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PREFACE

This 1is the Final Technical Report on the effort at the University
of Alabama in Huntsville in the development of the Infrared Telescope
for Spacelab 2. The PIi's at UAH undertook the design, development, and
testing required to interface a stationary superfluid helium dewar with
a scanning cryostate capable of operating in the zero-g environment in
the space shuttle bay. Other than the PI's; a number of others at UAH
that had significant roles in the successful development of IRT. 1In
particular, John Medlen who was the UAH machine shop foreman, enabled
the manufacture of many unique components which makes up the transfer
assembly. All the transfer assembly was manufactured in the UAH shop
under the direction of John Medlen.

Th~ mechanical design of the internal parts of the Transfer
assembly was the responsibility of Paul Clemons, consultant to the
UAH IRT effort. All drawings of the Transfer assembly were originally
ptepared by Paul Clemons and later modified to be recorded in the
MSFC archives. Many unforseen problems with interfacing withrthe dewar
and cryostate were successfully solved by designs prepared by Paul.

Mark Tcherneshoff was employed under this effort while pursuing
an undergraduate degree in engineering. His effort was directed to the
assembly and testing of the various components of the IRT. In par-
ticular, the MLI insulation blankets required extreme care in the
layup. Mafk was al;o reponsible for most of the final assembly of the

Transfer~Assembly.
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The UAH-IRT effort was supported through the MSFC Space Science
Labo atory under the direction of Dr. BEugene Urban. A1l of the UAN
¢ffort was perfufmcd with the close couoperatlon and loavaluable [nput
of Dr. Urban who was involved in all phases of the design development

and testing of the IRT.

Gerald R. Karr John B. Hendricks
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I. Transfer Assembly Development

1. Critical Design Review

A presentation was made on May 21 at the Critical Design Review
for the Transfer Assembly. The presentation consisted of the four
tables attached to this report, Table 1 reviews the functions of the
T.A., Table 2 lists the major components of the T.A., Table 3 lists the
valve positions required for various operagions, and Table 4 lists the
assembly sequence required to assemble the T.A. onto the dewar.

The major resules of the CDR was 1d?ntification of (1) .the need to

provide locks and indicators for valves, (2) the problem of alignment

of the cryostat during assembly, (3) the need to determine the maxioum
angular deflection of the helix to be allowed, and (4) the need to
determine the impact of design options on the thermal performance of
the system including (a) the location of the transfer tube heat shield
on either the coldest or next coldest shield, (b) the effect of
radiation down the holes for the valve actuators, and (e¢) the effeét
of the thermal shorting of the teflon sﬁacer between the valve assembly
and the coldest heat shield, |

2. Major Testing and Fabrication Needs

The following ltét has been developed of the major tests and
fabrications which are needed for the T.A..developmant:

a. Porous Plug Assembly




The

the T.A.

Flow Meters

Burst Disk

Helix

Plumbing

1.

2.

Valve Assembly

Heat Exchanger Manifolds

Electrical Feedthroughs at Cold Temperatures

Dewar~T.A. Thermal Pasrformance Test

following assembly sequence has been developed for assembling

. Asgembly Sequence of T.A.

onto the dewar:

Assembly Sequence of T.A.

1.

Cat dewar tubes and weld conflats
Pack MLI around neck tube

Attach mount rings

Attach outer shell

Attach outer (largest) shield tub
Attach second largest shield tub
Attach transfer line shield

Attach inner (smallest) shield tub
Attach valve assembly support plate
Attach depth probe assembly

Attach valve assembly to plate
Attach helix to valve assembly
Attach i1l and vent outer valves

Make up internal plumbing

. Attach cryostat substitute line to helix



16. Make up electrical connections

17. Attach shield-tub lids

18, Attach dome

19. Attach valve actuator cover.

4. Cryostat Thermal Performance Data

The data obtained in the crycstat thermal performance tests was

reviewed to find periods during which the system had come to a steady

state for known values of inlet temperature and flow rates.

5. Dewar Design Information

The desing of the flight dewar was reviewed to obtain in-

formation needed for input to the computer program,

The following

information was obtained for the dewar as delivered by the manufacturer:

Radiation Conduction
Item Area (in)2 Area (im)? Length (in) Material
Liquid vessel 3200 Aluminum
Liquid vessel neck 1{9.75)(.12) 9 Fiberglas
support to first heat :
shield
Liquid vessel bottoms .437(.05)(2)(3)| 1.8 Fiberglas
support to first heat
shield
First_heat shield 4119 Aluminum
First heat shield 1(9.75)(.12) 3 Fiberglas
neck support to
second heat shield
First heat shield A37¢.05)(2)(3Y 3.2 |Fiberglas
bottom support to
second heat shield
Second heat shield 4606 Aluminum
3
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Radiation Conduction

Item Area (in)? Amn(in)2 Length{in}| Material
Secend heat shield 1(10.0)(.12) 3.75 Fiberglas
neck support to third
heat shield
Second heat shicld n37(.05)(2)(3) 4.9 Fiberglas
bottom support to
outer shell
Third heat shield 3129 Aluminum
Third heat shield 7(10.0) (.12) 5.75 Fiberglas
neck tube support to
outer shell

6. Transfer Assembly Layout

The attached figures show two views of the plumbing layout for

the transfer assembly.

This layout is preliminary and for planning pur-

" poses only. The separate subassemblies are designed to attach to the

three lines which interface with the dewar and the cold gas line which

delivers gas to the IRT cryostat.

The fill-subassembly consists of:

(a) a flange which attaches to the £ill line which penetrates

into the dewar storage volume

(b) a flange which attaches to the fill line from outside the

transfer assembly

(c) a ££11 line valve which controls the £1il process and

seals the dewar after filling; and

(d) a £111 line burst disk which is designed to exhaust out

through the outside f£il) line.
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The superfluid-subassembly consista of:

(s) a flange which attaches to the line which will brins; super-
fluid liquid helium from the helium storage volume

(b) a flange which attaches to the line that lend§ cold gas
back to 0l the dewar vapor cooled shields

(c) a flange which attaches to the helix subassembly

(d) a valve which bypasses the superfluid plug to allow for
additional venting during fill and pump down operations.

(e} a superfluid plug device which will serve as a phase
separator of the liquid and vapor helium, and

(f) a burst disk which is designed to exhaust out through the

two vapor lines.

The helix-subassembly consists of:

(a) a flange which attaches to the appropriate flange on the
superfluid subassembly

(b) a helical coil designed to serve as a passage for cold
helium gas and as a torsional spring to take up the re-
lative rotation between the helium dewar and the IRT
cryostat, and

(c) a flange or pipe fitting which will connect the helix

exhaust to the IRT inlet pipe.

The three subassemblies can be made up and tested separately and

arranged on a common support for final attachment to the three-tube inter-

face of the helium dewar and the transfer line to the IRT experiment.

The preliminary layout shows the total package to fall within a 6 to 7

PP

inch radius which is within the limits required in the transféémiégémbly

design.
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7. Critical Design Review

The CDR for the IRT was held at MSFC on August 14 and 15, 1979. Dr,
Karr made a presentation on the design of the transfer assembly wiiich
included Tables 1, 2, 3, and 4, Table 1 gives the functions of the T.A.,
Table 2 shows the major components of the T.A,, Table 3 shows the valve
positions for the control valves of the T.A., and Table 4 gives the
assembly sequence of the T.A.

A list prepared by Paul Clemons of materials, weights, and supplies

was provided at the CDR and 1s attached to this report.

t
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TRANSFER ASSiMMLY WEIGHTS

Part : Wt. (Lbs.)
Plumbing Assembly 12.98
Helix 2.39
Inside Shield .125 Thk/.062 Thk 6.63/3.70
Middle Shield .125 Thk/.062 Thk 9.75/5.93
Outside Shield .125 Thk/.062 Thk 12.93/8.02
Outside Shell (including cover with Valve Activators) 31.29
Ingide Lid | .62
Middlie Lid 92
Cuter Lid 1,29
Inner Shield Mount Ring : +29
Middle Shield Mount Ring .48
Outside Shield Mount Ring .69
Fill Line 1.22
Fill Valve Assembly’ 1.00
Vent Valve Assembly ' 1.25
Ferrofluidic Seal Assembly (Estimated) 4,00
Wire Suspension System .10
Insulation (Estimated) ~5.00
Mount Blocks (Tube to Manifold) .72

Transfer Assembly with .125 Shields 93,55
Transfer Assembly with .062 Shields | ' , B1.89
13
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PLUMBING A..SEMBLY

Part Size

Tubing .500 dia. X .035 wall
Elbows 500 Tube Size

Tees .500 Tube Size

Cross .500 Tube Size
Valves 8S-6TW-SW=CU

Burst Disk A=4593-1

Plug In-House Design of CRES

Aluminum to CRES Transitions = %" tube size -

Vacuum Flange Mini-conflat
954-5139 Rotatable
954-5136 Non-Rotatable

HELIX
Housing & Mount Assembly
End Cap .25 Thk
Bearing
Tubing .125 0D X .035 wgll

Vacuum Flange same as for Plumbing Assembly

14

Material

CRES

CRES

CRES

CRES

CRES

AL
AL
Teflon

CRES

Co. Name

Parker-Hannifin Corp.
2407 Memorial Pkwy. S.
Huntgville, AL

Parker-Hannifin Corp.
Parker-Hannifin Corp.

Nupro Co.
15635 Saranac Rd.
Cleveland, OH 44110

Fike Metal Prod. Corp.
7045 10th St.
Blue Springs, MO 64015

Bi-Braze Corp.
4 Rallroad Ave.
Glen Head, N.Y. 11545

Varian Vacuum Div,
611 Hansen Way
Palo Alto, CA 94303




INSIDY ‘it [FLD

Part Size

Base and Side .062 or .125 Thk

Manifold .50 X 1.50 X .062 wall
Die No. MH=-2957

Crossover .50 X .50 X .058 wall
Sq. tube

Tubing .375 OD X .035 wall

Lid Ring .25 Thk

MIDDLE SHIELD

Base and Side 062 or .125 Thk

Manifold
{(Rec. Tube)

.50 X 3.0 X .094 wall
Die No. MH-2888

Crossover Tube - same as inner'shield
Tubing .375 OD X .035 wall
Lid Ring .256 Thk

Helix Tube Shield 1" oD X .020 wall

OUTER SHIELD

Base and Side .062 or .125 Thk

Manifold
{Rec. Tube)

.50 X 4.00 X .094 wall
Die No. MH-2891

Crossover = Same as inner shield
Tubing .375 OD X .035 wall

Lid Ring .25 Thk

15

Material

AL sheet

AL

AL

AL

AL

AL
AL

AL

AL

AL

Co. Name

Mideast Aluminum Corp.
Rt. 130
Dayton, NJ 08810

Tube Sales
175 Tubeway
Forest Park, GA 30050

Mideast Aluminum Corp.

Mideast Aluminum CorpQ
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OUTSIN! NELL

Part Size
Base .375 Thk plate
Side ' .125 Thk
Flange (to cover) .375 Thk .
Formed Disk .125 Thk
Wire Port Tube 1.50 OD X .125 wall
Wire Port Tube .25 Thk
Flanges
Fill Valve Tube 2,00 OD X .125 wail
Fill Valve Flange .25 Thk
Vent Valve Tube 4.00 OD X .125 wall
Vent Valve Flange .25 Thk
Ferrofluidic Seal 3.00 dia. X .75 Thk
Ball
INSIDE LiD
Lid .062 Thk
Valve Guide Tube .312 0D X .049 wall
MIDDLE LID
Lid .062 Thk

Valve Guide Tube - Same as. Inside Lid

OUTER LID
Lid " .062 Thk

Valve Guide Tube 312 oD X . 049 wall _

INNER SHIELD MOUNT RING

.75 Thk

- 16

Materinl

AL

AL

AL

AL

AL

AL

AL
AL
AL
AL

AL

AL

AL

Co. Name



MTDDLE SHIELD MOUNT RING

Part Size Material Co. Name
+715 Thk AL

OUTSIDE SHIELD MOUNT RING

+75 Thk AL
" FILL LINE
Tube .500 OD X .035 wall CRES

Flange - Same as other Varian Flanges

FILL VALVE ASSEMBLY

Valve CV9-84~5W1 (Part No.) CRES Cryolab

Box 6003

Los Osos, CA 93402
Flange to Outer Shell .25 Thk CRES

Flange on line - Same as other Varian Flanges

Tubing .500 OD x .035 wall CRES

VENT VALVE ASSEMBLY -

Valve - Same as on Fill Valve Assembly
Flange %o outer shell .50 Thk CRES
Flange on line - Same as other Varian Flanges . ;

Tubing ‘ »500 0D x .035 wall CRES

FERROFLUIDIC SEAL ASSEMBLY

Ferrofluidic Seal - per UAR drawings
Bellows - TBD

Flange to Outside Shell .25 Thk CRES

17




Part
Wire
Screw

Screw Plate

Dewar Support Tube to Vent Manifold

WIRE SUSPENS 0N SYSTEM

Size Material
.030 dia TBD
.375 thread CRES
.25 Thk AL

MOUNT BLOCK

.25 Thk  CRES

TUBES INTO DEWAR

.50 0D x .065 wall CRES

Flanges - Same as other Varian Flanges

Bellows ~ TBD

Female Nut

Male Nut
Gland

Gasket

LINE INTERCONNECTS BETWEEN SHIELDS

Cajon VCR Vacuum Coupling

Part No. 55~4-VCR-1 CRES
Part No. S$5-4-VCR-1 CRES
Part No. S5-4~VCR-3 CRES
Part No. CU-4~VCR-2 CRES

(Above parts, except gasket, to be modified)

18

Co. Name

Cajon Co.
32550 01d South Miles Rd
Solon, OH 44139

!
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respect to the expected pressure drop for flow rates typical of that to

II. Cryostat Development

*

1. Cryostat Pressure Drops

The final design for the cryostat was obtained and evaluated with

be employed for the IRT experiment. The procedure used to calculate the

pressure drop is the same as employed in the past.

May 12 - June 11, 1978).

in the table.

TABLE OF PREDICTED PRESSURE IN FINAL CRYOSTAT

HEAT EXCHANGER DESIGN

(See report for

The results for 5 mg/sec and 10 mg/sec are given

19

Cryostat Assumed llydraulic Length 1 = 5 mg/sec h = 10 mg/sec
lleat Exchange Average Diameter L AP P Average AP ' Average
Section Tczpcratures Inches  Feet Torr Torr Torr Torr
Inlet to CF 2.55 W22 1.5 3.25-3 6 6.505-3 6
CF to SKI 5.75 .25 .35 1.92-3 5.9967 3.840-3 5.9935
8K 8 . 3073 4:2 2.035-2 5.,9948 4.,069-2 5.9896
8K to 60K 34 .25 1.5 = - 1.861-1 5.9745 3.734-1 5.9489
60K Ring 60 . - 375 446 2.849-1 5.788 5.91-1 5.5755
60K to 120K 90 25 .42 2.679-1 5.5034 5.909-1 4.984
120K Ring 120 .5185 4.58 .2766  5.2355 .6585 4,393
120K to 230K . 175 .44 .25 .0553 4,9588 . 1467 3.735
230K Ring 230 747 4.65 .204 4.9034 .5571 3.588 -
ZSOK to 300K 265 .44‘r c 7416 .198 4,699 .6138 3.031
300K 4.501 ' 2.4176



2. Flow conditions in cryostat.

Dus to changes in requirems’its in the nominal mass flow rates for
the IRT, the flow conditions at critical points in the croyatat were re-
exanined. From past reports it has been established that the line betwsen
the transfer assembly (TA) and the cold finger is the most critical since
t..2 tube size of the helix is 1/8" and is the smallest diameter tube in
the complete system. Concern had bean expressed over the pressure drop
calculations performed in the past which have assumed laminar flow in this
region. Due tc the incressed flow rate requirement, the assumption of

laminar flow must be investigated. Consider a 5 x 1072

ge/sec flow rate
requirement. The mass flow rate is given by
m= oVA
where p {8 the denaity, V is the velocity, and A i3 :he cross section avea
of the tube. Using the perfect gas law
P = PpRT
where R 15 the gas constant given by
R = R/M
where M is the molecular weight of the gas, the mass flow rate expression
becoies
mea VA

Solving for velocity we obtain

 DR/MT
PA

v
Take as an example, the case for
| @=5x10 gn/sec
M=
T = 1.6K
P = 16 ton

Diameter = .105 in
20




the result is
V=1.39 m/sec

the speed of sound, a, is given by

as /7EFH-<d1.67~§%}5 1.6 = 74.5 a/sec
so that the Mach number becomes
v
M 2 = ,0186

The Reynolds number is given by

[ ] [ ]
pVd ood mé
R — S . E e
e ™ " = T R - o 4510
Thus, we find that the flow is turbulent and not laminar as assumed. The

pressure drop is now calculated for the case of turbulent flow given by

AP AL 2
T e 7 oY

where for turbulent flow

A= .3154(ne)‘1/“

Substitution of the appropriate numbers and using

L= 2m ;
we obtain

(AP) = 148 torr

turbulent
The same calculation assuming laminar flow gives a value of

(Ar)laminar = .06 torr

This we conclude that the assumption of turbulent flow should be made and

that the pressure drop should be taken as .15 instead of .06.

21




3. Cryostat Thermal Performance Testing

After successfully cooliﬁg the cryostat to 80K with the LNZ during
the night of February 11, transfer of liquid helium was begun on February
12, During a change in dewars on February 13, air or other gases entered
the system which resulted in an ice build up which eventually prevented
any transfer of helium. The system was then allowed to warm up to
over 100K during the night of February 1) and started LHe transfer at
9 a.m., The cool down, however, was not successful in getting the cryo-
stat temperatures into acceptable ranges. The T.A. substitute thermo-
meter was indicating rather high temperatures in the 10-20K range.

The apparent lack of performance of the T.A. substitute was thought
due to heat leak to the cold region' down the pressure tap tube and/or

lack of good thermal contact of the diode thermometer. The system was

therefore allowed to warm up and ti.: vacuum spoiled to allow'fot the
removal of the pressure tap and to allow for soldering of the diode to
the cold region. This work was done on February 15. Cool down with
helium began on February 19 at 9 a.m. By 2 p.m. February 20, the
cryostat had reached 20K but progress thereafter was very slog. The
test was terminated on February 21 due to lack of progress in cooling
in the_cryostat.

The thermometers in the T.A. substitute indicated 9.9K inlet temp~
erature, the NASA installed thermometer uh the lower dummy indicated
10.2K while the thermometer on the 8K ring indicated 4.45K. The 60K

ring was at 33K and the 120K ring was at 99K.

22
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The T.A. sbustitute was again removed to provide for repair of a
damaged thermometer and to replace the wiring with low thermal conduct-
ivity wires. Additional MLI was also installed.

Problems in the cryostat thermometry were also noted. The germanium
thermometers that had been installed by the manufacturer were not
operating well. A thermometer at the 8K cold ring which had been
installed by the manufacturer was found to indicate a colder temperature
than the indicated inlet temperatures at the T.A. substitute and the NASA
installed thermometer cn the lower dummy telescope tube,

The Mod II version of the T.A. substitute was delivered in mid-
February and testing began while the T.A. was removed from the cryostat.
Leaks were found which required some reworking. \

On March 6, another cool down was attempted with the original ver-
sion of the T.A. substitute with the improvements noted above. The

cryostat had reached a temperature of 165K by March 1l1.

The cooldown test using T.A. sub Mod 1 was terminated on March 14
after it became apparent that the performnce of the cryostat and the
T.A. sub had not improved. On March 26, another cooldown gf the cryostat
'bepgan using Mod II which had been installed into the T.A. sub earlier.

A solder blockage of the transfer line in Mod II had been discovered
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and clearcd prior to the March 26 test, By March 28, the indicated
inlet temperatures in the T,A. sub were ncar BK and the lower dummy
indicated 11,7K while the thermometer on the 8K ring was out of range
but below 5K.
The above discrepancles in temperature readings and a review of
our past experience with the various sensors leads to one of the follow-
ing two conclusions:
(a) The 8K ring thermometer is bad and the T.A, sub is limited to
delivery of helium at only 7K, or
(b) The 8K ring thermometer is the only thermometer which is working
correctly and the other cold region thermometers are reading much
too high.
To help answer which of the above conclusions were correct, the system
was allowed to warm up and the thermometers were checked for calibration
by dipping into liquid helium. All thermometers were carefully heat
sunk so that some confidence could be obtained from the future tests.
The T.A. sub performance factors were reviewed which uncovered a possible
heat leak due to a rather high density of MLI in the ferrofluidic seal
region. This was corrected. In addition, it was concluded that the poor
performance of Mod II was likely because the radiation shields of the T.A.
sub were not actively cooled as ihey had.been in the Mod I design. How-
ever, rather than returning to the originﬁl Mod I concept which sequired
cooling room temperature helium, Mod I was modified so that the cold
helium. from the Helitraﬁ was split into two fiows, (a) one path which
leads to the cryostat and (b) a second path which cools the radiatiom

 shields. The necessary modifications were completed on April 2.
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The cryogenic testing of the cryostat with modified Mod I T.A, sub
began on April 7 with a precooling using liquid nitrogen, On April 8,
the coldest temperature obtained corresponded to 3,7K at the T.A. inlet
and 2.45K at the BK cold ring while the cryostat vent line was being
pumped on., The fact that the cryostat was colder than the inlet gas can
be explained since the pumping causes the T.A. side to be at a higher
pressure than the cryostat side. The recorded pressures dn the two sides.:
when referred to the liquid-vapor equiiibrium temperature, seemed to
confirﬁ the lower temperature on the cryostat side,

The thermometer question was answered in these tests since the newly
installed and carefully heat sunk thermometers seemed to agree quite'well
with the 8K cold ring thermometer, Thus, the tests led us to choose
conclusion (b) above which means that the T.A. subs were likely performing
adequately all along and thatmany of our earlier tests resulted in cryo-
stat temperatures at Jower than those required. The major problem has

been accurate and reliable themometry instead of T.A. substitute design.
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III. IRT Flow Meterﬁ
1. Flow Meter Design Considerations
The twe helium vent lines are to have flow meters sc the per-
formance of the dewar and cryostats can be monitored. The flow rates are
of the order of 1 to 10 x 10"3 gm/sec in the two lines which are nominally
1 inch in diameter. Assuming that the temperature is about 300 K, the

Reynolds number, Re’ will be given by

R o« 24 _ [2.5 for 1073 gn/sec
e u 25.0 for 10~2 gm/-=ac

The velocity in the one inch lines will be

v= -2 . [9.23 m/sec for 1073 gm/sec at 1 torr pressure
PA 92,3 m/sec for 107 gm/sec at 1 torr pressure

The Mach number will be
3

' 9 x 10~ for 10° gm/sec at 1 torr pressure

Mg ———— =
YRT 9 x 1072 for 1072 gm/sec 204 300 K
at 1 torr pressure and 300 K.

