 to 40 E.

Keck Tuke Supporting Analvses

A punber of supporting analyses and development tests are being pernformed to sugpport
the probe znd dewar design effort. For the probe/dewar neck tube analyses, conflicting
requirements {Table 2) require many design iterations before a reasonable coxgrorise
design can be achieved., Since all of the cenflicts invelve thermal performarce, some
simple thermal and gas flow gressure drop rodels were ceveloped Zirst. The scozing
anzivees based on thege models shewed that heat rate and pressure drop reguirerents during
gyro spinup apseared to be achievaple with & window/haffle arrangement sirilar to that
snown in Figure 1.

This design was ussd zs the starting point for detailed thermzl analyses. The
HEATRETE computer code was used to calculate view factors for variouz window arnd radiaktion
baffle geometries. Thess view factors were then used with the THERM computer code mogdel
of the combined probe neck tube and dewar to calculate detailed temwperature distributions
ang hezt rates. Preliminzry resuits indicate that windows and bzffles spaced closer to
the cold =2ad of the probe (reck) minimize neat input (Figure 6).

FRMOLNTED M NHe TANK
PROOUNTED GN SFHe TANK

Figure 3. relininary dewar fluld schematic.
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Figure 4. Porous plug downstream temperature Figure 5. Porcus :lug pressure
versus heat rate. drop wersius heat rate.
Tzkle zZ. Conflicting Heck Tuhe Regulrements
Thermal versus Gas Flow Corductance During Gvroscops Erinep
Use gold-coated Increase diameter, remove as rany windows
wingdows/naffles, and bhaffles as possible
tinimize neck
diameter
Thermal VErsus Szructural
Make neck tubes Design neck tubes for l-atm loads
“hin as (cround) and flight loads supporting
pogsible EHe tank, vapor-cooled shields, and multilaver
inzulation
Thermsl versus Femavahle Prote
g5lid connections Joints witn righer thkermal resistance

setveen probs
and dewar necks

Thermal versus Spacegraft Mass Balance
¥azke neck tubs as Make neck tube as short as possikle

leng as possikle

Thermal Cus Pormeatvion
Use low- Uze mekal coating
conductance

materizls

This spacing also recuces the pressure dreop through the neck tube and lowers the
strictural leads from the Hie tark. MNore analyses will be perZformed kefore window and
paffle locatlions are set.

The datailed thermal model of the probefdewar rewsaled a corsiderably differant neex
tuke temperature distribulion compared wikh the iritial scoping anzlysis. Because of the
low corductivity of the neck tube, the abscried radiation causes temperature peaks batween
the window stations where btre dewar wvapor-cocled shields are cornected (Figure 7). Since
sressure d¢rop is proportional to the sguare root of temperzture in free molecular flow,
ané the flow regime in the neck tube ig free melecular ard transitional, the pressure drop
caleulated with these Ligh woll temperatures is 7 x 1074 torr, aboub &2% ahove theo
design goal of 4.3 x 107% tcrr near the dgyros during seinus, lhis assumes that the
ieakage gas equilibrates with the Lemzerature peaks aleng the nsck tuke wall. If the
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pressure drop is calculated using gas temperatures in equilibrium with the smoothed
temperatures between the vapor cooled shields, the pressure drop is 6.4 x 10-4 torr,
2till 50% aktove the design goal. ZEven with these lowsr temperatures and all windews and
baffles removed, the calculated pressure drop is 5.9 x 1074 torr, still 38% zbove the
design goal. Further experimentally verified refinements to this model are needed before
more accurabte predictions of pressure drop can be made.

These calculaticns assume a 300-K vacuur sasll for ground hold tests and chuttle
orbital flight tests where lifetime requirements are 2 weeks or less. The neck tube
temperatures for these tests can be deoressed by increasing the boiloff rate with a heater
and using "false" aluminum walls grounded to the heat exchansers to gmooth out the
temperature profile. For the Z-year science mission, the amblent temperature is near
220 X, helping to reduce the pressure drop and alleviate the cyro leakage venrting
problem. Ciher means that are currently being analyzed to reduce the pressure drop
include increasing the neck tube diameter and using perforated haffles where the hols
diameters are on the order of the infrared wavelenyth at a specified teipperature. This
baffle acts as = differential filter, passing helium gas yet appearing opague to infrared
radiatien.