The mean free path will be1

L= ' 3 = ,0148 cm for 1 torr pressure and
499 p ;-RT 300 K temperature

Under the above flow conditions, the flow 15 clasgified as laminar,

subsonic, and continuum.

4 3

Helium gas has a density of 1.62 5 x 10 = gm/cm” at 760 torr pressure

. and 300°K temperature. A mass flow rate of (1 to 10) x 10-3 gm/sec re-

sresents an equivalent volumetric flow at standard conditions of 6 to 60

sci/sec or 360 to 3600 scc/min, respectively.

lnushman & Lafferty, Scientific Foundations of Vacuum Technique, 1962,
John Wiley & Sens, Inc. ' '
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The conditions described above are unusual for most (low moter
applications. The low density and low Reynold's in particular make this
flow non-standard for the purpose of flow meter design. Flow meters
work on the basic principle that the pressure drop generated by the
flow meter element is proportional to the square of the velocity of the
fiuid, Thus, the flow veloeity is determined by measuring the pressure
drop. The pressure and temperature are also measured which, coupled with
the velocity measurement, provide sufficent information to determine
the mass flow rate. Flow meter design considerations include the magni-
tude of pressure drop expected, the magnitude of the pressure, and the
temperature range of interest. For the IRT application, the pressure drop
will be of the order of 1 torr as will the absolute pressure. The tempera-
ture will be near 300 K,

The magnitude of the pressure drop is governed by the désign of

the flow meter and two designs were under consideration; tl) the venturi

meter and (2) the orifice meter. Both meters can be applied to the IRT
flow requirements. The venturi meter has the advantage of creating the .
least total resistance to the flow but has the disadvantage of being
limited in range and limited in maximum measurable pressure drop of about
50% of the inlet pressure. The orifice meter can be used over a wider
range and produced a larger measurable pressure drop but at the expense

of severely restricting the flow.
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The flow meter being developed for IRT flows is based on acceleration
of a fluid stream through some form of nozzle. The ideal flowrate is re-
lated to pressure drop by applying continuity and Bernoulli equations.

I1f we assume for now that the flow is incompressible, Bernoulli's equation

2 2
v v
o w22, P2 1 .
Pp =P 7~ Vo = Vy) 7 [1‘(v)] (1)

where 121 and pé are measured at points where the velocity has changed

becomes

‘from Vl to Vz, respectively. Using the conlinuity equation for the change

in velocity due to area changes from Al to Az is

p Vl Al = 0 v2 A2 {2)

v 2 A\ 2

1 2

—_—— = —_— (3)
(Vz) (Al)

Using the above, the velocity V2 is found

. _[ 2(, - P,)

) =
V p (L - -(@\2/1!1-1)2

(4)
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Using the perfect gas law

p=opRT (5)

the expression for velocity becomes

.

2(P1 - PZ) RT2

v2 - Az )2 ‘ (6)
P - — }
(s f

The mass flow rate is given by

m o= p VZ A2 (7}
. P2 :
m = ET; V2 A2 (8)

Thus, the measurement of m requires the values of AP,.PZ, and T,, in

97
addition to the known values of AllA2 and the gas constant R,

The above expressions are all derived assuming incompressible, ideal
flow. In practice, corrections must be made to the above to take into
account the effects of compressibility, friction, and energy changes.

For the IRT experiment, it is prdposed to deﬁelop the corrections to fhe
equations from experimental étudies'of prototype flow meters.

One of the disadvantages of orifice or nozzle type flow meters is
understood by reference to Eq. (6). The measurcment of velocity is seen
to be a non-linear function (square root) of the measurement of AP.. The

non-linear behavior means the range of flow measurement is limited by a

factor of the square root of the range of the AP measurement.
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2. Flow Meter Design
Flow meters of two different designs were under consideration

for possible application to the ;RT experimental requirements: (a) a
commercial thermal type mass flow meter and (b) a standard orifice or
venturi type meter using sensitive pressure meters. While both types
will impose considerable total pressure loss to the flow, the orifice
type meter gives the most flexibility in design and the smaller total
pressure drop of the two types. BRoth meters are described in attachments.
Attachment A gives the specifications for fhe Teledyne Hastings-Raydist
mass flow meter. Also included in attachment A is a letter describing
the performance under the conditions representative of the IRT applications.

Attachment B gives the preliminary layout of an orifice type flow
meter which employs a Validyne Corporation ultra low-range-pressure-
transducer, DP 103. The specifications for the transducer are attached
along with the specifications for the CD16 demodulator. A preliminary
layout showing two flow meters using a DP 103/CD16 assembly is shown.
Also provided in attachment B is a memo to Dr. Katz concerning the trans-

ducer and the demodulator,
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Teledyne Hastings -~ Raydist Mass Flow Meter



“N"TELEDYNE

HASTINGS-RAYDIST

Specification Sheet No. 528

I HAMPTON, VIRGINIA 23661 .

Hastings Linear

(BO4) 7236531

Mass Flowmeters

ALU-SERIES WITH LOW PRESSURE DROP TRANSDUCERS

* PRESSURE DROP FULL SCALE ON ALL RANGES:
LESS THAN .07" H20 @ ATM PRESSURE
LESS THAN 1 TORR @ 30 TORR PRESSURE

* MEASURES MASS FLOW OF GASES

e IDEAL UNDER VACUUM CONDITIONS
AS LOW AS 30 TORR

* RUGGED MONEL TRANSDUCERS
* RANGES FROM 0-100 SCCM TO 0-50,000 SCCM™

* SUITABLE FOR UFg & OTHER CORROSIVE
GASES

e OJTPUT: 0-1 VDC

DESCRIPTION

The Hastings Linear Mass Flowmeters, ALU
Series, are designed for applications requiring
minimum pressure drop. This s particularly
important in atmospheric sampling applications
and vacuum applications

The flowmeter uses the tried and proven Hast-
ings thermal principle. Gas passes through a
healed tube and in doing so causes temperature
gradients in the wall of the tube proportional to
mass flow of the gas and to its heat capacity
Thermoelectric elements attached to the ocuter
wall of the heated tube sense the charnging tem-
perature gradients and preduce a proportional
electric signal.

The ALU Series has been used successfully for
many years to measure Uranium Hexafluoride
flowrate under vacuum conditions. It has also
been used to measure vacuum pumpirg speeds

G.;I . Crossley & Associates, Inc.
7] / v

-

3131 MAPLE DR N E
ATLANTA, GEORGIA 30305
(404) 261 - 4278

TRANSDUCER

and in atmospheric samphng trains. Large dia
meter sensing tubes also reduce tne chances of
foulhng when measuring contarninated gases.
Iransducer and Laminar Flow Element are con-
~tructed of monel

SELECTION CHART
Range Indicator Transducer Laminar Flow
In Air Model Type Element Type
0 100 ALU-100 1J-100M -
0-500 ALL-500 1J-500M -
0 1000 ALU 1K - 1KM —
05000 ALU-5K J-5KM
0-10.000 ALU-10K LI-10KM -
0-20.000 ALU-20K J-3m LU-2M
0-50.000 ALU-50K U-3M LU-3M ey
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SPECIFICATIONS:  ORS LoC CUALITY

MODELS
CABINET ALU-(ranye)
NIM PANEL  ALU-(rongelP

POWER
115 volt 5060 he w 15 wotts
“230 valt B0 50 he « 15 walts
“Adu the prefin "E* to model number

TRANSDUCER CABLE
TYPE NF- 8N 81t
NF-25.-NM 26 It
NF-50-NM 50 ft.
NF-100-NM 100 1t

ACCURACY: + i% of fuH scale
PRESSURE LIMITS: | toer to ATM
TEMPERATURE LIMITS; O to 40° C

PRESSUNE DROP ‘
Less than .07 H2O « ATM pressure
Less than | torr @ 30 torr pressure
CALIBRATION

Air calibration s standard
Calipration lor other gas optional

OVERPRESSURE
Withstands 260 psig without damage

TRANSDUCER CONSTRUCTION
All parts in contact with the gas are monel family alloys

REQUEST CATALOG 500 FOR INFORMATION ON
HASTINGS AUTOMATIC FLOW CONTROLLERS,
MiNI-FLO CALIBRATORS, GAS FLOW PROBES, AND
S1ACK GAS VELGCITY METERS,

INDICATOR OUTLINE DIMENSIONS

Cabinst
Model

.74~

NIM Pansl
Model

3 HIM panel mistiuments can be
mpunted on an 8- 347 « 197 frame

GAS CONVERSION FACTORS FOR
HASTINGS LINEAR FLCWMETERS
{Multinty Auir scale by thoso Hashings Conversion laciors}
*Eminnical data, nthers thearetical
[QTLUTHAAT Coﬂ“"filoﬂ
e Fartig Gas Fatiur
[ ACLTYIEN 6/ | HYDROGEN *1.03
AR 100 | HYDROGEN
AMMONIA 77 1CHLORIDE 1.0l
ARGON oo .T"—' HYDPOAGEN
A B T Y
aRomiNE - <o~ HYDROGEN SULFIDE | 85
| oz e 22 ATSOBUTANE 3
BUflle 30
BUTENE 1 T KRYPTON 1.39
_;E?\'R'u'hu nioxing | 73 :fg:““ﬁ S, ,..,.1.99_.
CARRON MoNOXIDE | 160 10 38
CHLOMINE g RC OXiDE T T80
CHLORINE ~———{ NITROGEN e
| TRITLUORIDE + g5 | NITROUS OXIDE 75
[ TYCLOPROPANE  ~ ]~ 57 | OXYGEN 9]
DIBORAN[ N "t | PENTABORANE .15_
UHANE Cme k6 | n-PENTANE 22
ETHERE T "] PHOSPHINE - 7
L__l' HYL [N[) _‘69 PROPANE *32
(ETHYLENC OXIOE | o0 FSILANE 58
[FLUORINE 83| SULFUR DIOXIDE 0
[FREON 11 36 | 'SULFUR ]
[Frion 17 + 35 | HEXAFLUORIDE 25
J “o A == TUNGSTEN
| FREON 13 8 HEXAFLUORIDE 23
[FRLON 11 8 FURANIUM
| FREON 77 ~* 43 _| HEXAFLUORIDE 7.
FREON 114 N . 22 WATER VAPOR B0
HELIUM ‘l 43 XENON 1%

txample. Howmeter U-1KM 01000 scem in air would be

1000 x .23 = 230 sctm ot tull scale in UFg,

TRANSDUCER OUTLINE DIMENSIONS

Fr b febk U8 Saveany Tanisibye or
t K 1ed b beuniile

(IRl 14 NI'E Mgl
LI JAM 1A HIH Rale
TN L2 NIE Mot
i) 1M Ly i >N Al

Unrttumy Frag 13 368 Series raitgg or ;‘;';Jﬁ:'f‘;' Brackst

astey, Latoalat Flow Llemhenty
UdM  widd M 27 NPT Mules
UdW wilhdm 3" KPL Male

: @ |

Minimum

Vertlcal
Cluatancn
For

Connin!

sonytructed

AL it transuut ers and
Littart Hivw Lleementy gre

ul Monel

43¢ TELEDYNE
HASTINGS-RAYDIST 3

]

HAMPTON, VIRGINIA 23661, U.S.A.
PRINTED N U.5.A.
SPECIFICATION SHEET #528

PHONE (804) 723-6331
TWX: 710-882-0088
COPYRIGHT' 1-78
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October 13, 1978

Mr. Gerald R, Karr
University of Alabama

P. 0, Box 1247

Huntsville, Alabama 35807

Dear Mr, Karr:

The following letter contains information pertaining to your interest in
measuring a flow of helium gas at 1 Torr. The mass flow rate is 2 - 6

-milligrams of helium per second.

Teledyne Hastings has a low pressure drop gas mass flowmeter that can be
used at 8 Torr. The transducer has a pressure drop of 3.5 Torr.

This flowmeter has been tested at 1.4 Torr, The pressure drop acroes the
transducer 1s also 1,4 Torr, causing a 50% drop in the gas flow rate.

T am ineluding budgetary pricing for a flowmeter designed tc handle the
range of 2 - 6 milligrams of helium. The prices are as follows:

1. Model ALU-5KX
Range: 0 - 2,000 sccm helium
Price: §$945.00

2. Model ALU-5KGX
Range: O - 6 milligrams helium full scale
Price: $1,015.00 .

The flowmeters are availlable in 4 - 5 weeks after receipt of the order. I
am looking forward to working with yov and your people in order to provide
a flowmeter that meets your requiremerts for the Space Shuttle,

Ivk
Enclosure
cc: Mr. Joe Doetzer - Teledyne Hastings-Raydist

33
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MEMORANDUM October 25, 1978

4

TO: Dr. L. Katz
FROM: Gerald R. Karr

SUBJECT: Flow Meters for 1IRT

Attached is a copy of the prelimlnary ideas for the layout of
the IRT flow meters. The Flow will be determined from the measurement of
differentia]l pressure across a flow meterfng device (orifice or venturi)
which will be placed In the two vent lines. The ASME standards for de-
sign of flow meters recommends that the upstream pipe have no turns or
fittings for 25 diameters and the downstream pipe also be free for 5
diameters. Assuming a one inch pipe diameter, ot least 30 inches of
straight pipe should be available for the flow meters.

The Validyne DPF 103 differential pressure transducer and the
Validyne CD 16 demodulator are recommended for the {low meter application,
These devices were used to form the layout and the specifications are
attached.

Tn a phone conversation with a representative of Validyne Corpo-
ration, 1 learned that the cutrent prices are:

Dr 103 -  $368
ch 16 - $341 /

T

The connectors provided with the two devices are: b

PP 103 - TTT CANNON WK4-22C with Mating Connector WK4-21C

€D 16 ~(Input)ITT CANNON WK-4-325 with Mating Connector
WK~4-21C

(Output) ITT CANNON WK-6-325 with Mating Connector
WK-6~21C

Since these connectors may not be appropriate for our purposes, I suggest
that the appropriate connectaors be speclfied so that Validyne can use them
in the fabrication. ‘This change will result in a new price which will
depend upon the ronnector specified.

The D 103 is stainless steel ronstruction and is described as

being rTugged but there is no vibration or shock test data available. The
Ch 16 is completély potted and also described as being rugged.
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ATTACHMENT B

iA Pressure drop flow meter design using Validyne transducer




br. Katz
Page 2

The thermal effects on the transducer ave of two types: (1)
_ zero shift and (2) sensitivicy shift., The zero shift is .01%/O9F and is
: repeatable for each transducer. The scensitivity shifr is .052/9F and is
lineavr and repentable, The accuracy of the meter is described as heing
5% of full scale with repeatability of .1% of full scale.

The transducers output is sensitive to accelerations of magni-
tude 4% of full scale per g. For ease of calibration and check out, it
would be best that the plane of the tr:.as. wcer diaphragm be mounted
vertically. The mounting plate seen in th. layout diagrams should be
vertical.
v Not shown in the layout are the two abhsolute pressure gauges
and temperature gaupes which will likely be mounted in the same temperature
controlled box as the flow meters,

The tubes From the transducer are shown to be relatively short-
in the layout. 1n practice, we may want to use longer tubes with appro-
priate connectors for ease of mounting to the flow meters.

) GRK /asw

]

i Attachments
]
f}f

e L

l
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DIFFERENTIAL
PRESSURE TRANSDUCER
ULTRA LOW RANGE

. AC Uutp_ut

E ° %
v -3
A \
2 W g\
| °
2 y 9 -‘.l - g
i w5
a o §e

Description

The DP10] i5 desianed for exceedingly low dillerantial
pressure measurement apphcatons where high accuracy

15 required under rough physical environmental conditions
With tull scale ranges down lo =001 psid (207 cmH;0), this
instrument is being used in the measurement of very low

| _llow rates ol gases whete symmeltncal prossurn cavilies aro
required for dynamic response  Also used in very small leak
detect:'cn and pressuie null detection sysiems

Wet-wel apphcations involving corrosiva liguids and corrosive
3ases are easily handled as all surfaces rxposed 19 the media
are corrosion resistant steel. Overpressuies as high as 100 psid
will not destroy the diaphragm and with recalibralion the
insirumen! may conlinue o be used Used in conjunction
~ith a Validyne Carrier Demodulator, a %10 voit DC oulput
may be oblained lor a pressure of =001 psid. The transducer
may be located 1000 feet, or more from the elecironics

wilh no problem

1,1-' Y\ s
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- [ 1
o A%
ad!
/
‘ a3l
y J. ,
i
o
[ L) ¢’
‘ /
'
|
; A =g '
ORIGRMAL PADGE 1 /

GF POOR QUALITY, .- °
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Features o

Exceedingly Low Pressure Range

High Overpressure Capability

Low Acceleration Sansiivily

Accepts Corrosive Liquids and Gases Both Sides
Equal Pressure Inet Volumes

o™ s e -*. —

Specifications

Standard Ranges 001 ND2 00501 02.05.10.5,

Linearnity nast siraighl hing
Hysteresis 03 BYCLISION
Overpressure votn less than 2% FS
Overpressure Limit 20 os
Line Pressure JTHY £ inan 17, elingt
Inductance 2I=H =o= =3l aach cml
Zero Batance 13 FES sated exciation
Rated Excitation ) Sabty
Excitaticn Limits Yo 20000 H2 30 Lolls ims

- senrum at 20000 He
Sensitivity Y=V etk seale rominal
Pressure Media: Coras e Lioinds & Ganes

navtia sath V7.7 CRES and

3 M Onings (Optonal O'ning

24_LOMTHnNe AL gilatie)
Operating Temperature )
Range: LE IBOIF (320 TUCYS 1 py !
Thermal Zero Shift: 7ottt ; !
Thermat Sensitivity Shatt: ~ = 057/ F i : v : s
Pressure Cavity Volume: 3010 Ve e inehns { 57 o)
Volumeltnec Displacement aut mches (057 ce)

P 3.1 V-
Pressure Connection 2 LA TE ) IO 6 T

Electrical Connection 2220 comanrgr (Carnon) eolh

‘3" cable Malng cornacior

L2 3. 210 ¢ roishiagd

Size: y R I

Weight: | CLx BRGSO 6 Bt S

Price & Dehivery ¢ YN -0 seets ARG
)
f i
i . /’ '

Replacemant Dlg;hrngms : 33500 A ianle from Siock
e 7’5
/ | Sihk

6857 & 140 )
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Description

The CD16 Miniature Carrier Demodulator, designed 10

dei'ver a 0-5 or =5 VDC output from a Variable Reluclance

TrarsZucer and ocperate from an unregulated 22 to 35 VDC
power A square wave excitation of 5kHz 1s furmished to
transducer and the solid stale integrated circuit amphfier

the

and cemodulatcr converts the transducer signal 1o analog DC
cutvul Zero and span adjusiments are made through access

n='es in the case

Elactncally the CD16 15 a true lour terminal device the two

outlpul terminals bemng completely 1solated from the Iwo power

input terminals In addition neither inputl common or oulpul

commion 1s conrecied to case ground
\
ot

B

Optional Feature

Qperation from 12VDC power,
speciy: CD16-649

¥
1 flos

39
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Features

Requiated angainst power varniation

Low oulput impedance
Solid state reliability
Rugqgnrdized package
Input/output 1solation

LY

" _,,-,-

”li‘no‘-.l‘p

SGE 16 |

OF PUOR QUALITY

Specifications

Input Sensitivity:
Transducer Excilation:
Oulput

Voltage:

dulput Impedance:
Frequency Response:
Stability:

Ripple:

Temperatura Range:
Ambiont:
Compensaled:

Thermal Zero Shilt:

Thermal Span Shill:

Power Requirements:

Electrical Connections
Input:

Output:

jht:
e

15 mV/V excitalion, minimum
15Vp. 5kHz square wave

0-3 0V or =50 VOC inta 10K ohm

or areater load

100 ohm4, maximum y
DC-1000Hz  fIal 5% i
=0 1% /5upply vollage change

from -22'0 435 VDC

10 mV peak to peak, nominal

- B5°F to 250°F

0'F 1o 160°F

=05%FS/100°F

=1%/100°F i
=22 10 +35 VDC, 10 ma

nominal

WK-4-325 (Cannon)

Mating Coneclor

WK-4.21C Furnished i
'‘WK-6-32S (Cannon)

“Mahng Cannactar

WK -A21C Farmsned

8 ounces avdp (227 qram)

$300. avallable from stock

v s



' mSTALLATION DRAWING
CD16 Miniature Carrrﬂr Demodulator
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3. Flow Meter Tests .

Mr. Richard Norman of NASA/MSFC has performed calibration tests of
the prototype flow meter for various orifice sizes. Data was taken for
various values of inlet pressufes, pressure drops, and mass flow rates.

The flow meter is designed so thai the measured values of P, AP, and temp-

erature will provide a measure of the flow rate, 1deally, the mass flow

is given by
" - zpinler.(Ap) % A
ideal = | g p(1-8%)
where Pinlet is the inlet pressure, AP is the pressure drop across the

orifice, R is the gas constant, T is the temperature, A is the area of
the orifice, and B is the area ratio given by
g - 2
A
where A2 is the area of the pipe that contains the orifice. In the

calibration tests, the real value of mass flow is compared to that given

by the above equation in order obtain a correction parameter a given by

as= mreallmideal

Results obtained from the work by R. Norman are shown in Figures 1 and 2
for two of the orifices tested. The results show that a is nearly .7

for the values of pressure and mass flow rates expected for the IRT for

~orifice #I1 as shown in Figure 1. Figure 2 shows the results for orifice

#2 which is found to have a correction of nearly 2.5.
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IV. Llow Pressure Transfer of Liquid Helium

1. Superfluid Transfer Tests

The feasibility of transler of superfluid helium wns tested using
a metering valve at the receiving Dewar, Liquid helfum ar ncar atmonpheric
pressure and 4,2 K was contained in a standurd helium Dewar which was
instrumented to monitor both liquid level and pressure. The experimental
Dewar contained liquid helium at superfluid temperature and pressure be-
low 30 torr. A transfer line was placed between the two Dewars. The
transfer path into the experimental Dewar wus terminated with a valve which
was In the liquid helium regfon bot could be controlled externally.  While
pumping on the cxperimental Dewar continaously, & trnnsfvé witti aLtoempied
in whichh the warm liquid was introduced into the colder réuion. The ex-
ponsion which takes place at the valve has the eficct of vaporizing a
fraction of the warm liquid and thereby also lowering the temperature of
the 1liquid., The increased volume of vapor has the effeet of increasing

the pressure in the experimental Dewar for a constant pumping capability,

Using the valve as a control, transfer could be realized while maintaining
the experimental Dewar at approximately a constant equilibriom temperature,
As the valve opening is increased, the larger vapor flow results in a
higher pressure and, therefore, a higher temperature. - Figures 1 and 2
show example results for two different valve settings.

Figqre 1 shows the results for a relatively small valve opening.
The supply Dewar liquid level fell from 28.8 to 28.05 cm during a period
of 6 minutes, Since the volume of the supply Dewar is calibrated at 1.42
Titres/em of depth, the results show a loss of about one litre of Tiquid

in the supply Dewar in the 6 minute period. The experimental Dewatr shows
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an increase in level from 8.35 to 9.9 cm during the same perind. Since

the volume of the experimental Dewar varlcs approximntely as .324 £/c¢m,

the 1.55 cm gain respresents a volume increase of .5 litres. Thus, about
onc half of the liquid transferred is converted to vipor at the cold end
expansion valve. Thesae results correspond Lo the theorcrical expectations,
The temperature of the experimental Dewar is seen to rise from 2.5 to

2.75 during the transfer.

Figure 2 shows the results for a relatively large valve ppening. In
this experiment, the supply Dewar lost 4.3 litres of liquid in 8 minutes
while the experimental Dewar gained at a correspondingly faster rate but
at the expense of a higher temperature of the transferred liquid. The

valume of Liquid transferred into the experimental Deuar in this case

cannot be determined becanse of the lock of an aceurate el ibration for the
volume of the experimental Dewars as a function of depth Ih this range.
It is assumed that approximately one half of the transferred liquid ree

mains as liquid on the cold side.
Attempts were made to transfer liquid at below 2.1 K with no success.

At very low valve settings, the experimental Dewar could be maintained

at below 2,1 K but'vanishingly small amounts of liquid could be collected.
It is apparent that a transfer ai superfluid temperature will require
increased pumping capabilicy.

The results show that transfer rates of the order of .1 litre/min.
can be achleved using the valve as an expansion valve. The transfer
temperature is above superfluid but considerably below 4.2, ‘The con~
clusion from this work is that the helium Dewar for the IRT experiment
could be topped-off with liquid that Is at least below 3 K which will

result in an increased superfluid volume than if 4.2 liquid were uscd,
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Figure 1. Lliquid Helium Level in the Supply and Experimental Dewar During the
Transfer as a Function of Time for a Relatively Small Valve Opening.
The temperature in the experimental dewar is also listed as a function
of time during the transfer,
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V. Burst Disks for IRT
1. Burst Disk Requirements
The transfer assembly requires that two burst disks be used;
one to bypass the plug should the porous material become clogged and one
to bypass the fill line valve should the vent line become clogged. These
diske must operate at 1.6K since they will likely have liquid at that

temperature on the high pressure side during orbit. The disks must also

maintain vacuum tightness and operate at room temperature and high pressure

such that may occur during filling operations. A disk made by Fike Metal
Products Corporation of Blue Springs, Missouri, was located as a
likely candidate for this application. This company has made such disks
for Ball Brothers and a modification of that disk for use in the IRT ex-
periment is under consideration.

2, Burst Disk Specifications

The burst disk under consideration is one manufactured by Fike

Metal Products Corporation, Blue Springs, Missouri. Thos company manu-
factured'a disk for Ball Brothers for an application similar to that of
the IRT. Attachment C contains drawing number A4593~-1 showing the disk.
Attachment D gives a summary of the burst disk tes? program that was

undertaken during the contract period.

48




[

Srrmtrns

ATTACHMENT ¢

Fike Burst Disk



FIKE METAL PRODUCTS CORP.
704 8. 10TH STREET

BLUE SPAINGS, MISBOURNI s4015
PHONE: 814-229.2405

QUOTATION

To: University of Alabama Fike P 13661

P. 0. Box 1247 September 25, 1978
Huntsville, Alabama 35807

Attention; Mr., Jerry Karr

We propose, subject to {inal acceptanice by us at Blue Springs, Missouri, of your order, to

deliver the following items at prices indicated:
v wem | CONFIRMATION OF TELEPHONE QUOTATION 9/25/78

NO.

Fike A 4593-1

Qty. of (4) $1,306.00 ea. v

Shipment: Six (6) weeks after receipt of order.

See Attachment - Rupture Disc Conditbns of Sale.

All shipments F.Q.B. Blue Springs, Mo., unless otherwise specified.
Yerms of payment: 1/10 N/30

NOTICE: '
- 1ais quotation is not an offer subiect to your acceptance, but s information which may be dc the subject of you to
Fike s oPr u o 'e{: ynfu:tbgwuhy it ay ma ¢ }) yrpurchluordu'

odilcts by us at Blue Springs, ., to. be b :
Final acceplatice and ?auve tes lre nlways sublect to stﬂku acts of God, and otshper clrcumsmnceu beyond ourpol:ontrol. in the svent

of which we do not sssume u'ﬁuf‘ for delays reasonably due to much occurrénces.

Dated: Blue Springs, Missouri 9/25/78 '

Our representative in your area: FIKE h;a'AL PRODUCTS C :
oxX
Birmingham, Alabama 35209 B _31'&»/»0« CL 2 u

/.Jeannie Fuer{ Asst. Sales Manager
"w

; o + §19- 0574 N
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NOTES FOR PRECEDING DRAWING

1. Rupture Disc, Iltem (:) :
Material: Aluminum
Burst Pressure: 30 Psig + 5 Psig

@ 72°F to Withstand Full Vacuum

2. Leak Test: Leak Rate Not to Exceed

1 x 10~7 ATM. CC/SEC. Helium.

3. Identification: Etch or Steel Stamp on HEX. Flats
3.1 Fike
3.2 Flow Arrow

3.3 A4593-1

4. Supply Paper Tag Marked as Follows:
4.1 Fike
4.2 A4593-1
4.3 Lot No, XXXXXXK

4.4 25 - 35 psig @ 72°F

5. Poly Bég and Heat Seal One Assy. & Paper Tag Per Note 4.
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The University
Of Alab

InHunisville

School of Science
and Engineering

January 29, 1981

MEMORANDUM

TO: Dr. Urbaa

r?’ﬂ '/',‘
e

FROM: G. R. Karr Z/ T3 #

Fer

SUBJECT: Burst Disk Tesl Results

The experience to dete with tests on burst disks prepared by Fike
Metal Products 1s summarized in the following:

1. Four burst disk assemblies were purchased from Fike Metal
Products and were labeled by Fike to have a burst prussure of
78-93 psig at 4.2°K. Two of these disks were tested at 4.2°K
and found to burst at 135 psid. A third disk was burst at

room temperature and found to burst at 48 psid. The ratio of
4,2%K burst to the 300K burst was then 2.8. A copy of a letter
I sent to Fike Metal Preducts is attached and in it is a
detailed description of the tests and the test setup.

2. Four replacemeant disks were purchased from Fike Metal
Products and delivered December 19, 1980. The disks are all
labeled for example as fnllows »

Fike T

A4593-2 o
20-30 PSIG @ 72 F
ot No. 133855-1

where the last number in the lot number is 1, 2, 3 cr 4.

Two bhurst disks (#3 ond #4) were selected for use in the TA,
Disk #2 was selected for a cold burst test which was Tun on ‘
January 9, 1981. The test setup was the same as used in the
earlier tests (sece letter to Flke) except that the dewar was
sealed so that the helium barh could be pumped. A temperature
of 29K was obtained and the burst pressure was recorded to be
115 psid.

PO P ——
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3. A call to Fike Metal Products was made January 22, 1981 to
learn the manufacturing methods used by Fike and to determine
what tests were recorded which relate to the disks to be used in
the TA.

The procedure used by Fike in the disk preparation is to first
perform a sufficient number of experiments with various thick-
nesses of formed )10 Al'minum and/or scoring patterns until they
are confident that the correct combination has been found, For
our particular disks, the diameter was fixed so that only the
thickness and scoring pattern were varied,

After the above experiments were concluded, seven disks were
prepared for the UAH order. Three of these disks wore selected
at random and tested at room temperature. The burst pressure
recorded were:

26 psid
26.5 psid
26,5 psid

After the above tests verified that the disk burst pressure
was within the specifications, the four burst disks were assembled
and shipped to 1'%,

4. Takingthe room temperature burst pressure as 26 psid and the |

29K burst pressure as 115 psid, the ratio of 29K to 3009K burst

pressure 1s 4.4 which is well above that obtained in the earlier

tests. : l
l

5. An investigation of material properties of 1100 Aluminum as a
function of temperature revealed that a significant increase in
ultimate tensile strength can be expected as temperature is de-
creased, A ratio of ultimate strength at 49K to that at 3009K
can be expected to be near 4.

GRE /% pw
Attacihment (1)
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% The University
Of Algllaama
In Huntsville

School of Science

And Engineering
Department of P.O. Box 1247
Mechanical Engineering Huntsville, Alabama 35807

August 26, 1980

Fike Metal Products

ATTN: Stan Sigle

704 South 10th Street

P. 0. Box 610

Blue Springs, Missouri 64015

Dear Mr. Sigle:

This letter concerns the four burst disks which wore manufactured for
UAH by Fike Metal Products. A3 you may recall, three disks have

been burst in tests performed by me, Each of these disks is labeled
as to the date of the test, the bursting pressure, and the temperature
conditiong. These are summarized as follows:

Date Burst Pressure Temperature Conditions
1, Test of Aug. 5, 1980 134 psid 4.221(
2. Tost of Aug. 20, 1980 137 psid 4,27K o
3. Test of Aug. 21, 1980 48 psid Room temperature 3O K

At a temperature of 4.2°K, the burst disks were found to burst at near
135 psid which is well outside the range of 78-93 psig which is the
labeled bursting pressurc. Since I do not know the expected room temp-
erature burst pressure, I am unable to tell if the test of August 21

is within specifications. '

In my telephone discussion with you on August 13, 1980, you asked that
I repeat the August 5 test using one of the three remaining disks. The
results of the August 20 tests were then reported to you on August 21,
I then burst a third disk on August 21, as per your ipstructions, at
room temperature. The fourth disk has not been tested in any way and
you asked that T return it with the other three. I understand from our
conversations that Fike Metal Products will burst the fourth disk at
room temperature,

The information gained from the above tests will be used by Fike Metal
Products te manufacture replacement disks for the four units, all of

which will then be returned to UAN at no extra cost to UMIl. Since the
burst disks are to become part of an assembly which UAH has contracted



Stan Sigle
Page 2

August 26, 1980

to deliver in the near future, T understand that TFike Metal Products
will try to deliver the completed units within a reasonable time period
of say 4 to 6 weeks, PMcease advise If this delivery time period is not
feasible.

In view of the apparent uncertainty in burst pressure at low temperatures;
I want to investigate the possibility of obtaining disks with a predicted
low temperature (4K) burst pressure of 65 psid max. rather than the
originally specified 93 psid max. The lower burst pressure would scrve
as an additional safety factor due to uncertainty concerning the maximum
probably pressure on the high pressure side of the burst disk. Please
advise me on the possibility of changing the burst disk specifications

on those four disks that you are refabricating for us using the same
holders as used in the original design. If lower burst pressure specifi-
cations will require new holders of different dimensions, please advise
me on the dimension changes required and extra expenses which may be re-
quired of UAH,

In our conversation of August 21, I offered to provide you with a des-
cription of the test set-up used to test the burst disks at cold
temneratures. The steps followed in both cold temperature burst tests
were as follows:

1. Mini-conflat flanges were welded to each end of the burst
disk agsgemhly.

2. Leak tests were performed at room temperature with a vacuum
being pulled on the low pressure side of the disk, (The
low pressure side is assumed to be the side the burst arrow
points, See Figure 1), '

3. A leak test was performed at a temperature of 2% by first
evacuating the low pressure side and then filling the dewar
containing the burst disk to a level of nearly 30 cm. The
holder used to test the disk was such that when the level was
greater than 19 cem., the high pressure side of the disk would
fill with liquid belium. (See Figure 2).

4, The liquid helium bathowas pumped on to reduce the temperature‘
of the bath to below 2°K. The bath level was recorded to be
greater than 19 em. when theé 2 K temperatures were reached.

5. The disk holder assembly was removed from the liquid helium
and allowed to warm to room temperature,

6. The high pressure supply assembly was attached to the high
pressure side of the disk and the total assembly was placed in
a warm dewar, The test set-up for the cold burst tests is
shown in Tigure 3. :
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Stan Sigle

Page 3

August 26, 1980

7'

9.

10,

11.

12.

13.

The low pressure side was cvacvated with valves V1 and V2 open.
After vacuum conditions were reached, V2 was closed and the
Vacuum pressure was monitored by Pl.

The high pressure side was evacuated with valves V4 closed and
V3 open. When o vacuum was obtained, as determined by gaage 13,
the valve V3 was closad,

The dewar was filled with liquid helium to a level of 40 cm,

Helium gas was allowed to enter the high pressure side by
opening valves V4, V5, and the regulator valve V6. The helium
gas was forced to travel through a LN, heat exchanger to insure
any water vapor or other contaminants were removed. (The
August 5 test did not use the LN, trap). The pressure on the
high pressure side was monitored”by a number of gauges. In the
August 5 test, P2 which has a range of only 100 psi was the
primary pressure monitor., However, after the pressure level
reached above 100 psi in the August 5 test, the regulater pressure
P6 was monitored instead. In the August 20 test, gauge P53 with
a rz® ~ of 200 psi and gauge P4 with a range of 1000 psi were
adde. to the high pressure side. In the August 5 test, the

- regulator valve V6 was the primary pressure control while on

August 20, the valve V5 was added and used as the primary
pressure controller.

The liquid helium bath was not pumped on during the burst test
which means that the temperature in the helium bath was at
near 4.2K,

As warm helium is allowed into the high pressure gide, liquid
helium should condense in the cold region near the burst disk.
Thus, during the first stages of pressurization, the warm gas
flows into the cold region behind the disk and is converted to
liquid. The warm helium supply was maintained at near 5 psig
(20 psia or 20 psid) on the high pressure side until equilibrium
condicions were reached (approximately 30 minutes).

The pressure was allowed to rise at about 2 psi par minute
until burst was reached.

I hope the above description will be of assistance. The four burst
disks have been shipped to you in a separate package.

GREK/ kpw

Sincerely,

AW, N

Cerald R. Karr
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Vi. Flow of Helium Gas in the IRT

Y. Flow Regimes
Helium gas leaves the superfluld plug at pressures of the order

I to 10 torr at a temperature of less than 2K. This gas absorbes heat *
and eventually exits the system at an assumed temperature of near 300K
and a pressure of near ! torr. It Is estimated that the flow rate should
be of the order of 2 x 10'3 gm/sec In order to provide cooling to the
infrared telescope cold finger.

Assuming & steady flow of gas through the cold finger with an inlet

temperature of 2K and an exit temperature of 3.5K, the heat absorbed by a

flowof he= 2 x 10'3 gm/sec I3 given by

Q = A |h (3.5K) - h (zx)]
- 2 x 1073 goss |3z Jam - 23 J/gm |
= 18 m9

where the value of enthalpy, h, at 3,5K was obtained from NBS Technica!l
Note 631, "Thermophysical Properties of Helium 4 from 2 to 1500K with
Pressure to 1000 Atmospheres,' R. D. McCarty, 1972. The value of 2K
for gas was obtained by extrapolation of the values at higher temperatures
given In NBS Technical Note 631,

Having established a mass flow rate, temperatures, and pressures,
the flow regimes can be found. Since the pressures are low, the possi-.
bility of molecular or viscous flow is first Investigated. The mean free

path, L, of gas molecules is given by the equation
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L-—.E—
499 pv,
where u is the gas viscosity, A is the average velocity of the molecules
and p is the density, (See, for exsmple, Dushman and Lafferty, Sclentific

Foundations of Vacuum Techniques, Wiley, 1962.) The average velocity is
glven by

If the perfect gas law 1s used to express the density in t rms of pressure

and temperature, the following expression is obtainzd for helium gas

L= osnas A /T

Using this equation and values of viscosity from NBS 631, the following

table s constructed

Pressure Temperature Viscosity Mean Free Path
torr K .. .gm/em=c ... ..¢cm
] 300 199 x 107° 5148
0 300 199 x 1078 .00148
' 2.5 6.38 x 107 4.33 x 1077
10 2.5 6.38 x 1076 b33 x 1078

60




The table shows that the mean free path s much less than the ons centimeter

characteristic dimensions of pipes to be considered in this system. There-

fore, the flow can be assumed to be viscous throughout the system. The

next consideration is to determine if the flow is laminar or turbulent.
Laminar {low exists if the Reynolds number Is :»ss than 2000. Reynolds

number is given by

where V is the velocity of the flow and d Is the characteristic dimension
which will be taken to be the pipe diameter. This can also be expressed

in terms of the mass flow rate # by the following

R = bigh
e ndu

where wa see that the largest Reynolds number will be at the region of

low viscosity and small pipe diamete~. Since vlscoélty is lowest at the
low temperatures, the critical reglons in the IR system are the helix and
the cold finger which will have the smallest pipe diameters and are below

3K.

6 gm/cm . § as representative of the

Using a viscosity of 6 x 10
values at below 3K and an 1 = 2 x Io-a‘gm/S. the following table Is

constructed.
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Reynolds Number st Below 3K

d Re

I in 167
3 iIn 334
i in 668
1/8 in 1336
1/16 in 2673
1/32 In 5346

The results show that the flow can be considered lamirar throughout for

pipes having diameters greater than 1/16",

2. Pressure Drop fcr Gaseous Helium Flow

As was established in the previous section, a flow rate of

2 x 102

gm/sec 1s expected to result in laminar flow in the entire IRT
flow -rstem for pipes having diameters greater than 1/16" I. D. For L
laminar flow in a ecircular pipe, the pressure drop along the pipe is a

well known relation given by1

where AP is the pressure drop, L is the length containing the pressure
drop AP, u is the viscosity, V is the velocity, and D is the inside
diameter of the pipe. Since the flow rates in the IRT experiment are

often quoted in terms of the mass flow rate, @, where

lBaumeister & Marks, "Standard Handbook for Mechanical Engineers," 7th Ed.,
1967.

T R
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h = pVA

and where { is the density and A is iz -ross section area, the expression

for pressure drop can be rewritten as

ap 32 p
L DZ o A
Since pressure and temperature are of more practical importance than

density, the perfect gas law p = PRT is used to obtain the following

PAP _ 32RTy

nkL T b
4

where R is the gas constant and the equation for circular area has been
used.

The results show that the pressure drop per unit length in a given
pipe section is an inverse function of the diameter to the fourth power,
an inverse fuaction of the pressure, and directly proportional to the
quantity Ty which is primarily a function of temperature only. At T=
2.78K, ths quantity Ty is 19.9 x 10-6 gm/cm 8 while at 300 K, the quantity
Ty is 59.7 n 10-3 gm/em s. Clearly, the pressure dfop is a nonlinear
function of temperature. The above equation has been plotted in Figure 1
a8 a Function of temperature over the range from 1.7 K to 400 K. The
values plotted aré for a 1" inside diameter pipe which alloﬁs oae to
find the value for other diameters by dividing by the diameter (in inciies)
to the fourth power, By way of illustration, the following‘short table

was constructed using the curve in Figure 1..
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TABLE 1

Table of AP/L in torr/m for a Nominal Flow Rate of 2 x 10”3 gm/sec at a
Pressure of 10 torr :

Temperature of Flow

Inside Dia. ; .
of Pipe 2.5 20 100 300
1" 3.6x10™0 1.6x10°% | 2.2x1072 | 1.4x1072
oy 5.8x107° 2.6x10"2 | 3.6x10"2 | 2.2x107}
n -4 -2
y 9.3x10 &.2x10 .57 3.5
1/8" 1.5x10™2 .67 9.2 56.0

The results show the need to increase pipe size as the

creases in order to reduce the pressure drop.
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VII. Cold Finger Testing Results

l. Cold finger test program.