A ¥-zlumina/epoxy composite is being considered as a reck tube materizl, since its
thermal conductivity is only slightly higher than E-glass/enoxy between 300 and 50 K and
almost equal to graphite/epoxy below 50 K (Figure 8). Its Young's medulus is 10 percent
lower than graphite ané 2.3 times higher than glass. The axial conductivity of the
composite was calculated versus wind angle (Figure 9], where ( deg is parallel to the tube
axis. The curves flatten at lower temperatures, where the conductivity of aluminz and
epoxy are almost egual. The 3C0-K curve was used in subsequent analyses.

Neck-tube optimizatlon was analyzed using two versions of the PANDA program. The
standard version determines, by lteration, =z minimum weight design kased on coalescence of
buckling and strength failure modes at the applied loading, The other version determines
a minimur conductarce design subject to the same structural constraints by wariation of
thickness and winding angle parameters.

The former version was used to determine tube thickneszes for z 14.2-cm long tube witn
different ring spacings wound at 80 deg., Minimum ring cross-section dimensions were also
determined for these cases, although the anaiyses showed wery little sensitivity of the
tuke wall thickness to ring dimensions, and we felt that rings of the recommended
dimensions were perhaps the lightest rings which eould be relizbly produced for this
appliczation.
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The latter wersion wag then used to determine the tubse thickness and winding angle
which produced minimum therral conductance for each of the minimum weight designs. The
figure ¢f wmerit used to dstermine the final optimum design was the thermal cerductance of
the tube, including increased conductance due to the added rirng material.

The loading used for the optimizatlon analysis was 1 atn external pressure with &
factor of safety of 2.0. Tne mechanical properties for the alumina/epcuy composite were
agsumed to be as listed in Table 3.

Tzable 3. Alumina/Epoxy Composite dechanical Preperties

Property Yalue
Fiper-Directicon Madulus (I} B6.9 Gra
Transverse Modulus (Ep) 2,76 GPa
Shear Modulus (Gpm) 1.03 GPa
Major Polsson's Ratio {rpx} 0.25
Strain-to-Failure:

Fiber Direction (€Lgit) 0.40%
Transverse Direction (€Tl 1.00%
Snear (YLT,1p) 1.00%

The resul:s of the analyses are provided in Table 4. The optimum monocogue design is
the first line in Tazkle 4; the remaining cases are ring stiffened designs.

For the monocogue design, owerall and lecal skin buckling modes are identicazl, and they
coceur at relatively low material strain levels. Hence, determination of a minimum
thickness te satisfy buckling requiremants is sufficient for structural design of
monocogque neck tubes for pressure loading.

Por ring stiffened deszigns, local skin buckling dominates the tune design to a ring
spacing of 1.58 cm. At 1.42-cm spacing, the tube thickness regquired for stability becomes
less than that reoulred by the maxipum strain capability of the material. Therefore,
rings spaced closer than 1.58 cm will rot mrovide any payvoff with regard to thermal
conductance, and the 1.6-cm ring spacing with a wall thickness of 0.05 cm ({(Tabls 4} is the
optimum design for the probhe.

Current aznalyses of the probe neck tubes are determining whether the optimum ring-
stiffened design will zlso support flight loads imposed by the masses of the NHe tank,
vapor-cooled shields, heat exchangers, MLI, and gold-coated guartz windows.
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Table 4. Cptimur Designs for Ring-5tiffened Tukes
Witk l-atm Compressive Load

Optimun Qptimam mp 4 Exial
Rirg Spacing Tube Wall Winding Eii;g&ive Thermnal Conductance(3}

(cm){l) Thickness angle k%;‘ Conductivity (10-3 1K)
{cm} {£0°) (W, mK) "
14.221(2) 0.115 60,0 0.142 L.57 3,54
7.11 0.09C 79.5 0.141 G.57 2.78
3.56 0.C72 77.1 G.140 d.58 Z.30
2.84 0.071 g0.0 0.139 0.57 2.23
2.37 0,058 69.1 r.138 0.63 2.01
z2.03 0.051 66,5 0.138 0.66 1.88
L.7 0.C48 59.8 0.137 0.62 l.61
i.58 0.045 71.0 0.13¢8 G.43 1.80
1.42 G.053 0.0 0.13% 0.63 1.38

1) Ring stiffeners are 0.76 mm thick by 3.2 mm high
{2} Tube helé round at l4.Z-cm intervals by heat excnangers
3} Tupe dizmeter = 24.4 cm