Calibrated germanium thermometers were installed on the prototype
cold finger with one each at the inlet, outlet, and on the cold finger
body. A small heater made from-resistan&e wire having a total resistence
of 100 ohms was also installed on the cold finger. Liquid helium was trans;
ferred into the dewar on January 15, 1979 and, with pumping, a temperature
of near 2.3K was obtained. Warm helium gas was passed through a long copper

tube which was immersed in the helium bath. The cold gas was then intro-
duced into the cold finger and eventually exhausted through a vacuum pump,

The flow rate was monitored by a flow meter placed in the warm helium supply

line.
The attached figure 2 shows the results obtained for three heatir. power
inputs (0, 15 mw, and 30 mw). The test was run for a number of inlet tem~

perature at a flow rate of 5 x 1073 gram/sec. The res:lts show that the

‘cold finger performance can he extrapolated to the design inlet temperature

of 1.6K. At 1.6K the cold finger would operate.at 2.68% and the outlet
would be 2.28K with a 15 mw heat load. The temperature rise of the gas can
be used to measure the heat absoibed by the gas. The heat absorbed was
found to be comparable to that input to the'heater indicating an efficient
heat exchanger. The relatively high cold finger temperature 1s thought

to be caused by the lack of good thermal contact between the cold finger

body and the heat exchanger system.
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The results obtained in the cold finger tests
are shown in figures 3, 4, 5 and 6. Figyres 3, 4. and 3 ghow the
temperature at the finger (on a simulated detector block) and at the
outlet as a function of the inlet temperature for three different
cases, For Figure 3 the inlet pressure was held at 3.3 torr,and the
flow rate was 5 x ].()“3 gram/sec and zero heat was applied to the
detector block. The results show approximately a .1lK range in the

three temperatures during the cool down from 2K to 1.65K.

Figure & shows the results for a 6.3 torr inle; pressure, a
flow rate of 5 x 10-3 gram/sec and a heat load of .0079W. As ex-
pected, the outlet gas is abour .ZK higher than the inlet due to
the heat picked up by the gas in the heat exchanger. The detector
block was forced to be .6K above the inlet temperature due to the
heat transfer resistance between the detector block and the heat
exchanger.

Figure 5 shows the results for an inlet pressure of 3.9 torr,
a flow rate of 2.5 x 10"'3 gram/sec and a power input of ,0022W.

The temperature differences are, as expected, much lower under these
operatihg conditions as compared to those employed for the data of
figure 4.

Figure 6 shows the results of the temperature increase of the
coolant gas as a fraction of power input to the heater for the
ease of a constant inlet pressure of 3.9 torr and a flow raté of
2.5 % 10-3 gran/sec.. The data. are seen to fall on a straight line.
The slope is found to be 12.63 K/mw which translates into an effective

specific heat of the gas of 5.05 J/gm-K which compares favofably with

" a value of 5.5J/gm.-K found in the liturature.
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Figure

5.

Plot of cold finger test results of March 1979 for
.0022w poyer input at 3.9 torr inlet pressure and
2.5 x 10
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Viri. Desipn and Testing of the Rotatdng Connect fon for IRT

1. Helix Design
Consider a helical spring made of thin-walled stainless steel

such as has been proposed for the IRT experiment. This spring is de-
signed to allow relative rotation of + 45° between fhe telescope and the
helium Dewar while also supplying cold helium gae to the experiment. Two
of the main design considerations of the helical element are (1) that the
spring force produced should be small in order to reduce the possibility
of leaking due to stresses in the tube material and to reduce the torque
required to rotate the telescope and (2) that flow of cold helium gas
should be as free of significant pressure drop as possible.

The design of cylindrical helical torsion springs of solid circular

cross section or solid rectangular cross section have angular displacement,

8, for a given applied torque, T, given byl

8/T= R/ET

wherz £ is the total length of the straighted spring, E is the modulus of
elasticity of the materizl and I is the amount of inertia of the cross

section about the centroid. The applied torque produces bending stress,

8, in the material given by
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where ¢ 1is the distance from the neutral axis to the outer edge of the

cross section which will experience the stress 8. The factor k 1is

needed for heavy, closely coiled springs and is near unity for the springs

under consideration in this work. For the tubular cross section repre-

sentative of the thin-walied astainless tube material,

it

4 4
Itube- 64 (0" ~d7)

and

tube

where D is the 0.D. and d is the I.D. of the tube.

Choosing a safe maximum cyclic stress of 25,000 psi and the re-

quirement of + 45° angular displacement, the torque and total length re-

‘quired can be computed as

4 4
v D -d
T § (I/c) = 8 33 5
O ED
L= —35

Notice that the torque and length become independent of the diameter of

e —i=

the cylindrical coil. Table 2 is constructed using the above two equations

for various candidate tube sizes.
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Table 2

Table of Spring Torque and Toial Twbe Length for Four Nominal Tube Sizes

Using 25,000 psi as the Safe Operating Stress, 30 x 106 psi for Modulus

of ®lasticity, and 45° as the Angular Deflection.

Pressure

Tube D d Torque Total Tube Number Drop for
Size 0.D. I.D, for Length for 6 = |of Turns 2x10'3gm/sec
(in) (in) (in) | S=25,000psi] &45° Req. for| at 1C torr,

{in-1bs) (in) (m) }J2" Cyl. | 1.7 K (Torr
1/16 | .0625 | .0425 .5 29.5 .75 5 9.8x102
1/8 125 | .105 2.4 58.9 1.5 10 |1.23x1072
3/16 | .187 .167 5.8 88.0 2.2 14 |3.6x1073
1/4 ,250 .220 15.4 p17.8 3.0 20 [1.5x1073

for a

Included in Table

2 x 1072

~

2 in the last column i1s the resulting pressure drop

gm/sec flow of helium gas at 1.7 K and 10 torr pressure.

The pressure drop at 1.7 K for other possible flow rates or pressures is

easlly found from the given numbers as long as the flow remains laminar.

The results show that the advantages of going to smaller tube diameter

(shorter length and lower torque) is offset by the increase in pressure

drop of the smaller diameter tube.

The 1/8 or 3/16 inch tube appears to

be the best compromise and gives an adequate flow capability in case in-

creased fiow rate is required.
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2. Helix Testing

A prctotype stainless steel helix was constructed by winding
1/8-inch-outside~diameter-304 seamless tubing, having 10 mil wall, about
a 2 inch diameter cylinder.' A helix of 20 turns was made and mated to
stainless steel disks at each end. The disks contained an internal
passage which allowed vacuum testing of the helix. A testing rig was
made so that the helix could be submerged in liquid helium or nitrogen
and twisted by an external drive mechaﬁism. The drive was set to twist
the helix at + 90° angle at a period of about 3.0 sec.

The helix was subjected to over 34,000 eycles at a temperature of
77°K at + 90° per cycle, No failure of the helix was found as determined
by leak testing under vacuum conditions. The maasured torque at 7%
was found to be 5 in 1bs/90° which compares with 4 in 1bs/90° measured
at 300K. These measured valuss of torque compare well with that predicted
by theory.

The helix tests lead to the conclusion that this design will per-

form as expected in the IRT experiment.

76

e ——



3. Ferro Fluidic Seal
A rotating, vacuum-tight seal was purchased for testing pui-

poses from the Ferro Fluidic Corporation, 144 Middlesex Turnpike, Burling-
ton, Mass, The seal is Ferro Fluidic Seal Model SC 1509 (special canti-
levered unit with bearings out of vacuum) having a bore of 1.5 inches,
outside diameter of 3.25 inches, and overall longth of 3 inches. The
unit was vacuum tested using a helium leak detector for tnth the stacionary
case‘and with rotatioa. No leaking was detected during these tests,

Torque required to rotate the seal was found to be approximately

2 ia 1bs for rates of rotation typical of the IRT requirements. The

. torque was measured while the seal was under vacuum conditions.

The seal uses a low vapor pressure liquid which has magnetic
particles in suspension, The magnetic fluid is forced by magneﬁs to act
as a barrier hetween the high and low pressure regions while also allowing
relative movament of the sealing surfacea, The seals are designed for

rotation rates far in excess of that expected in the IRT application.
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IX. Porous Plug Development

1. Porous Plug Experiments

The porous plug experimental apparatus was prepared by Dean Hart.
Thg purpﬁse of the tests were to confirm previous test results obtained
at MSFC on the cylindrilcal plugs. These earlier tests were ian question
because of recent results reported by .JPL that the cylindéical plugs
could not work as phase separators. Tests were made by Dr. Karr.and
Dean Hart on December & which confirmed the JPL results. The cylindrical
samples were unable to serve as phase separators &i1 any temperatures
between 1.5K and the lambda vpoint.

A .5 micron disk shaped plug was installed in the test equipment
and was found to operate successfully. Tests of the "low-end breakthrough"
phenomena were attempted. The tests were designed so. that small AP could
be generated by clesing the valve to the pump on the vapor side of the
plug. As the valve approached nearly 100% closing, the liquid did flow
through the plug as had been described by Mason and Petrac. The valvé
used for these te;ts was, however, not controllable encugh to obtain

good data on the exact AP vaiue that the 1liquid flowed into the tube.

e

2, Porous FPlug
As reported in Phe ab@ve, the C."lindrical plugs wﬁich

were originally to be used in the T.A. were found to not be acceptable. -
Designs have sinée been made to modify the plumbing to accommodate a

disk type plug. Puul Clemons has d=termined thét the maximum diameter

78




plug which can be accommodated without considerable redesign is about 2",
Based on this diameter constraint, a study is underway to select the best
plug for the IRT system, Plug material is available from Mott Metalurgy
having a dimater of about 3 inches, thickness of % inch, and pore sizes
of ¥, 2, and 5 micron.

One of the important requirements for the porous plgg for the IRT
experiment is the gas flow throughput. at cold temperatucres. The IRT
plug must have enough throughput to maintain the dewar at super fluid
temperatures before launch. This requirement may be as high as 20mg/sec
with tﬁe liquid at 1,6K or 6 torr pressure.

The volumetric gas flow, Q, through a porous plug is predicted to be
3 function of the pressure drop, AP, the gas viscosity,} , the .plug area,

A, the plug length, £, and the plug permeability, k, given by

Q==

=
a-=a|F‘f

The mass flow, ﬁ. is related to the volumeiric flow By the following
m = pVA = pQ
where p is the density, V is the velocity. Using the perfect gas law
P = pRT .
where R is the gas constant, an expression is obtained for the mass flow
rate pef unit area given by

_ kAP

n
A pRRT

Based on the above expression, the gas flow rate at 1.6K can be predicted

based on gas flow rate data obtained at rcom temperature, That is, assuming

that the permeability and gas constant are independent of temperature, we

obtain
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Previous room temperature tests of gas flow of helium through the

plug have revealed the following'data for four different samples

Room Temperacure Gas Flow Data (A = 15 cmz)

Sample Description / P (DCCS) (E%£%%£) %ﬁ%.(ﬂ&iﬁ%ﬁ )
torr

% micron AlQ, | 48 | 1.s6x107 | 2,03 x 107

3 micron AL,0, 6.23 2.14 X 1072 | 2.82 x 107

10 micron 41,0, 18,64 6.42 X 1072 | 8.45 x 107

10 micron Ni 31.45 .108 1.42 X 1074

Based on the above data and the relationship developed above, we see that
for the same diameter plug, the cold gas flows should be proportional to
the ratio of the viscosities and temperatures given by {using published

data for viscosity at 2. SK £or example)

( “.lf A) -
PAP/ 300 V2.5 Tais  6.38(2.9) -4
- = R3S L A T ey = 2.66 X 10
( M) 300 "300

PAP] 5 s¢

‘Based on the above relationship the following table 18 generated using the

warm gas flow data.

Predicted Ccld Gas Flow (A = 15 cmz) at 2.5K

b

Sample Description m (P = 6rorn, AP =drord mg/scc
5 . . .
5 micron A1203 | .183
3 miicron Alzo3 ‘ 2.55
10 micron A1203 | . .7.63
- 10 mieron Ni 12.82
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X. Thermal Modelling and Heat Exchanger Design

1. Thermal model of typical dewar system.
Consider a typical dewar system in which cold vapor is used

to remove heat at various sheilds as shown in the figure

To T T T3 T4

1 2

R ol A TR W

If the vapor reaches a steady state equilibrium at each station,
the amouynt of heat absorbed by the vapor is given by the increase in
temperature which resulté. Therefore, at each of the 4 stations,
assuming ccnstant speéific heat, the heats absorbed are

qQ = ] cp (TI-TD)

Q, =1 C, (T,-T))

Q, = o cp ('1'.3-'r2)
At the liquid, the amount of heat is Q and 1s balanced by the heat
of vaporization

Q - n L(TO)
The heat which reaches a given stagz is the result of conduction and
radiation. A given sheild will radiate and conduct energy to a lower
temperature sheild and will gain energy by the same means for the
sheild at a higher temperature. Denoting heat conduction coefficients

by K and radiation coefficients by R, the following relationships are

obtained for the heat loads.
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Q * ¥y, Ty-Tg) + Ry “'14 04’
4 a

- Ky, (T,~T,) - Ry, (1, 4)
Q, = K,y (T,-T,) + Ry (1-3" )
, - ol

=~ Kpp (Tp=%)) =Ry (Tp7=Ty )

Qg = Ky (F,7T3) = Ry, (1, - 4’
, 4 %

= Ky3 (T3Tp) = Ryy (T4 =T, )

e

The above equations for QO' Ql' Qé, and Q3 mey be combine& with
those given before for the energy gained by the vapor.
Four equatiorns result in which the quantities TO' Tl’ TZ’ T3. Tk and -
m appear as unknowns, assuming the conductivity coefficients,
radiation coefficients, specific heat and heat of vaporization are
known. Clearly there are more unknowns than equations. If two of
the unknowns are specified, the system may then have a unique solytion.
For application to the IRT experiment, the dewar variables to
be specified would be the value of T4' TO’ and # certain fraction of
the total mass flow which is devoted to the dewar sheilds. The
remaining mass flow is éent to the cryostat which will ﬁave a set of
equﬁcions similar to the above but without the heat of vaporization

term.

82

T

e o e —a——



2. Thermal Perform-ice Prediction
The necessary equations were developed which will be employed to
predict the thermal performance of the IRT. The equat.ons are heat balance
relationships for each heat station in the system. For example, for the
i heat station which has a temperature Ti' the heat balar e is
m, C, (Ty = Ty p) = ky (T, - T) +R, (r;‘

where &k is the flow rate (ﬁl » dewar flow rate, ﬁz = cryosta: flow rate),

[
- Ti)

Cp is the specific heat of the helium, kj is the coefficient for iwrat

conduction between the j heat station at a temperature T,, and R, 18 a

3 i

coefficient for the radiative heat transfer from the j} heat statiosn.
The heat station is seen to be modeled so that the gas which enters the
heat exchanger from the previous heat station at temperalfure Ti—l is

warmed to the temperature T The heat required to warm the gas is equal

1-
to that supplied by the conduction and radiation terms., The equations are

written using the convention that the repeated subscript implies the
summation, Thus, the equations avec designed to simulate conductive and

radiative paths to heat stations that are not necessarily the nearest.
The heat balance for the liquid container has the left hand side
replaced by ﬁkL wvhere L is the latent heat of vaporization.
The equations which result from the above are clearly non-linear
which requires that iterative solution procedures be employed. A

Newton-Raphson type method is to be employed which is given by

(n) (n+l) (n)
JaB Yu = - fB

¥

where fén) are the residuals of the equations to be solved, AY;“+1) iz

the correction to the unknown Ya at the n+l iterative step, and Jé“) is

B
the Jacobian given by

' nell)
ROV
af BYa

where the superscript (n) means that the information available at the n

iterative step is used in the evaluation.
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3. Heat Exchanger Design Considerations
The IRT experiment employs a number of heat exchangers in the
cryogenic system. Typically, cold helium gas intcrs a tube which is in
good thermal contact with a surface which is to be cooled. The gas picks
up the heat resulting in a gain of energy of the gas. The gas, being a
compressible !;uid in motion, reacts with increases in temperature, pressure,

and velocity. Thus, heat transfer is strongly coupled to the fluid me-

~ chanics of the helium coolant and the entire gas system of the IRT experiment.

The mechanisms of friction and heat trunsfer are basically the same
so that pressure drop and heat transfer become closely coupled in a fluid

system. This is i{llustrated by the following equationl

dT_
2 [ dx
dM* = FTQ To + Ff 4f >

which relates the change in flow Mach number to the change in total
temperature of the gas and the effect of friction over the distance dx.
The values of FT and Ff are given as a function of the local Mach number
(see Ref. 1). S:nce previous reports have treated the effect of friction
on the gas flow, this repoft will consider the effect of heat transfer.
Considering the case of constant wall temperature Tw’ the eﬁuacion

which gives the remperature of the gas as a function of position x along

the tube is given by

1Shapiro, A, H., Compressible ¥luid Flow, Vol. I, page 243.




L ,x
-2 £ £ ()
To(x) - Tw - (‘l‘w - T°1) e DL

vhere To is the entering gas temperature, f is the friction factor, L
1
is the characteristic length and D {s the hydraulic diameter of the tube.
The friction factor £ has been described in previcus reports and is a
function of Reynolds number. For the case of laminar flow,
f-l—avl_l_sﬂ
R pvD
e
Consider, as an example, the case of k" ID tube with a wall temperature
of WK = '1‘w » an inlet temperature of 2K = To , & flow vate of 1000 scc/min,

1
and take L = lm, The following table is constructed for these conditions.

To (x), O x/L
2.44 «1
2.69 .2
2.94 .5
2,997 1

The results show that the gas temperature approaches the temperature of
the wall in a distance of about 1 meter for the conditions given. The

pressure drop for the above example was calculated to be of the order of

1 x 10™% torr over the 1 meter length.
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X1. Results and Conclusions

The maior resuits and conclusions of this effort have been ade-
quately reported in the open literature and through drawings which can
be obtained from MSFC.

The first major paper concerning this effort was given at the
7th ICEC in 1978. This paper is included as Appendix A. In 1979
we reported on the early design of the IRT at a SPIE Confevence. This
paper is included as Appendix B.

In 1980 we reported on the cryostat thermal testing at the 8th ICEC.
This paper is8 included as Appendix C. 1In 1982 we reported on the thermal
testing of the dewar at the 9th ICEC. This paper‘is included as Appendix
D. In 1983 we reported on the thermal testing of'complete IRT system.
This paper is included as Appendix E. 1In 1984, tow papers were given
which concluded the reporting by the UAH group. Onhe paper was a report
on the Transfer Assembly desing and performance and the second was a
report on the overall performance of the IRT. These paperg‘are included

as Appendix F and G respectfully.
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The large number of misslons planned for Spacelah aboard the
Space Shuttle Orbiter will provide many opportunities for experi
ments on cryogenic fluid properties or space science experiments
requiring cooling of apparatus to cryogenic temperatures., The
total cryogenic lifetime is only required to be n few weeks. W
are developing such a helium 11 system to refrigerare a scanning
infrared telescope experiment for the Spacelab 2 mission in
early 1981, A 250 liter dewar will store adequate liquid for
pre-launch and on-orbit operations. The versatile cryogen con-
trol and deljverv system will be able to cool other types of
experiments on later missiona. This paper describes the special
problems we have had to address and the resulting technical
approach to the system.

INTRODUCTION

We are developing a helium Il storage and gas delivery system toc provide refrigera-
tion to a scanning infrared telescope (IRT) experiment which will be flown in space
in 1981 aboard the Spacelab 2 mission. 1Instead of submerging the infrared appara=-
tus within a large, specially constructed helium dewar, which has bheen the usual
approach to space cryogenics, we have elected tn separate the cooled infrared opti-
cal system from the storage dewar. This decision resulted from a number of factors,
partly technical and partly economic, and has led to a number of new technical pro-
blems, as well as a cryogenic supply system which will be able to deliver gaseous
or liquid helium cooling to other tvpes of experiments on later Spacelab missions,

Some of the factors which influenced our approach included: (1) several specific
requirements of the infrared experiment itself: (2) very limited time (2% years)
for design, development and delivery of the complete experiment for flight: (3)
limited €unding; (4) a relaxed, higher risk approach to Spacelab experiment quali-
fication and reliability. except where it affects crew and Shuttle safety: (5) the
availability of some hardware design, fabrication, and testing support from the
NASA Marshall Space Flight Center: and (6) experience within our own team onhelium
11 systems for ground and space applications,

EXPERIMENT SYSTEM

The IRT experiment is shown schematically in Figs., 1 and 2. 1t congists of five
sajor subsystems: (1) a dewar subsystem, which fncludes a 250 liter liquid helium
dewar, a transfer assembly (TA) rontaining the porous plug flow control and fill
and vent plumhing: (2) a cryostat subsystem, which includes a gas-conoled, evaruated
vessel, a vacuum cover and a sunshade, and which contains: (3) the infrared tele-
scope itself consisting of an upper baffle section, and a lower section with
baffles, mirror, and detector array; (4) a mechanical subsystem including scan
drive components, warm plumbing and valves, and o support strurture which inter-
faces with the Spacelab pallet; and (5) an c¢lectronic subsystem to control all
infrared science and electro-mechanical activiiies and to interface with the Space«
lab power, data and command systems. '
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An important infrared science goal is to generate a map of faint diffuse infrared
objects over a large area of the sky in several wavelength bands out to 120 um.
Therc{ore the infrared detectors must be cooled to about 3K, the two telescope
sections must be cooled te 8K and 60K respectively, and the entire cold optical
system must he scanned.

The experiment will be meunted toward the aft end of the .Space Shuttle Orbiter pay-
load bay, In its latched position the cryostat/telescope will point directly out

of the bay (+ Z axis) and the scan drive motor will be oriented forward. The tele~
scope consiats of a highly baffled Herschelian system with an off-axis parabolic

15 cm~diameter, f£/4 primary mirror, and a detector array positioned on the scan
axis., The 3° field-of-view telescope wili be &canned back and forth perpendicular
to the direction of flight at a rate of 6% /second, generating 3° wide maps which
extend over 90° centered on the + Z axis, With a Shuttle orbital motion of 4%/minute
each map band overlaps its neighbors by 67%.

We were concerned about two problems which could arise if we attempted to rapidly
scan a large liguid helium dewar containing the telescope. First, there was a .
potential vibrational interaction between the very sensitive infrared detectors and
the liguid helium which would be disturbed every 15 seconds at each end of the scan
by an unknown amount and for an indefinite time, Second, electrical power and
particularly rotal energy are quite limited on the SL-2 mission and we wished to
minimize the moment of inertia of the scanning part of the apparatus. Rotating
only the gas cooled cryostat and telescope will permit the use of a reasonably
sized scanning motor and allow rapid (1.5 second) scan reversals without consuming
excessive power.

Dewar

Having decided to separate the experiment from the storage dewar, we first

addressed the dewar design. We will employ a modified conventional storage dewar
similar to the type used to transport Ji:7id helium by ground or air freight for
laboratory supply. This will insure tk. availability of a well established fehrica-
tion technolegy in several potential vendors, including basically rugged deasign,
good thermal efficiency, and, hopefully, a considerably lower cost than for a
special aerospace type dewar design. For reasons to be discussed below we have
-chosen a 250 liter dewar. 1t will be loaded and topped-#iIf before launch withk
superfluid helium at a nomina)l temperature of 1,6K and vapor pressure of 6 torr.

Modifications are required chiefly in the dewar neck tube to permit fluid control
and to mate with the transfer assembly (TA). The neck tube is closed at the bottom
to prevent liquid heljum from flowing inte it in the low gravity orbital environ-
ment. Fill and outlet tubes pass into the liquid vessel from the TA. A third tube
returns cold helium gas from the porous plug iu the TA to the base of the neck tube
to provide the essential cooling to the dewar thermal shield ;::if exchanger. The

dewar gas vents at the top of the neck tube at ambient temperaiare as in a standard
dewar. '

To insure good thermal efficiency three nested vapor cooled shields will be used in
the TA, The heat they intercept will also be delivered to the dewar neck tube heat
exchange gas. The dewar neck tube diameter will be somewhat greater than that of

a standard dewar in order to provide space for the three helium tubes and the three
TA shield terminations. Delivering the TA heat to the dewar neck tube heat
exchanger has the effect of increasing the surface area of the dewar heat shicld

system by about 60%, thus increasing the steady state hoiloff rate hy the same
factor.

Trangfer Assembly

We will build up the transfer assembly onto the dewar after its delivery. In addi-
tion to the heat shields mentioned above, the TA contains several essential compon=
ents which operate at helium temperature. The porous plug, discussed later, is the



primary helium flow control device. A manual fill valve prevents liquid helium
from flowing to the warm end of the fill line. A manual bypass valve in parallel
with the porous plug permits high gas flows during dewar fill and pumpdown. Both
valves are Nupro bellows sealed valves modified for superfluid service, and both
have retractable stem operacors to reduce heat leak.

Helium (liquid or vapor) leaving the dewar through the outler tube flows to the up-
stream side of the porous plug. Cold helium gas drawn from the downstream side of
the plug is divided into two vent flow paths, one returning gas to the dewar neck
heat exchanger, and the second delivering refrigeration to the cryostat and the
infrared telescope. Division of the flow between the two vents is contrnlled by
external warm valves.

The connection between the stationary TA and the scanning cryostat/telescope must
satisfy two important functions. First, it must maintaio the high vacuum integrity
of the interior of the TA and cryostat whenever atmospheric pressure exists around
the apparatus, including tests on the ground and the first few minutes of the
Shuttle launch. We will employ a commercially available rotary high-vacuum seal
with magnetically retained sealing fluid. GSecond, the cryostat gas delivery tube
must cross over within the internal vacuum. A small diameter helical tube with a
low spring constant within the TA takes up the rotation. A relatively short
section of the gas tube passes rhrough the fluid-sealed rotary joint and is not
protected within the thermal shields of the TA.

Pressure relief of the dewir if accidental overpressurization should accur has been
of great concern Iin the design of this cryogenic system, since manual valves will
usually be inaccessible and the Spacelab command and data system will not be activa-
ted until several hours after launmch., We will mount two enclosed burst diaphragms
within the TA. One will be in parallel with the cold fill valve and the second in
parallel with the porous plug assembly and its bypass valve. Any leakage through
the f£ill line burst diaphragm will be contained within the fill rtube and will at
worst cause increased gas conduction heat leak from the warm end of the fill tube.
Leszkage through the bypass burst diaphragm will be in parallel with the porous plug
and therefore will probably be negligible. The plug requires a bypass relief in
the event that it becomes clogged by debris and cannot vent normally. Venting of
the burst diaphragms is provided by external relief valves.

Dewar Subsystem

The dewar and transfer assembly together comprise the dewar subsystem, which is
almost a stand-alone cryogenic system for space. All that would be required to
make the subsystem fully independent is a vacuum termination in place of the rotary
seal. We will, in facr, test the dewar subsystem as an independent unit by use of
a "cryostat substitute," while the cryostat subsystem is being separately assemhled
and tested. This parallel development of the two cryogenic subsystems is necessi-
tated by the short development time available to us, but our testing method points
out the potential of the dewar subsystem to deliver cooling to other types of
“experiments.

Cryostat

The cryostat will be a rather special modification of an open neck laboratory
dewar. The essential specisl features include mounting flanges for the two
sections of the infrared telescope, an access port for telescope alignment, a side
oxtension on the cryostat rotation axis through which the cold gas from the TA
eaters, and a gas heat exchanger tube within the thermal shield system. A vacuum
cover insures that a high vacuuim can be maintained within the cryostat and tele-
scope, The cold gas from the TA is first delivered to a cold finger, designed to
maintain a temperature of ahout 3K, to which the IR detector bleck will be clamped,
and then to the heat shi:ld system. The lower and upper telescope sections are
designed to nperate at miximum temperatures of BK and 60K, respectively. They will
be cooled by conductiou to their mounting flanges. The two telescope mount flange
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to he waintoined. 1f less gas f{s returned to rhe neck tube, the hofloff rate will
increase, decreasing storage lifetime and producing an excess of cold gas for use
in the cryostat. We have estimated that a enld gar input to the cryostat of 2.5mg/s
will be required to achieve the previously stated operating temperatures. This
represents an additional boiloff rate of 1.5 £/day, Total boilaff rate will thus
he about 5.5 L/day.

Adjustment of dewar and cryostat vent flows will be possibie during the mission by
means of warm valves in the respective vent lines when measured temperature,
pressures and flow rates indicate the need. The system, and particularly the
telescope and liquid Helium temperatures will respond rather slowly to changes in
these valve settings. We anticipare the occasionnl need to rapidly deliver addi-
tional cooling to the cryosrat as, for example, when closure of the vacuum cover
induces a burst of heat onto the cold optics. This rapid delivery of extra cool-
ing can be achieved by small heaters on the porous plug. ar described below.

Porous Flug

The use of a porous material as s superfluid helium flow control device {s dis-
cussed in detail elsewhere. {1, 2, 3} Briefiy% superfluid helium attempts to flow
through the very small plug pores driven hy the vapor pressure within the liquid
vessel. Evaporation on the vent line (downstream) side causes ¢onoling and a small
temperature gradient across the plug. This resultz in a thermomechanical or faun-
tain pressure gradient directed upstream, which restrains fluid flow. The cooling
due to evaporation is communicared back to the fluid bath by the high thermal con-
ductivity of the liquid in the pores.

When superfluid helium is in contact with the upstream side of the plug, as when
the TR experiment is either horizontal (Orbiter vertical) or in low gravity, the
evaporation takes place at the downstream plug surface, and helium flows through
ts plug as relati~-‘y high density liguid. When the experiment is vertical
{Orbiter or Spacelab horizontal), the liquid free surfare at which evaporation
takes place will be within the dewar. The porous plug will be required to pass the
same mass flow rate, but in the form of lower density cold gas. The plug surfare
area must be chosen large enough to permit the gas flow with an acceptably low
pressure drop. We will probably select a plug with 5-10 um diameter pores, and an
estimated surface area of about 35 cm2.

In order to permit a rapid increase in cold fluid flow to the cryostat to counter
an increased the.mal load on the telescope, we mount 2@ small heater on the down-
stream side of the porous plug. Heat at this location will reduce or reverse the
fountain pressure, permit increased gas evolution or even liquid withdrawal, and
slowly heat the main bath. When the heat is removed the system will return towzid
the original state.

Prelaunch Cryogenic Support Functions

Cryogenic servicing of the IRT cxperimonr before launch presents i number of
unusual and challenging requirements which are shared with o second Spacelab 2
experiment whose objective is to measure certain properties of superfluid helium
in low gravity. We will coordinate our ground servicing functions and apparatus
with the superfluid physics experiment. Spacelab 2 will be fully assembled into a
single structural entity in the Operations and Checkout (0&C) facility at Kennedy
Space Center. During the 08C operations we will eovacuate, purge and initiaily fill
the experiment with LHe at 4.2K by means of conventfonal ground support equipment
(G8E),  Late in the O&C cycle (ar about 15 doys before lannch) the helium will be
converted to superfluid by pumping through the vent lines with a large GSE pump.
From this time on until the flight mission is completed the superfluid must be
maintained at a pressure below 38 torr, by active pumping. If pumping is stopped.
as when pump power is interrupted, the superfluid will rapidly warm. We have
estimated that pumping ran be stopped once for about 4 hours duration or for a
number of shorter pgrinds. before the helium will warm to the lambda temperature
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and the porous plug will no longer operate properly. We are providing at the vent
tube outlet of the experiment a direct drive rotary vane vacuum pump. During pre-
launch operations the pump will operate as continuously as possible. On orbit the
experiment will, of course, be pumped by the vacuum of space,

When the 08C assembly and tests are completed, the Spacelab 2 payload will be trans-
ported in a special enclosed carrier to the Orbiter Procesgsing Facility (OPF) where
it will be installed into the Orbiter vehicle. Throughout these operations electri-
cal power must be provided for the on-board vacuum pump by an auxiliary power cable
and power supply. The experiment will be commected to two special Orbiter services:
(1) a 28 VDC electrical connectiou for the pump via the aft T-0 umbilical plug which
disconnects at launch; and (2) a vent pipe which conducts the venting helium over-
board through a midbody panel. Even in space, pumping will be via this pipe to
prevent the helium from disturbing any of the astronomical instruments. The vent
pipe will be shared with the superfluid physics experiment.

In the OPF at about ten days before launch we will top-off the déﬁq&aHith super=-
fluid. When Orbiter checkout is completed, the payload bay doors will®be closed,
and the Orbiter will be movad to the Vehicle Assembly Building. There it whll be
rotated nose up and mated to the External Tank and two Solid Rocket Boosteriéa' the
launch platform. The ground side of the T-0 umbilical connection will then™B
attached to the Orbiter. Through most of these activities DC power 1s to be main-
tained and the pump will operate. Only during power changeover, while the Orbiter
15 being rotated to the vertical, and while explosive devices are being installed,
must the pump be turned off.

The Orbiter will be rolled to the launch pad, again with the pump powered through
the T-0 umbilical and vented through the midbody umbilical panel. 9On the launch
pad the pump and valve operation is controlled from the launch control center. A
few minutes before launch the vacuum pump will be stopped, isolated, and not used
again, When the Orbiter reaches an altitude at which the atmospheric pressure is
below five torr, a barostatic switch will open a valve between the experiment vent
tube and the overboard vent. This will permit pumping on the superfluid to resume
several hours before the Spacelab is activated.

We will monitor and control the cryogenics during the mission from the ground in the
Spacelab Payload Operations Control Center (POCC). Emergency monitoring and control
will alsc be possible by the on-board Payload Specialist (scientist), Shortly
before landing the experiment will be stowed, the vacuum cover sealed, and the vent
valves closed. Relief valves on the vent lines will permit the experiment to warm
up safely and untended.

CONCLUSION

The cryogenic system for the Spacelab 2 Infrared Telescope Experiment has been
designed to fit within the many technical and programmatic constraints and capabili-
ties of the Spacelab program. The result is a system which will satisfy the cooling
requirements of the IRT and also be capable of furnishing cooling to a variety of
follow on Spaceiab experiments.
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“pacelab 2 infrared telescope cryogenic systom

E. W. Urbun ond L, ¥tz J. B. Hondricks and G. A, Fart
PIALALEC o cile A Fhoae ity ol Abglaning wr Bgnnvilie

Abstrict

We are developing a4 evyopenic heliom systen to provide eooling to a scanning infrarced
Fedenenpe Tar Che Spacelals o odsaion jn (980 The inlraved opticatfdetector system and
pebated eleet comies e bedag dove loped by tre Swibhzooion Astrophysical Olaieevatory o the
Miiversity ol Ariiona, A superiloid he Liam dewsre sl povesss plae phase deparator permit pas
cooling of the ialraved tocal prane assewbly (o gbout 2.0K, ol of the two Leleseope seetions
to BK and 60K respeetively.  In tvhis paper the desipn of the cryopenlce system, including a
commndab e vacuum cover, and the prelauneh Tiguid helium servicing and maincenance approach
will Be Jdiscussid,  The sysiem e be reqedily adapted to other types of eryopenic experiments
on later Spacelstr missiony.

lnt roduct ion

The Infrared Telescope (FRTY Experiment Lo be {lown on Spacclab 2 in early 1982 is a joint
project of the Smithsonian Astrophysical Observatory (SAD), the Universiry of Arizona (UA),
and the RASA Marshall Space Flipht Center (MSFC).  Gur responsibilivy at MSFC is the develop-
ment of the cryopenbe and mechanical systewms of the TRY. Fhe Undversicy of Atabuma in
Huntuville is collabovating on the eryopenie desipn, Fabrication of special cryopenic appa-

ralus, and cryopenic perloveamce testing,  UA and SAD are respensible Tor the infrared Instru- ;
ment and data analysis, The HASA Awmces Researeh Conter is coliabuvacing in the inalysis of b
contaminal fon amd zadiacal Pight dava. This paper deseribes the eryopenice apparatus. its i

cond vl and operm fon, and prefaooneh eryogenie support activities at the Launch site. Toc
inlrared fnstreument is deseribed in another paper in this conference (183-0%).

Experiment System

The [RT experiment fs shown schematically in Figure 1, It counsists of four major subsystems,;
(1) n dewar subsystem, which includes a 250 liter liquid helium dewar, and a transfer assembly
CIAY contatnioe 1 he porous plup Tlow contral and fL1L and vent plumbing; (2) a ceryostat sub-
dystom, which includes a pas-cooled, evacunted ceyostal o vacuam cover and o sunshade, which
contains 1he fnfrared telescope and Aletector arvay; (3) nomechanical sobsystem ineluding scan
deive compopent s, plumbing. valves, costrol instrumcncation and a support structure whicn
interlfaces with e Spacelab pallet; and (4) an electronic subsysien (nat shown) to cvontrol .
ald infrared seicence and electro-mectumical werivities ond to Inter{oce with the Spacelab .
pewer, it mml o commaind Hystoems, _ |

I

The IRT will be mounted toward the aft end of the Space Shuttle Orbiter payload bay on a
spacelab paller.  The top of the sunshade will be 3.4 m above the pallet [loor; the experi-
ment {5 2.0 m long and 0.4 m wide.  CPhe total mass of the experiment at liftoff will be oW kg,
focluding, Viguid helimm aod separately mosnted electronkes boxes.  In iws latched position
the eryontat and sunshade will poiol dircetly oul of the bay: the sean drive motor will be
crioent od forwiosd,

On orbit when (he extornat eoviromment s sultable {(bow contamine ion, aond sun, moon and
varth ont of view), the vacunm cover will be opened and 1 he eryostal seanned from side to
side (%) at an gapular rate of 07 /seeond Lo penerate an infrared wap of the sky.  The
primicy tunvtion of the eryopenie system is 1o provide adequate coutinuous cooling Lo tne
intraved instrament within the eryostat 1o permit the seient ifiv observal ions to be wade
during the planned 9 day wmission. A sceondary abjective is 1o obiain data on the perlormnee
of the Larpe soperliaid heliom srorape systen in space.
The regulroment io sean the infrared telescope resulted in the choice of a hedivg pas-cooled
vrevestal which condd nove about coe s independemt Ly of che fixea Pigaio helium storape
dewar.  The Vimdced Cunding avaitable ond ihe short fhipht mission tiwe leo us Lo adapt
commereially available heliom apparatus aod fabrication teelniques (o this new application, .
eather than develop o high perlormance and hipgh cost system with long storapge time.  The wack '
of Firm intformar fon on prelamreh provnd bodbd Cime aomd owe inabiility to prediet detual eryoponic !
system perlormanee carly in the proprom, dictated the selection of o 290 Fhrer Jiguiu belium
dewar, In the Foltawing we deseribe in detail the Dewar Subsystom, the Gryostat . the pluab-
ing and contrel, and the pretounch prouml servicing opoerad foons.
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SPACELAB 2 INFRAHED TELESCOPE CRYOGENIC SYSTEM

Dewar Subsystem

The superlluid liquid helium (LHe) dewar subsystem shown schematically io Figure 2
consists of two major purts « the 250 liter storapge Dewar and the Trunsfer Assembly (TA).
The dewar is to be fabricated by a commercial vendor to our designs, after which the TA will
be assembled into it at MSFC. The closely integraced thermal desipn of the dewar and TA
results in a dewar subsystem which is cssentially a single complex superfluid helium dewar
with the liquid contuipment vessel ot one end of o acck siructure and o ouber of cold flow
control componend s ot the other: atl are surrounded by o conmon thermal proteet ton systom,
discussed below.

Deway

In a convent fonal storvape dewar the Liguid vessel is surrounded by o system of nested
metiul suefaces, separated by superinsulat fon aond mowsted within a biph vacuom space. They
serve Lo intereept heat being vadiated and conducted in toward the cold ligquid from the oder
shell,  The intercepted heal s then conducted up Lo the dewar neck where [t warms the vente
ing helium gas and is carried out ol the dewar by the gas. Thus the metal surfaces act as
vapor cooled shields (VCS8), and the doewar neck s a beat exchanger as well as o support
structure,  The source of the venting pas In the neek §s the slow evaporation of the stored
liquid by the unavoidable parasicic heat conducted down the neck tube and radiated in Frow
the coldest V8. A Lypicu? unmodilicd  conventional 250 Liver dewar achieves a steady state
boiloff rate of 17 per day or 2.5 liters of liquid per day corresponding to a heat input to
the liquid of 75 my,

In order to retain the stored LHe in space, il Is necessary to c¢lose off the Jdewar neck
at the liquld vesscl entrance. Liguid I4 filled and withdrawn through tubes which pass down
the neck from the TA. and valving and [low control is accomplished by Lhe cold components in
the TA. These components must also be Insulated from the outside workd by a VOS5 system. We
have chosen Lo conneet the dewar and TA VYOS systems together within the flight doewar neck,
thus complicating the necek design and assembly. As 2 result the TA and the inside of the
dewar neck sharce a common vacuum, We have avoided the further complication of Lhe heat
exchange function of the neck tube by constructing the heat exchanger in the TA. Thus the
‘nwar provided by the vendor will have a structural neck supporting: the closed liquid wessel;

2 liquid fill und withdrawal cubes; and three concentric VCS extension tubes within the
neck. These components can be seen in Figure 2.

During prelaunch activities the dewar will be fiiled with superlluid helium at a tempera-

- ture of about 1.6K and a vapor pressurc of 800 N/m“ (6 torr). At a density of 0.145 kg/iiter

a full dewar will contain about 35 kp of liquid. We Fnpe to launch with at least 100 litars
(14.5 kp) of liguid.

Transfer Assembly

After the dewar is delivered Lhe TA will be built up onto it. The internal components
will operate in space at the tiquid helium temperature (1.6K). A cold [i1] valve prevents
tiquid helium from flewing out the [itl line to the warm outer shell when the experiment is
in space. A bypass burst disk permits controlled venting through the fill line in the event
of accidental overpressurization. 1n space, liquid flows into the TA through the withdrawal
line and is restrained by the porous plup. The principle and operation of porous plugs. which
are essentially liquid/vapor phasc scparators for superfluld helium. are deseribed elsewhere,
In the ceveat of plup blockage and overpressurization a sccond bypass hurst Jdisk provides
reliclf to the vemt Tines., When o dewar is being initially filled or when normal helium
(4.2K, | stmosphere vapor pressure) s being converted to superfluid, large gas (low rates
must be vented. A bypass valve is provided in parallel with the porous plug to permit nigh
flow rates and avoid possible contaminaction of the plug pores.

The cold Fill and bypass valwes arce operated by vacuum-t ight . retractable operator shafis
having, low thermal conductivity azad Low thermal mass,  When retrvaceed, the operalor shafts
will become wirm. When inserted inta the valves they will introduce pulses of hear into the
cold eovironment . To minimize this probiom the valves will be opened at the bepiloning of
eryopgenic operations and will not be closed except when the dewnr subsystem must be turred
on its side (Jouneh attitude) for testiong or just before the actual Jaunch,

The cotd helium vapor evaporates from Lthe porous plug abt about 1.6K and s divided into
two vent liaes.  The First line forms the heat exchonger which removes beat from toe VEE
cystom of the ent ire dewar subgystem, The gecond line dellvors vefreiperat Lon to the cryostat

id the infraved relescope, The division of flow in the two lines s controlied by external
villves which will be discussed bhelow,

The wvipor in the Jdewar vent line [lows Viest to the Dnnermost VOS which will operate gt a

gonl tewperature of ahout POK,  We anticipate o total heat Toad on this shilcld of about 770 oM.
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The pio will then pass successively to Lhe middle VCS ol a temperacure of roughly 604 and
heat load of about 1.7W, then to the outer VCS al approximately 120K and 2.6W, and finslly
out of Lhe TA. The cold helium pas (low rate to remove tiese expected heat louds ot the
poal temperatures bs 8.4 X 107" w/s or 5.0 liter/day covresponding (o a act heat input to
the 1.6K repfon of the dewar subsysiem of 190 oW, The avtusd stceady state Lemperatures and
heat loads will undoubtedly be somewhat different Crom the gonl values mentjoned above,  The
chief convern 15, of course, that the system boiloff rate be low enough chat the experiment
pets to orbit with enough liquid to permit cooling and eperaciun of the infrared telescope.

Phe downr §s 1illed with Liguid hebium, s high Flow rates of cold pas are vented through
vt Javketed Dayonets and vabven o Che PA shel ] Wiwen the THHE g and g Toid converaion
operat fong have boen completed, special dnserts with velicl valves will be Laslenedd dnto the
two bayonern.  The Jacketed valves will then be opemed, providing relicl path for the Lwo
cold burst disks, The steady state (low (low) venting I8 via oo unjacketed line to one set
of flow contrel valves.

The sccond vent line from the porous plug will deliver cold helium gas to the cryostat.
Both the gas line and the outer shell of Lhe apparatus must permit the rotation of the cryostat,
and the outer shell must in mldition maintain the high vacuum integrity of the TA and cryostat
whenever the atmospherie pressure oxists around the apparatus. The pas line is wrapped into
a helical coil which flexes casily with the eryostat motion. AL the exit fram the TA n straight
scetlon of the tube passes through a commercially available rotary vacuum scal which employs
magnetically retained sealing fluid to maintain the vacuum inteprity of the TA and the cryostat,
A short section of metal bellows permits minor misalignment of the TA and the cryostat when
they are assembled together.

It will be possible and it is our plan to test Lhe dewar subsystem by itself. This will
require a special termination on the eryostat gas line and the rotary joint se tout the TA
and dewar neck can be evacualed., The dewar will be Filled with normal liquid helium, the
fiquid converted to superfluid, and the thermal performance of the system measured with the
apparatus both upright and rotared 90" into the launch attitude, [t is anticipated that the
boilofl rate will be somewhal presiter in launch attitude than uprighi.  The performunce of
the porous plup can only be tested in the complece tipped systoem, gsince in theupright position
superfluid will not reach the porous plug. This subsystem test will demonstrate the fact
that the unit can operute as o stand-alone superfluid dewar which could be employed to cool
o varicty of experiments on later Spacelab (lights, Note that a performance test of the Jowar
by itscll is not pratcieal, since the VS system is nou operative until the TA is fully
aszembled to the dewar Lo complele [he subsystom,

Cryost at

The eryostat shown schematically in Fipgure 3 will be i rather specisl modilication of an
open neck laboratory dewar,  The vasent fal special Teaiures [ncbude mount fog Ulanges for che
two sections of the nlrared telescope. an aceess port Tor tefescope allpgnment, a shde extensim
on the cryostat rolation axis through which the cold gas (rom the TA eoters, and a gas heal
eunchanger and VC8 sysiem. A vacuum cover insurcs that a high vacuas cuan be maintained within
the eryostat and telescope belore the experiment is in space. The cold gas [rom the TA is
first delivered at o temperature of about 2K Lo a cold Cinger, designed to mintaln a tapera-
ture of about 2.5¢, Lo which the IR detector block will be clamped, and then to the heat
shield system. The lower and upper teleseope sections are designed to operate sl maximum
temperatures of 8K and 60K, respectively. They will be cooled by conduction 1o their
mounting flanges. The two Lelescope mount Mlanpe rings, and two additional rings which are
at temperatures of approximately 1208 and 200K are suspended from the top of the cryostat on
fiberplass-epoxy tubes. Each rinp earries a VGS and cach delivers its coliected heat to Lhe,
cold venting helium gas. The vent tube, after leaving the cold Linger, is fastened to the
four rings W tum and then exits The cryostal at ambient {empoeratures,

Thoe beat load ot the cold Tinpor at 2% will be about BowW Lrom the infrared detecrors
inciuding absorbed vadiarion, and heat conducted i along thé TR osignal leads.  The estimaced
330 oW heat toad on the 8K ring will inchude the bhoeat radiated bito the lower telescope tube
from the upper telescope tube, heat (rom the cold infrared clectronices, plus the parasicic
heat oty Phe 85 VYOS From the warmer parts ol the eryoastat . The cstimated 2 watl beat load
o the 0K ring will include beat vadiated onto the apper telescope tube Prom che sunshade,
or [rom the closed vacuim cover, plus the parasitic heat onto the UK ¥CS.  Finally the heat
input to the "F20R™ and “"2000" vinpgs will only be the parasitic heat {rom the warmer outer
parts ol the cryostiat.

The locat fons and temperatures of the 8K and 60K mounting/thermal flanges are dictated by
the inlraved 1ebvsvope desipn. The eryostal fabricator will determine Lthe locat Lo and actual
temperature of the Chermal rings of the "T20EY qand "J00R" shiclds in order to optimise the
thermal performanee of the ervostal . FPhe tentat ive helium mass flow rate into the cryostat
at 2K will be of the opder ol 7,% X 107" p/s or 4.4 Fiters per day.  Tais {low rate can be
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varied, as discusscd below, to inercase or decrcose cooling as necessary,

The vacuum cover ¢an be commanded open and elosed; it will be quickly clowed, but not
fully sealed, if pas or particulare vontominat bon levels beeome too hiph, if o hot object
(sun, moon, carth) sceldentally approaches the field ol view, or when the experiment s not
mapping Lhe sky.,  Before landing the cover will be scaled,  When the cover first closes, tiw
inner cover surface will be ot anbicot remperature. I wil! be thermally Fselated [rom tne
warm outer cover surface and will have o low emissivity and a low thermal inerula.  Upon
closure the inncr surface will cool by radiation into the cryosrat and telescope until it
reaches some cqui Libelom temperacare, perhaps 190K Thus che vadiative bheat Toad onte (he
cobd optica will be oas small and ol s shart o dueat jon as possible,

The acecan port is bocatod on the side of the eryostat To permit mount ing o albgoment of
the inlrarcd detector block ta the cobld Finger after the Tower teleseospe secet fon iy Dnstalled
through the top of the eryastat. The aceess port thercefore pencteates all of the thermal
sghfelds wnd mudtilayer Insulatfon blankecs,  Up to 100 low-conductivity nfearved sipgnal and
eantrol leads Crom the detectors will bd broupht out of the eryostat through the aceess pore

with heat stations ot coch shicld,

Correct operation of the infrared exporiment and achicvement of adequate helium storape
lifetime is parsmount., As discussed above, the cold belium pas cevolving from the porous pluy
vrelfrigerates Lthe dewar/TA heat shicids and Lhe eryostal/Lelescope.  The unly svurce of cold
pas is vaporization of superfiuid liquid by cither parasitic or clecteivally produced he in
the dowar/transfer assembly, For a plven rute of heat fuput and a pgiven pumpling raie, the
liquid temperature and vapor pressure will come to seme equilibrium value. More heat and/or
slower pumping results in higher equilibrium temperature and praessure,

We have indicated above that the expected stendy state heliuom boiloff of the dewar sub-
system at optimum o Mficiency will be abour 5 1Tlters/day and the {low rate intoe the eryostat
to maintain Ful! coouling is about 4.4 liters per day.  Starting with the 250 liter dvar full,
the total flow rate of 9.0 Liters/day could be maintained Tor about 26 days, with 200 titers,
Vifetime would be 21 doys, The Spacelalb 2 wission daration ITs plaoned 1o bhe 9 days, 1nus
wemfttlop 1/ days and 12 days rvespeetively, from Vinal dewar il operations until Launen
with the above infoial Fitl conditions,

We ant ficipate that it will not be necessary to keep the eryostat Tully cooled unt il tne
experiment s In space,  Consequent Ly, on dhe promd, g Now throngh the eeyasiat can b
somewhiat reduced 1o conserve Liguid heliom,  When the experlment is in space any reasenable
extra cooling roquirement s Tor the cryoastat can be met by reducing vent pas Flow do the dewir
gubsystoem,  This will focrcase the heat boput ta the Pguid helloum amd he bollofl, more aof
which will be dirceted to the eryostat . Alternat ively, o reduction in refriperation to the
erycstat can be achiceved by increasing vent pas Clow [rom the dewnr subsystem and redueing
flow from the eryostaLt vent.

This adjustment of dewir and cryoestat vent Clows will be possible duelsg the mission by
operat ing scets of three comanndable warm valves in cach of the vent Tines as shown in Figore 1.
The Ahree vnfoll valves io cach vend arve sized with orifices allowiog V&L 297 and 975 uf
full flow in the vent Line. Thus, partleular combinations of 0, LA, 29, 43, 57, 71, 86 ar
1007 of full flow can be selected for each vent line with the setting of three valves., Tow
system, and particulnrly the telescope and liquid, helium temperatures will respond rather
slowly Lo chanpes in these valve scttings. We anlticipate the oceasional need to rapidly
deliver additional cooling to the eryostat as, for oxampice, when closare of the vacuem cover
Indicates o burst of heat onto the cold aptics,  This eapid delivery ot extes conling van b
aehioved by o small heater on Che parous plug, whieh makes wse oF the well-known sapor Uil
helium "fountain-clleer "

Porous Plug

The use ol a porous material as o superlluid heliuw low contrel device is discussed in
detail clsewhore, 11,230 Briefly, superflluid helium attempts te Tlow throupgh the very amll
pluy, pores deiven by the vapor pressure within the Tiguid vesselo Pvaporat fon on the ved
Pine Cdownsd veam) side eauses cool fng and o smal botemperatuee pradient across the pluy. This
resules in o Cherma-mechanical or bouain pressaee pradienr direered uparream, which
restraing Plaid Tlow,  The cooling due to cvapora! Ton §s conmunicatad back to e (lufd bach
by the hiph thermal conductivity of the Hguid o the pores,

When superi baidd heliom is io contaet with the upstream side ol Che plug o oas when the TR
eRperiment i eit e horbsontal (Orbiter vertieat) or Do low provity  the evaporat ion takes
place ar the downst veam plup soetace, amd heliom ) lows throapl Che plap as relatively hiph
density liguid, When the experiment is vertical (Qeblier or Spacelal horizontal), tiw §iquid-
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free surlopee ot which evaporatbon Lakes place will be within Lthe dewar,  The porous plug
ALl be requlred to pass the same mass [low rate, but in the form of lower density cold yas.
The pluy surface arvea must be chonen large enouph 1o permie the pas (low with an acceptably
low pressure drop,  We will select o plupg with 5«10 pn diometer pores, and an cstimated
surface arca of about 35 en”,

Predauneh Cryogenic Support Fubet luny

Gryopende serviving of the TR expeeiman before Jaunch presents o ounber of unusual and
challengiong regquivoment s which are sharved with o second Spacelab 2 experinent whose objeeciwe
bs e meature certabn properd fes of superltu®l helium o low pravity., We will coordinace
our geonnd serviciog Tunetions and apparviius with the superllald physics experiment.  Space-
tab 72 wi't be Fully ausembled into g siopbe stractoral entity e the Qperat fons and Checkout.
(OSE)Y Tavility o) Kentedy Spave Sonter Davimg the O operar fons we will evacual e, puarpe
dind ioddiatly VELD the expoyiment with D ar A0PK by means of convent ianal pround support
cagnbpment (GEEY . Late i bhe 088 cyele G abowl 1Y days belore tauoel) the bBedium will e
converted to supert luld by pumping throupgh the veat Hines with o bavpe GSE punp. From tods
Lime on unt D1 the DHght misgsion is campleted the superfluid must be mainlained at a pressure
below B torre, by active punping, U pumping Is stopped, as whoen pump power is intecruplod,
the superlluid will rapidly warm.  We bhave estimated Lhat pumping can be stopped once for

ghoul & hours duration or for a nunber ol shorter periods, before the bhelium will warm to the

Lambda temperaiwre and the porons pluy will no lenper aperate properly. A direet drive rotary
vane wicuunt pomp will be provided at the vent tube outler of the experiment . During prelawch

aperat fong the pung will operate with as fow fotecruptions as pousible.  On orbit the experi-

mend will, ol course, be pumped by the vacuum of space.

When the O8G assombly and tests are completed, the Spacolab 2 payload will be trunsporced

(0 a special enelosed eorricer to the Orbiter Processing Facility (OUF) where it will be
fnstalted imto the Gebiter vebicle,  Throughowt those operat fons elecd rical power nust be
provided Tor (e on-board vacuum pump by an auxiliaey power cablo and power supply., The
experiment will be connected to twe speeial Orbiter services: (1) a )15 VAC elecirical con-
nection for the pump via the aft T-0 umbilfcal plug whieh disconncects ar launch: and (2) a
vent plpe which conducrs the vent ing helfum everboard through & midbady pancl.  Even in
space, prmping will be via this pipe to prevent the helium from distarbing any of liw astro-
amfenl nstruments. The vent pipe will be o shared with the supeefiluid physics experiment .

in the OPF ot about ten doys belore lounch we will top-off the dewnr with superfluid.

When Orbiter checkout §s conplered, the payload bay doors will be closed, and the Orbiter
will he moved 1o the Vehicle Assembiy Bullding,  Phere it will be rotated nose up and mated
to the External Tank and wwe Solid Rocket Buosiers on the launch plat form.  The ground side
of the T-0 umbitical connedtiecn will then be attached (o the Orbiter Throupgh most of toese
activities AL power 15 to be malntained and the pump will operate,  Ondy during power chumpes
over, while the Orbiter s being rotared to the vertieal, and while explosive devices are
being Installed muse the pump be tuened of 1

The Orhiter will be rolled 1o the aunch pad, again with the punp powered through the T-0
wnl i Lical and ventad through the midbody umbilical panel.  On the launch pad the pump and
vitelve aperat fon is centrolled feom the ouvech control center A Tew minutes belfore launch
the vaciwie pump wEl D be stapped, Pselated by vatves, and not used apaio. When the Orbiter
reaches an altitude at which the atmospheric pressure {s below Five toer, o barostatic switch
will apen & valve between the experiment vent tube and Lthe overbeard vent,  This will peemit
pumping on the superlfiuid to resome several hours before Lhe Spacelab s activated

We will monitor and contral he eryopenics duriong the missfon from the prowsd in the
Spacelaly Paylogd Operations Control Genter (POCCY . Emerpenzy wmonjtoring and control will
lao be pogsible by the on<board Paylowd Speeialists (selentists) . Shortly betoare loading,
the experiment will be stowed, the vacoun cover sealed, amd the vent valves closed,  The
reliel valves on the vent lines will permit toce experiment Lo wiarn up safcely abd antended,

Conclusion

The veyopenie nystem For the Spacolaly o Infrared Telescope Experiment bhas boeen desipned
afn o lowecnnt approach to te siorape of Pigeid el Taw daring the preparation of o 3pacelab
payload Tor Launeh and che sapply of adeguate conbing te o scparare Infrared Tolescope for
the durat fon ot o tepical Spacelab mission. Phe result s o osystem which will satisly the
regquirement s ool Hhe TR and alse be capable of Taenisaing cooling 1o o varivty of follow-an
Spavedaly experiment s, 0 Is expected that as dhe Spacelab and Space Pransportat ion Syston

Vipht propram matares, Plight doarations will inceense and prelauwneh preparat ton times wiill
acercase.  The superfluid helium system deseribed herein should be capable of sarbslying
experiment helioum coolod vefriperation regqoirements Foy the next several yoears.
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CRYOGENIC SUDB=-SYSTEM PERFORMANCE OF THE INFRARED TELESCOPE FOR SPACELAB 2

G. R, Karr oand J. B, Bendricks
University of Alabama [n luntsville, USA

E. W. Urban, L. Katz, and D. Ladner
NASA/MSFC, lluntaville, Alabama, USA

The development of a scanning Infrared Telescope (IRT) experi-
ment which will be flown on the Shuttle Spacelab 2 mission has
progressed to the point that the major cryogenic sub-systems
have heen designed and manufactured, Thermal performance tests
have been completed on the cryostat sub-system which will house
the optics and infrared detectors. The dewar sub-system has
been manufactured and the thermal performance tests will be
made in mid 1980 after the transfer assembly sub-gystem his
heen assembli ! onto the dewar sub-system, This paper reports
on (1) the present development of the cryogenic sub-systems,
{2} the results from the analytic model which predicts the
thermal performince of the sub-system, and {(3) the results of
the themmal performance tests of the cryostat sub-system,

INTRODUCTION

The infrared telescope (IRT) experiment is to be flown on the Shuttle Spacelab 2
flight with the major science goal of mapping the infrared sources over a large area
of the sky in several wavelength bands out to 120 um. Another major goal of the ex-
periment is to prove the technological capahility of providing 2K cryogenic support
for the periods of time assoclated with shuttle flighes, The cryogenfe system which
has been designed for this experiment is one which has the capobility to provide
coolant at near 2K to the IRT experimental sub-system and to also provide the
necessary thermal stations to cool the optics to BK and the telescope baffle tube to
60K. The cryogenic system is designed to accept the infrared telescope sub-system
as. a sepgrate complete unit which simply bolts onto the necessary lieat stations,
Another feature of the eryogenic system is the capability of providing varying
amounts of coolant to accommodate o wide range of heat loml requirements. This cap-
ahility also means that future experiments could readily be accommodated even though
they may require levels of coolant flow different than that of the present science
package. A third important feature of the cryogenic system is the capability of
providing coolant through a flexible joint which was required for the IRT science
package because of the need to scan the IRT opties + 450 with respect to the shuttle
platform. The flexible coolant joint has the advantage of allowing the large helium
storage dewar to remain statlonavy, while the smaller science package 1s scanned,
thus reduclng the mass vhich must be secanned,

This paper reports on the prosent development of the IRT cryogenic system, the pre-
dicted performance of the system, and the results of thermal performance tests that
have been completed on thé cryostat sub-gystem.

PRESENT DEVELOPMENT OF THE CRYOGENIC SYSTEM FOR IRT EXPERIMENT

As reported in earlier papers [1,2], the IRT cryogenic system consists of three
major components (see Figure 1): 1) the 250 liter storage dewar which contains liquid
helium IT (superfluid helium) at approximately 1.6K in equilibrium with its vapor at
a pressure of approximately 6 torr, 2) the Transfer Assembly (TA) which provides for
the phase separation of the liquid helium via a porous plug device, provides for the

_ rotating joint, provides the necegsay*agf;ving-Eor_fill;pg and venting the dewar,
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and also provides heat exchangers for cooling the dewar, and 3) the cryostat vhich
contulns various thermal stacions to which the science package is attached, Since
the fina) design of vhese components differ little from the preliminary design re-
ported previously {(i,5;, this paper will report on the priiicted performance of the
cryogenic system ond the results obtained in early cryogenic tests on the cryostat .
sub=system, ‘The present status of the experiment development is that (1) the dewar
has heen desipned, mannfactured and delivered to NASA/MSKC; (2) the cryostat has
been deslpned, manufactured, tested cryogenically at NASA/MSIC, and delivered o the
University of Arizona where the optics and detectors will be inserted and tested
(see reference (3] for details on the IRT experiment package); (3) the Transfer
Assembly has been depigned, 1s being manufactured, will be assembled onto the dewar
in mid 1980, and will undergo thermal testing soon after Imstallation,

PREDICTED PERFORMANCE OTF THE IRT CRYOGENIC SYSTEM

A computer program has been prepared to simulate the performance of the cryopgenic
system for a wide range of possible operating conditions. The program is based on
the heat balance at each of the system heat exchangers. The dewar-TA gystem has
three heat exchangers while the cryostat hag four, The heat balance on a given heat
exchanger is given by

=

e ey (T = Toy) = %Ci,n Ty =Ty + ?Ri.n (T - T:) ()

where M, represents either the dewar flow (@;) or the cryostat flow (mp), cp is the
specific heat of the helium gas, Cj, n represents the conduction heat transfer co-
efficient between the heat station at T4 and the heat station at Tn, and Ry n
represents the radiative heat transfer coefficient between the ith and nth hea:
station. The primary conduction and radiation paths for each heat exchanger is
between those heat stations directly above and below in temperature. Notable ex-
ceptions to this pattern is the radiation onto the lower telescope tube during times
that the vicuum cover is closed and certain support strapes that have conduction
paths through neighboring heat shields. The total mass fow rate (m = ﬁl + ﬁz) is
governed by the heat bajance for the dewar liquid vessel given by

4 4

il = zi: Cpq (T ~T)) + >;' R C(2)

where L is the latent heat of vaporization of liquid helium at temperature Ty. A
set of equations can then be developed for the dewar system given by Equation 2 for
the inner vessel and three equations of the type given in Equation 1 to represent
the heat balance of the three heat exchangers. Equation 1 applied to the dewar will
have i) = sm where s represents the fraction of total helium boil off sent to the
dewar heat exchangers. Assuming that the outer case temperature is given and che
liquid helium temperature 11 is given, we ohtnin For the dewar, a set of four
equations in four unknowns of the form

Ry (B, Tyo Ty T,) =0, £ =1, 4 | 3
where Ty, Tq, and T, are the unknown temperature of the three dewar heat exchangers.
The cryostat will receive a mass flow of iy = (1-g) i where m is determined from the
solution to Equation 3., Thus, the cryostat has a set of type 1 equations represent-

ing the heat balance of the four heat exchangers given by

Ri (T6. T7, TB' Tg) =0,1i=5,6,7,8 (4)

where Tg, T7, Tg, and Tg are the unknown temperatures for the four cryostat heat ex-
changerb.

The dewar and cryostat sets of equations can be solved separately and in a similar
Cashion.  The equations are found tr:!Elzulzuhrtc and non-1inecar which requires that
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an fterative technique be uged for numerical solution, A Newton-Ruphson method was
chosen in which the residuals given in Equations 3 and 4 are differentiated with -
respect to the given unknowns to form, for each Ri' the following equation

ORL aﬂi
‘5—*-; (6Y1) + "a—Y'é' ((SYZ) s s s s s e 3 -Ri (5)

where Y4 representa the unknowns. This set of equations 1s solved for the correc-
tions, 6?1. to be used to provide a new valve of Y, at the nth iteratiun, given by,

(n) (n-1) (n)
YL = ‘{L + (6?1) (6)

The abave procedure was found to converge rapldly,

The resules from the computer program applied to the dewar are as ghown in Figure 2
whilech shows the heat station temperatures for various values of g, the fraction of
helium bofl off which Is directed back to the dewar heat exchanpers. TFigure 3 shows
how the total helium boil off is effected by the valuec of s and illustrates one of
the primary controls of total muss [low rate for the system. As the dewar heat ex-
changer flow is reduced, the total holl off is increased resulting in an even
greater amount of coolant to the experiment package.

Figure 4 shows the results obtained from the computer program applied te the cryo-
stat system.  The results show how the cryostat system responds to inereased coolant
flow with the expected effect of lower temperatures for the npper and lower tubes,
The results in Figure 4 are for the case of constant inlet t.mperauure of 2.5K.

TUERMAT, PERFORMANGE TESTING OF THE CRYOQSTAT

The cryostat was tested as a separate unit by use of a transfer-assembly substitute
which allowed helium to be supplied from an ordinary helium dewar, The substitute
ajlowed for early testing of the cryostat sub-system, Independent of the dewar-
transfer-assembly deveiopment. The inlet temperacure and mase flow rate were
monjtored ax were the temperatures of the vapor cooled shields and the temperature
number of steady state conditlons. The results show that the cryostat is running a
Jittle hotter than expected which will require that some modifications to the com-
puter program will have to be made,

CONCLUSION AND DISCUSSTION :

The results shown in the above indicate that the computer simulation is a tool which
can be used to predict the dewar-transfer-assembly performince. The results of the

thermal performance tests on the dewar-transfer-assembly will be used to adjust cer-
tain system parameters within the program. The final computer program will be used

to predict the performance of the cryogenic system for the cemplete experiment

history which consists of the following major phases:

1. The horizontal prelaunch phase after filling with superfluid and while the
porous plug is not in contact with the liquid.

2. The vertical prelaunch phase when the shuttle is erected just prior to launch,
The superfluid plug Is then in gontact with the liquid. The eryostat vacuum

cover is still in place.

J. The open-cover space phase when the eryostat vacuum cover is romoved,

~ 4. The closed-cover space phase when the cover has to be closed periodically to

protect the optics from hot ebjects «r contamination.

All of the above phases result in different rates of helium usapge and temperature
distribution in the system, The test program described above and the computer
: -3




simulation will provide information on this helium usage and will be used in the ,
development of ground support and prelaunch operations requirements. "
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PERFORMANCE OF THE HELIUM IT DEWAR SUBSYSTEM FOR THE SPACELAB 2
INFRARED TELESCOPE

Gerald R. Karr and John B. Hundricks
University of Alsbama in Hunrsville, Huntsville, Alabama 35099, U.S.A.

Eugene W, Urban and Dan R. Ladner
NASA/Marshell Space Flight Center, Alabama 35812, U.S5.A.

The 250 liter flighr Dewar of the secanning Infrared
Telescope (IRT) for Spacelat 2 shuttle flight has
undergone cryogenic Cestinﬁ with helium 11 under
thermal conditions iimulating flight operation., The
thermal performance tests show that lifetime is more
than adequate to provide the 2Z¥. environment required
bg the infrared det:ctors. This paper presents data
obtained during the thermal performance testing, Data
was taken on helium flow retes and vapor cooled shield
temperatures as a function of time. The date shows
the approach to equilibrium :fter filling and conver-
sion operations.

INTRODUCTION

The Spacelab 2 infrared telescope (IRY; is a Space Shuttle payload
with the mejor science goals of mappiry ¢iffuse, low surface brightness
infrared sources over a larp: area cf .the sky in several wavelength
bande out to 120 wym and meas.uring the ixfrared contamination environ-
ment of the Shuttle [1,2]). A second mejer goal of the first flight of
the IRT experiment will be to prove the technological capability of
providing 2K cryogen in zero gravity for the duration of a typiecal =
shuttle £light. The design >f the cryogenic system for IRT is unique
in that the 250 liter Dewar :ontaining the liquid helium iz a separate
unit from the eryostat which contain:z the IRT optics and detectors.
The system design was descrioved in Jetail at ICEC7 [3]. Since the
experiment consists of these two separate units (Dewar subsystem and

-¢ryostat subsystem) the development of the units could be separated.

The cryostat was developed first, and eryegeniec testing, completed in
1980, .was reported at ICECE [4]. The cryostat was then delivered to
have the telescope and detectors installed and tested. During the
tele-cope installation and testing, the’Dewar subsystem was developed
and tested. This pager reports on the results of the initial cryogenie
tests performed on the Dewar subsystem.

TESTING OF IRT DEWAR SUBSYSTEM '

The purpose of the cryogenic testing of the IRT Dewar subsystem has
been to measure the performeznce under conditions simulating those of
the aetual flight and alse simulating the procedures required to ser-
vice the experiement prior to flight. The tyEical shuttle flight will
involve about seven days in space., Prior to launch, the Dewar must be
filled with superfluid helium and maintained for a period of perhaps
seven to fourteen days, The superfluid state is maintained during '
these ground operations by a vacuum pump which will fly with the ex-
periment [1). The testing programs of the Dewar has involved filling
with normal. liquid helium, comversion of the liquid helium to .
]
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superfluid, and topping off of the Dewar. The performance of the Dewar
was monitored during the various operations and durihg the approach to
steady state. Data taken included the f£low rate of the helium, volume
and temperature of the liquid helium vapor cocled shields (Figire 1),
Since in flight a fraction of the Dewar exhsust gas is sent to the
cryestat, while the remaining flow cocols the vapor cooled shieids,

tests were performed in which a faccion of the helium boil-off was
diverted through the £i1l1 line (Figure 1).

RESULTS

The temperatures and flow rate data versus time immediately afrer £11-
ling the Dewar with normal liquid helium are shown in figure 2. The
shield temperatures show an approach to steady state that requires
about 12 days. The vent flow rate at steady state was measured to be
12 op/sec. The corresponding evaporation rate and heat input were
14,1 mg/sec. and 296 oW, respectively, There is evidence that thermo
acoustic oscillations {TADO) are present, increasing the boil off rate
somewhat, Figure 3 shows the temperatures and flow dats versus time
immediately after pumping was initisted to econvert the liquid to
superfluid, Durinﬁ the Eumping. the shield temperatures drop to very
low values which then take the order of a.week to stabilize. The con-
version requires abour & hours. At 1.6K the Dewar steady state per-
formance was found to correspond to B.3 mg/sec. boll-off &nd 19) oW
heat input. If the Dewar were operatured by itself, the boll-off rate
gives & 50 day lifetime for an inditially full Dewar, Figure 4 shows
the temperatures and flow data for a divided flow simulation. ‘Jhen
flow is diverted from the Dewar shields, the performance naturally
degrades, resulting in an increased boil-off rate.

Qur data were complicated by the development of a small superfluid
helium leak in the Dewar plumbing which decreased the efficlency of
Ear: of the Dewar iuard vacuum and contributed to the higher te:al
oil-off, Yigure &4 shows, for example, that when half the tota’. flow
was diverted from the Dewar shields, ti.z total flow rate was 22 0

mg/sec,, corresponding to a heat leak of 462 wW and a full Dewar life-
time of 19 days. :

CONCLUSIONS AND FUTURE PLANS .
The Dewar subsystem of the IRT operates essentially as predicted, When
the superfiluid leak iz repaired, the cryogenic performance will be

adequate to supply the 2K cryopenic requirements of the shuttle flight.

Whan the leagk is repalred and certain other modifications are cuomplete,
&8 Dewar subsystem reverification will be performed in mid 1982. Then
the eryostat containing the infrared telescope will be asgerbled to

the Dewar and full system tests conducted in late 1982. Extensive
cryogenic tescing will then be made for variocus cryostat flows, The
numerical simulation will be modified to reflect the measured per-
formance of the Dewar and cryostat.
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CRYOGENIC PERFORMANCE TESTING OF THE INFRARED TELESCOPE (IRT)
FOR SPACELAB 2

E.W. Urban, D. ladner, J. Jolley, and M.D. Ammstrong
NASA/Murshall Space Flight Center
Huntyville, Alabama 35812

J. Hendricks and G. Karr
The University of Alabama in Huntsville
’ Huntsville, Alabama 35899

INTRODUCTION

The Small Helium Cooled Infrared Telescope (IRT), to be flown on the
Spacelab 2 mission in March, 1985, employs a novel cryogenic system
consisting of a fixed superfluid helium dewar and a separate articulated
dewar, called the crycstat, which contains the infrared optics. The
cxyostat is cooled by cold helium vapor delivered across a rotary
connection £rom the dewar. This design, dictated by perfomance and cost
constraints, and the special requirements for prelaunch servicing in the
Space Shuttle have led to a number of unusual test conditions and
perfomance results.lr2r,3.4

The IRP?, which i{5 a joint venture of the Smithsonian Astrophysical
Obsexvatory, the University of Arizona and MSFC, is now fully assembled at
MSFC and cryogenic performance testing is about to begin. The two
cryogenic subsystems having previously been tested separately, This paper
reviews the system perfommance reguirements, design and the results of
testing tc date.

SYBTEM DESCRIPTION

2 model of the IRT is shown in Figure 1 and a achematic is shown in
Figure 2. The 200 liter dewar subsystem, consisting of a dewar vessel and
a transfer assembly containing flow control plumbing, is f£ixed to the main
experiment structure. The cryostat subsystem, consisting of the cryostat,
the optical components, vacuum cover and sunshade, is mounted in a set of
bearings and is scanned from side to side across the sky at 6 degrees per
second by a scan drive motor. The separatioa of the two cryogenic
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subsystems was dictated by thig scanning motion, since we could not
tolerate the continuous fluid sloshing which would result fran scanning
the dewar.

In the following, we will describe the two cryovgenic subsystems more
fully, the results of subsystem perfomance tests, and predictions of
prelaunch and mission lifetimes.

CRYOSTAT

The crvostat was purchased from Cryogenic Assoclates (CA) to a
specification which defined and controlled the mechanical/thermal
interfaces, but which left the detailed design and fabrication process to
CA'e discretion, and placed on them no burden of meeting a minimum
performance goal. As a result, the cryostat cost was quite low by
aerogpace standamds. Figure 3 is a schematie of the cryostat subsystem,
the cryostat being that part below the vacuum cover and shroud. It
employs standard fabrication methods with aglued aluminum to G191
fiberglass-epoxy joints, and four aluminum vapor cooled shields (VCS)
which are wrapped with NRC=-2 multilayer insulation.

Cold helium gas enters the cryostat through a rotary connection, -
deseribed below, on the scan axis, cooling first a cold finger provided to
CA by the University of Arizona., The focal plane assembly, containing ten
infrared detectors, field optics and preamplifiers, is fastened to the
cold finger and, quring infrared obgerving perlods, must remain at a

" temperature of 3.0 K or less. The cold gas next enters an aluminum heat

exchanger (8 K) and structural ring, which is glued to a large diameter
fiberglas-epoxy tube glued in tum to the next wamer heat exchanger ring
(60 K).» The lower section of the IR telescope with mirror is beolted to
the 8 K ring, and it is surrounded by the innemost VCE welded to the 8 K
ri.ng.

The cold gas next enters the 60 K heat exchanger ring, to vhich the
upper telescope tube is bolted and a VCS is welded. The upper telescope
tube mugt operate during scientific observations at a temperature no
wamer than 60 K to keep its radiant load on to the lower telescope tube
less than about 50 mW. At 60 K the upper tube absorbs about 1.1 W frem
the gunghade.

After leaving the 60 K heat exchanger, the helium gas passes through
two additional heat exchanger rings, to each of which is welded a VC8, and
then exits the cryostat. It is then conducted across the rotary interface
to a flow control valve, V1.

To reduce the conduction of heat between adjacent heat exchanger
rings in the cryostat, the venting gas passes through stainless steel
tubing. An aluminum-to-stainless steel transition at the inlet and outlet
of each ring joins the dissimilar tubing. '
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The two telesope tube/baffle sesctions are inatalled through the large
open top of the cryostat which is exposed when the vacuum cover is
removed. The focal plane is then fagtened to the cold finger and aligned
with the mirror through an access port in the side of the cryostat. The
accegs port consists of removable, MLI-covered plates in three of the four
VeS8, and an external vacuun seal port carrying hemmetic electrical
ccnnectors. The electrical cable hundle from the focal plane ig heat
ptationed on each VCS at the access port.

The cryostat was tested themmally prior to and following the
ingtallation of the optical components. Temperatures of tha three coldest
VCS and of the cold finger are measured by gemanium resistance
themometers (GRT) and platinun resistance themometers {PRT). A dewar
subgtitute device was connected to the gas inlet appendage to deliver a
controlled flow of 2-3 K gas to the cryostat. This device was difficult
to control and we could not be certain of the quality of the fluid
reaching the cold finger. The optical components cooled and approximately
stabilized at acceptably low temperatures when the mass flow rate was.
estimated to be about 15 mg/s. This flow rate is used in the system
performance prediction made below. A more precise detemination of the
cryostat perfomance will be made during the system cryogenic tests soon
to bhe started.

DEWAR SUBBYSTEM

The dewar, which is the lower part of the subsystem, shown in Figure
4, was also purchased from CA in the same mode as was the cryostat. The
inner liquid vessel, which has an internal volume of 250 liters, is
suspended fran a top plate by a fiberglass/epoxy and aluninum tube, and is
restrained at the bottom by three fiberglass/epoxy tenslon straps
identical to those used in the Infrared Astronomical Batellite dewar.
Three MLI-wrapped aluminum VCS with nominal design temperatures of 20 K,
60 K and 120 K surround the liquid container, connect to the neck
structure of the aluminum rings and extend up within the neck to interface
rings where the TA VCE are connected. Stralght fill and vent tubes extend
from above these interface rings through the center of the neck tube,
taminating at the bottam and top, respectively, of the liguid vessel.

S8ince the dewar could not be operated without the Transfer Assembly
(TA), the upper part of the subsystem (Figure 4), being in place, the
dewar was also purchased with no cryogenic perfommance gpecifications.

The basgle structural and themal design was jointly controlled by MSFC and
CA, but fabrication details were at CA's discretion. Only vacuum
integrity tests and a4 wamn preof pressure test of the dewar were required
to be performmed. No instrumentation was included in the dewar.

The most complex cryogenic element of the IRT system is the TA, which
was designed, fabricated and installed by the University of Alabama in
Huntsville (UAH) group. The TA consists of an outer aluminum case and
dame which belt te and complete the dewar vacuum jacket; three nested
aluminum tubs, each having a heat exchanger channel around ite top
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circunference, and each bolting to one of the dewar VCS8 extensions; and a
stainless steal plumbing module within the tnner tub. The module contains
two welded aluminum burst diaphragme, three bellows sealed manual valves,
a porous plug®/6 module with thermomoters, a helical gas line to carry

the crycstat cooling gas, a gas manifold and a charcoal cryopump. Several
individual componentas are removable and the entire vlumbing modula can be
mmoved from the TA. All demountahlse joints are Varian Mini-conflat
ultra~high vacuum flanges with copper gaskets. As in the cryostat,
stainless eteel tubing connects the aluminum heat exchangers, with Al=-S8
transitions providing the connactions.

When the dewar subsystem was initially assembled, a superconducting
ligquid level probe and a GRT were inserted down the vent line into the
dewar, the wiring being brought out through a Th c¢able bundle together
with wires from themometers and a heater in the porous plug module and a
thexmometer on each VC8 tub, This vent line and level probe arrangment
were adequate to permmit filling of the dewar in the upright attitude,
after which the dewar could be tumrmed on its side into the launch
attitude. A vertical loop (trap) in the vent tube within the TA was then
expected to prevent bulk liquid from reaching the porous plug prior to
superfluld conversion, or if venting was interrupted after conversion and
prior to launch.

Aftey several subsystem performance tests had been made, as discussed
below, we learmed that prelaunch servicing at the Kennedy Space Center
would have to be perfemmed on the launch pad with the dewar lying on its
side. Clearly we could only load the 250 liter vessel half full in that
attitude because the original entrance to the vent tube was on the central
axies of the dewar, as noted on Figqure 4. With the tight perfomance
margins and uncertainties in launch holds, we elected to modify the dewar
vent to pemit loading more fluid. Accordingly we removed the TA plumbing
module and the dewar depth probe with themmometer, replacing the latter
assembly with a new erectable vent line and short depth probe, having the
configuration shown in Figure 4. It is now poasible to f£ill the dewar to
about 200 liter when the system ig either in the launch attitude or
upright. The dewar must be at least half full before the level probe
begins to reaister, Prior to that time during filling we c¢an detemine
the status of fluid flow into the dnwar only by monitoring T1, vhich is a
calibrated GRT, and Vac Ion Gauge 1, which is mounted on the TA and gives
a sensitive indication as to when liguid is flowing in the £ill lines
within the TA.

The porous plug,5+® also shown in Figure 4, is the liquid/vapor
phase geparator. It is 1.28 cm diameter, 0.84 am thick porous stainless
steel with a 0.5 um filtration grade pores, welded into a stainless steel
holder. GRT T5 is located on the liguid or upstream side of the plug,
while GRT T6 and a 130 mW resistive heater H3 are mounted agailnst the
vapor or downstream side of the plug.
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The three manual valves are V5, vhich bypasees ¢avar vent flow arourd
tha porous plug during servicing or conversion; v7, the cold fill valve,
which isolates the wamm end of the f£ill circult from the cold environment;
and V17, which bypasses flow fram the fill line Jdiractly to the vent line
and thus permits fill line chilldown during fopoff operations without
disturbing the liquid in the dewar., All three valves are actuated by
retractable rotary shafts. When an actuator is ingerted into ite valve it
first depresses a spring-=loaded detent lock, then engages the valve
proper. A nut on the warm end of the actuator pemits accurate clesure
torques to ba applied. A valve clesur: torgue of 9.0 inch=pounds has been
found to give repeatable, superfluid tight soals.

When the actuators are withdrawn MLYI flaps on oach VCS blanket close
to reduce radiation loads on the cold apparatus. A valve actuator cover
is then installed. It holds the three actuators in the retracted position
and c¢an be evacuated to eliminate poasible air leakage into the TA guard
vacuum past the actuator gland:: during the vibration of launch.

The rotary joint connection between the dewar and the crycstat,
identified in Figure 2, pemits the scanning motion of the cryostat and
the delivery of the cold gas stream to the cold finger, while maintaining
a high vacuum seal for pre-launch testing and servicing. A Ferrofluidic
high vacuum rotary seal connects the cryostat and the TA cape, which
therefore share a common vacuum. An MLI-wrapped extension of the inner ThA
VCE protrudes through the bore of the rotary seal and nests without
contact between two of the cryostat VCE extensions. The MLI wrapped gas
line rans along the center of the shield extension which is the cryostat
rotation axis. The #45° rotation of the cryostat is accommodated in a 10
turn helical winding of the gas line within the TA plumbing module.

DEWAR SUBSYSTEM THERMAL PERFORMANCE EVALUATIONS

&k series of themal perfommance evaluations (TPE) were conducted with
the dewar subsystem and without the cryastat. The first five TPEE's were
performed before the new curved vent line was installed, and two more were
done afterward to verify _he modifications. From these tests we
established the steady state perfommance of the dewar subsystem by itself
with nomal ligquid helium (LHe) and with superfluid (SHe) beoth in the
upright attitude and tilted to various angles to simulate launch and
zero~-g conditions, In addition, we simulated the cooling of the c¢ryostat.
A canplete description of this TPE series will be available soon. 1In this
paper we discuss a number of interesting highlights and the predicted
prelaunch and on~orbit perfomance of the cauplete cryogenic systeim.

Figure 5 is a summary of TPE I, perfomed with the dewar upright and
with nomal helium. Plotted as a function of time in days are the bath
temperature, T1; the temperature of the three VCS, TZ, T3, and T4,
regpectivelys the measured liquid level (LL) and the measured wvent flow
rate. As LHe filling proceeded, the VCE subcooled due to the high vent
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During TPE V we rotated the dewar into the horizontal or launch
attitude for the first time and subsequently, as part of the porous plug
perfomance test, we inverted the system. Although venting was only
through the dewar VCS, the average liquid evaporation rate was 21 mg/s,
confirning our suspicion that the dewar heat load had increased
significantly. 1In spite of the anocmalous heat load we were able to obtain
considerable porous plug and system performance data.

The geometry of the plumbing made the low gravity simulation somewhat
difficult. Consider Figure 4 with the original vent line entrance, the
plug situated about 90 ¢m from the liquid vessel, and the vertical “fluid
trap” seen in Figure 4, in the fluid line just upstream of the plug. In
the launch attitude, up is to the left- To reach the plug liquid had to
flow aover the trap due either to the net volume in the vessel or to the
tilt angle of the apparatus or both. To simulate low gravity behavior the
hydrogtatic head of fluid in the system had to be near zero. Thus a test
in this orientation would require first rotating the dewar far enough to
pour liquid over the trap and establigh a fluid column, then rotating back
to reduce the head. Figure 8 shows a typical get of plug and flow data in
this orientation. The tilt angle © had to be increaced to about 989 from
vertical before the plug became wet and the flow rate increased
dramatically. The hydrostatic head (in parentheses) was 18.5 cm or 1,8
torr, plug temperaturxes T5 and T6 were unstable and were wamer than the
bath T1, in the vessel, which was waming slowly. 7Then, as 6 and the head
were reduced, the plug temperatures became stable and cooler than the bath
vhich began cooling. The downstream side of the plug {T6) was colder than
the upstream side (T5).

Figure 9 sghows the same parameters when the system was inverted
making the trap a reserveir, rather than an obstacle. Here TS5 remained
wamer than the bath and 76, initially colder than T5, suddenly became
much wamer than T5 and remained so while the bath and T5 cooled. 1In both
of these rases with a total flow rate of more than 20 mg/s the porous plug
operated as a fluld restraint and cooled the bath, so long as the
hydrostatic head was less than about 1.5 torr.

Following TPE V the system was modified as indicated earlier, to
incorporate the curvad vent line, short liquid level probe, new GRT
themometers, an adsorption cryvopump, and a Vace=ion gauge on the TA case.
The suspected plumbing leak was located and was repaired by means of
Stycast 1266 epoxy. In addition the valve stems which had pemmitted air
to enter the plumbing during TPE 1 were reinstalled with improved seals.

TPE VI was intended to verify all of the modifications and repairs to
the system and to measure perfommance in the presence of a more mealistic
parasitic heat load. The oystem was filled with liguid while in the
launch attitude, thus confimming our ability to load the experiment on the
launch pad. The first phase of the TPE was a steady state perfomance
test during which the temperatures and flow rate tracked those measured in
TPE II to better than 10%. Early in the test a prototype flight flowmeter
was connected to the experiment; an unsuspected vacuum leak in the device
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peynitted entry of enocugh air to contaminate the porous plug, though not
to abort the test. As a result, the balance of this TPE consisted of a
second divided flow test, shewn in Figure %0. At a cryostat equivalent
mass flow rate of 10.0 mg/s, the dewar flow rate gettled at 5.0 mg/s for a
total flow rate of 15.0 mg/s. T2, the inner vapor c¢ooled shield
temperature, was 63 K compared with its earlier value of 38-42 K (TFE II
and VI) when all vent flow {~ 8.5 mg/s) was through the dewar VCS.

The primary objective of TPE VII was to detemmine the porous plug
perfomrance, which could not be measured in the previous TPE, as explained
above, First, during initial conversion to superfluid the plug bypass
valve was closed when T1 = 2,8 K and the mass flow rate was still greater
than 300 mg/s, in order to detemmine whether the system could be repumped
to superfluid through the plug alone, if wamup ghould occur at a time in
the prelaunch schedule beyond which we could not operate the cold manual
valves. The plug did in fact cool and carry the full flow as the hath
continued to cool to and below the lambda point.

Figures 11 and 12 illustrate typical data taken with the system in
the inverted atiitudes. In this case up is to the right in Figure 4 and
the trap is below the plug. At large tilt angles and high hydrogtatic
heads (not explicitly shown in the figures) the plug temperatures were
unstable and the bath was waming. We conclude that superfluid was being
forced through the plug. &As the angle and head were reduced, the plug
temperatures became stable and the bath and flow rate decreased smoothly.
It is noteweorthy that in this and similar conditions the upstream side of
the plug (T5) was colder than the bath, indicating a small themmal
resistance existed in the long vent tube between the bath and the plug,
and the downstream side of the plug (T6) was wamer than T5. This last
fact suggests that the liquid/vapor interface had receded into the plug
and the evolving gas was then wamning slightly. The pressure dependence
of this process is seen in Figure 12, When the tilt angle and head were
increaged very slightly, T6 abruptly cooled, the interface having been
pushed farther through the plug. More detailed analyses of these results
are found in the complete TPE series report.7

SYSTEM LIFETIME PREDICTIONS

Figure 13 is a summary plot of IRT system mass flow rates as a
function of the divided flow ratio, s = dewar flow rate/total flow rate.
The dashed lines are analytical predictions of perfomance based on early
calculations of the expected themmal characteristicse of the dewar and
cryostat. They predicted tiizt the steady state stand-alone {8 = 1) dewar
flow rate, F1, would be about 6.5 mg/s, and that to deliver 15 mg/s to the
cryostat, F2, the dewar would receive less than 4 mg/s.

The points shown are measvred or estimated steady state data from the
various TPE's. Only TPE VI gave reliable divided flow data at an
acceptable parasitic heat input. The solid curves are fits to the TPE VI
points and indicate that, if the cryostat requires F2 = 15 mg/s, then F1 =
5 mg/s and 8 = .25. The resulting total flow of 20 mg/s or 12 litexs/day
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meang that if the dewar zan be filled to 150 liters of SHe at final
prelaunch servicing, full cooling could be delivered to the cryostat
continously for 12.5 days. 1If final servicing is campleted 42 hours
before launch, then we will have a three day margin of liquid helium for
the seven day Spacelab 2 mission. If, on the other hand, the cryostat
requires 20 mg/s to kKeep the detectors cold enough, then Ftotal = 24 mg/s
or 14.4 liters/day, and the margin iz reduced to 1.4 days for continuous,
full cooling.

In principle the fluid margin can be increased by changing the
settinge of valves V1 and V2 and reducing cryostat flow during periods of
the mission when infrared cbgervations are not being made. This will move
the system to larger values of s in Figure 13, pemit the optical
components to wam samewhat, and conserve superfluld helium. However it
is not clear at this time how rapidly the infrared detectors and telescope
canponents will mecool to acceptable temperatures, when cryostat flow is
again increased. Thus because of long themmal time constants we may have
to maintain relatively high net flows and a narrow perfomance margin in
order to insure that the infrared observations can be successfully
acconmy Lished,

CONCLUSIONS

In this paper wa have reported briefly on the results of a series of
seven themal perfowmancée evaluations conducted over a period of 10 months
on the Infrared Telescope Dewar Subsystem. A large number of test
objectives were satisfied, including verification and refinement of
complex operating procedures, and measurement of quantitative performance
data for components and for the dewar subsystem. &An important simulation
was made of the effect on the storage lifetime of the complete system when
cooling 1is delivered to the cryostat.

Assembly of the cryostat onto the dewar is in progress and will be
followed by cryogenic perfommance tests on the complete system. The dewar
subsystem TPE'c reported here have served as a vital tool in preparing for
efficient and safe conduct of the system tests and of the flight mission
itself,
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APPENDIX T

DESIGN AND PERFORMANCE OF TRANSFER ASSEMBLY

FOR THE INFRARED TELESCOPE FOR SPACE LAB 2

Gerald R. Karr and John B. Hendricks
University of Alabama in Huntsville

Huntsvi.le, Alabama 35899

INTRODUCTION

The infrared telescope (IRT) for Spacelab 2 is of unique cryo=
genic design in that the approximately 2K He gas is delivered to the
IR detectors from a superfluid supply dewar which is separate from
the telescope/detector unit. The usual design of an infrared tele-
scope system is for the telescope/detector unit to be an integral
part of the dewar with the telescope/detector emersed into the helium
bath., The IRT design has the advantage of decoupling disturbances
in the liyuid helium bath from the IR detector. Another advantage
for IRT was that the telescope/detector design, fabrication, and
testing could be carried cut completely independent of the dewar
development. The design of the IRT telescope/detector unit (called
cryostat) was performed assuming that gaseous Helium at 2°K would
be made available at the inlet to the cryostat at a flow rate that
could be varied from zero to 40 mg/sec. The supply dewar was designed
so that standard commercial construction methods could be used. The
dewar contained no valves or heat exchanges in order to simplify the
desipgn and reduce cests. The interfacing of the storage dewar with
the cryostat is the function of what is termed the transfer assembly.
The transfer assembly (TA) provides for the essential IRT system
functions listed in Table I. Table I also shows a list of devices
contained in the transfer assembly which serve to provide the required
function. 1Ir the following, we report on the design and performance
of the variocus units of the IRT transfer assembly. Figure 1 is a
schematic of the transfer assembly showing the major components, the
flow passages and vacuum spaces. '
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TABLE I
TRANSFER ASSEMBLY FUNCTIONS AND DEVICES
FUNCTLONS DEVICES
1. Phase separation of liquid Porous Flug.

gaseous Helium.

2. Control of flow rate of helium Manifold.
to IR detector.

3. Active and passive radiation - Heat exchangers (three) attached
sheilding. to shields and MLI.

4, Filling, venting, and top-off. Thermally isolated cold valves
' {three) and vacuum jacketed
warm valves (two).

5. Monitor performance, Five germaﬁium and one diode
thermometer. One depth probe.

6. Vacuum integrity, Electrical feed throughs with
‘ o-rings (warm), miniconflats
(cold), rotating seals for gas
line and shaft seals for cold
valve operations, flexible
bellows, cryopump.

7. Burst Protection. Cold burst disks on twe inde-
pendent paths. Warm relief
valves three.

8. Low thermal conduction Fiberglass necktube, long path
between shields and to liquid length, stainless steel thin
volume, walled tubing and heat exchangers

with transitions to aluminum.

Poroqs Plug Module

The porous plug serves as the phase separation device. The theory
and performance of porous plug is discussed in another paper at this
conference.! The plug employed iun the IRT is 1/16" thick porous
stainless steel of one inch dilameter. The plug was welded into a plug
" module. The plug module has one inlet and one outlet terminated
by mini-conflat flanges with copper gaskets. The plug module also
hag two instrumentation ports (cne for each side of the plug) which
are sealed using mini-conflat type flanges with copper gaskets. The %
instrument ports have devices for holding germanium therometers against l
the plug surface under a spring force. ' !
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Plumbing Module

The plumbing module is a removable unit containing the gas mani-
fold, cold valves. snd cold burst disks. Figure 2 shows the plumbing
module with the por.-us plug module attached, The TA manifold serves
a variety of functions depending on the mode of operation. The mani-
fold serves as the cold structural unit to which all the cold valves
and plumbing are attached. The stainless steel manifold is bolted
directly onto the central aluminum support tube which in turn is
rigidly attached to the 200 liter aluminum liquid storage vessel.

The gas side of the porous plug attaches to the manifold and the liquid

side of the plug module attaches to the liquid supply line leading
from the storage vessel., Gas from the porous plug flows into and
through the manifold and out via two possible paths. One path out
of the manifold leads to the helix which then delievers gas to the’
IR detector. The other path is through the dewar heat exchanges
which cool the dewa and TA radiation shields.

The cold fill, vent (plug bypass), and dewar bypass valves are
attached to the manifold allowing filling and vapor venting during:
fill operations. The porous plug is bypassed by the vent valve
during the high vapor flow experienced during the filling and top-
off operations. The dewar bypass valve allows for precooling of all
the TA plumbing and heat exchanges prior to dewar top-off. Prior to
launch, all cold valves are closed and the fill line is evacuated. *
The vacuum in the fill line is szaled at the warm end by a warm low
pressure (3 psi) relief valve. A similar relief valve is placed on
the vent line. During filling, top-off, and pump down activities
the vent line is pumped via large capacity pumps connected directly

“to the vent line at the TA outer case. Prior te launch the TA vent

line accese is sealed with the warm relief while the low vent=line
pressure is maintained by an onboard vacuum pump. Thermal isolation
of the cold valves is achieved by using manually operated valve stems
which are retractable through holes in the radiation shieids. The
holes are radiatively blocked with MLI flaps. A rotating and sliding
vacuum seal is provided for the valve stems at the top of the TA.

One cold burst disk contained in the plumbing module provideées a
relief path should the plug fail to pass liquid or vapor. Another
cold burst disk provides for a relief path past the fill line cold
valve, The two burst disks relieve into the vent and fill lines
respectively which are then relieved by the warm low pressure relief
valves discussed abeve.

"Helix Module

A device called the helix module is designed teo provide for
passage of the cold helium gas through the rotating interface between
the TA and the cryostat. The helix module has mini-conflat inlet and
outlet flanges with copper seals, Cold gas from the manifold travels
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to the helix module inlet. The gas then travels through 1/8" stainless
steel thin wall tubing wound in a helix of three inch diameter having
ten turns. The helix is designed to allow for + 45° cyclic rotation
along the axis of the helix. The number of helix windings was

determined such that the stainless tube was stressed well below the
fatigue limit,

Dewar Heat Exchanges Units

Gas may leave the manifold either through the helix or through
the dewar heat exchanges. The control of the flow rates out these
two pathe is achieved by flow contrel valves on the vent lines of
both the cryostat and the dewar. These flow contrcl valves are
motor operated and are at room temperature housed in a heated flow
control box attached to the flight structure.

The dewar hea exchangers recieve gas from the manifold at a
flow rate determined by the external control valve settings. There
are three dewar heat exchangers which cool the three dewar radiation
shields., The heat exchanges c<¢onsist 0f rectangular altuninum manifolds
welded to aluminum tubs (see figure 3). Figure 3 shows the three
tubs with the heat exchangers welded to the top of the tubs. The
tubs are belted to concentric aluminum cylinders which are welded to

. the dewar radiation shields surrounding the liquid storage container.

Figure 4 shows the three concentric cylinders which are vigible at
the dewar top flange. The dewar guard vacuum is separated from the
transfer assembly vacuum by the fibergla:s neck tube. The fiber-
glass neck tube serves also to support the liquid container, the
radiation shields and thetubes supporting the heat exchanges.

The first dewar heat exchanger i1s a 0.95 by 3.3 by B6em 2 uminum
volume fed by 1/2" line having a transition to 1/2" stainless line
for thermal isolation. The first heat exchanger is connected to the
second heat exchanger through a 1/2" -stainless steel line with
transitien te aluminum at each heat exchanger. A vacuum tight di-
connect allows for the assembly or disassembly of the heat exchanger
interconnects. The second and third heat exchange are of simjliar
design to the first. The second heat exchange has an internmal flow
passage of 0.95 by 7.3 by 108cm length. The third heat exchanger
has an internal flow passage of .95 by 9.8 by 128em length. The
design of the heat exchangers is based on a requirement to provide
for efficient heat exchange while alse having low pressure drop.

The low pressure drop through the heat exchangers is necéasary to
provide efficient. pumping during filling and tep-off operations.
For the range of flow rates through the heat exchanger systems, the

flow is fully developed laminar with a constant Nusselt number, Nu,
of near four. That is

Nu A rua



where h Is the film coefficient, Dh is the hydralic diameter of the
rectangular flow passage and k is the thermal conductivity of the
gas. Under the condicions of fully developed laminar flow, the
pressure drop is reduced to extremely low values as indicated by the
following equation for pressure drop per unit length of that ex-
changer

dp _ 32mu
dx ODﬁA

where m is the flow rate, U is the viscosity, p is the density, and
A is the cross~section area of the flow channel. The equatiou
reveals the importance of increasing the area to reduce the pressure
drop while maintaining the heat transfer at a high level.

Transfer Assembly Porformance

The assembled and flight ready transfer assembly is showm
pictured in figure 5. The view seen in figure 5 shows the top of
the TA with the three cold valve control stems visible. The external
fill and vent valves can also be seen in figure 5. Performance
testing has shown that all objectives have been reached by the design.
Figure 6 shows temperature and flow data recorded during thermal
performance testing. All the various TA modules performed as ex-
pected. The heat exchanger temperatures are found to have long’
time scale (days) damped oscillations to steady state. The heat
exchange/shield systems have high heat capacity with low thermal
conduction between the shields. Cold gas delivery to the cryostat
has been showvmn to be adjustable from zero to 40 mg/sec at a delivery
temperature of at least 2K?. In summary, the TA appears to meet all
specifications and should function us expected during the Space Lab
2 mission now scheduled for March 1985.
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APPERDIX G

THE INFRARED TELESCOPF ON SPACELAB 2

1.

J.B. Hendricks*, G.R. Karr', E.W. Urban* and D.R. Ladner*

¥The University of Alabama in Huntsville; Huntsville, AL 35899 USA
*NASA, Marshall Space Flight Center; Huntsville, AL 35812 USA

I, Introduction

The Infrared Telescope (IRT) for Spacelab 2 is now scheduled

to be flown in April, 1Y85. The experiment has been integrated
into the Spacelab 2 payload and has passed all cryogenics testing.
This paper briefly describes the experiment concept, the theory

of operation, the performance during ground operations as compared
to theory, and finally we discuss the pre~launch servicing that

is planned.

II. Experiment Concept

The concept for cooling the IRT is unique in that the liguid
helium cryogen is contained separately from the telescope. The
liguid helium is maintained in a superfluid state and only the
cold vapor is supplied to the telescope detector block. This
concept allowed for the telescope to scan relative to the shuttle
while the large volume of liguid helium can remain fixed relative
to the shuttle. The concept allows for considerable isclation of
the cetector block from any motions and pressure changes that may
occur in the liquid helium. The storage dewar and cryostat are
shown in Figures 1 and 2 respectively. The reader is referred to
references /1,2,3/ which describe the two subsystems in greater
detail.

In order to reduce costs and to make delivery schedules, the
dewar and cryostat were designed to be developed separately and
the basic units were purchased commercially and contained no
moving parts or active elements. All the plumbing complexity
is built into the upper section of the dewar subsystem called
the transfer assembly. The transfer assembly (TA) contains the
following major components.

a. Porous plug for phase separation of helium.

b. Plumbing manifold for contrel of helium vapor flow.

c. Heat exchangers attached to radiation shields of
the dewar.

d. Three cold valves and two warm valves for £filling,
venting and top-off servicing of the dewar.

e. Instrumentation for monitoring temperatures at six
locations and measuring the depth of liquid helium
in the dewar. ‘

f. Rotating vacuum-tight seals to allow rotation of the
cryostat relative to the dewar and to provide for
manual operation of cold valves.

g. Two burst disks to provide independent burst paths
and designed to operate at helium temperatures.

h. Activated charcoal absorber.
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The abeove major components were all designed to be assembled as
gseparate components which ocould be easily exchanged should some
component fail. The modular desigqn concept has proven to be an
advantage in that some units have had to be replaced for various
reasons during the build~up of the experiment. All the major
components are connected via high vacuum seals proven to be leak-
tight at helium temperatures.

IIT. Theory and Simulation of Operation

The thermal performance of the entire IRT system was first
simulated in order to guide the design and development of the
experiment. A computer program was constructed based on an energy
balance at various stations in the system. Each of the system heat

exchangers were required to satisfy a heat balance equation given
by

- = - U_mb
fyee (To=T, 1) § Cy p (Ty=Tp) + }i: Ry . (T4=T}) (1)

where M) represents either the dewar flow (i) or the cryostat flow
(fa}, cp is the specific heat of the helium gas, Cj,  represents
the conguction heat transfer coefficient between the heat station
at T;j and the heat station at Tp, and Ri,n representsg the radiative
heat transfer coefficient between the itlzl and the nth heat station.
The primary conduction and wadiation paths for each heat exchanger
is between those heat stations directly above and below in tempera-
ture. Notable exceptions to this pattern is the radiation onto

the lower telescope tube during times that the vacuum cover is
¢closed and certain support straps that have conduction paths through
neighboring heat shields. The total mass flow rate (f=mj)+mhy) is
governed by the heat balance for the dewar liquid vessel given by

(T;-Ti) (2)

i
where L is the latent heat of vaporization of liguid helium at
temperature T{. A set of equations can then be developed for the
dewar system given by Equation 2 for the inner vessel and three
equations of the type given in Equation 1 to represent the heat
balance of the three heat exchangers. Equation 1 applied to the
dewar will have mj=sh where s represents the fraction of total
helium boil off sent to the dewar heat exchangers. Assuming that
the outer case temperature is given and the liquid helium tempera-
ture T; is given, we obtain, for the dewar, a set of four equations
in four unknowns of the form

where Ty, T3, and T4 are the unknown temperature of the three dewar
heat exchangers.

The cryostat will receive a mass flow of Mmy=(l-s)i where i is
determined from the solution to Equation 3. Thus, the cryostat
has a set of type 1 equations representing the heat balance of
the four heat exchangers given by '

Ri(TG' T?' TS' Tg) = 0,. is= 5r617r.8 (4)
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The dewar and cryostat sets of eguations can be solved separately
and in a similar fashion. The equations are found to be algebraic
and non-linear which requires that an icerative technique %o used
for numerical solution. A Newton-Raphson method was chosun in
which the residuals given in Equations 3 and 4 are differentiated
with respect to the given unknowns to form, for each Rj, the fol~
lowing equation

aRi BRi
TY-]—.(GY.I) + W:Z‘(GYz) re s e = -Ri (5)

where Yj represents the unknowns. This set of equations is solved
for the cgrrections, §Y¥j, to be used to provide a new value of Y:
at the nt® iteration, given by,

(n) _ y(n-1) (n)
Yy Yi + (GYi) (6)

The above procedure was found to converge rapidly.

Iv. Pre-Launch Performance

The dewar and cryostats were tested separately, and as a system
during a one year period. Figure 3 summarizes the performance and
also shows the comparison with the simulation discussed above. 1In
general, the performance is much as predicted. The total heat leak
into the system 15 only a little higher than predicted and no effort
has been made to identify the source. A more coiplete discussion

of the performance of the system during the various thermal per-
formance experiments is described i a previous paper.

v. ‘Pre-Launch Ground Operations

The pre-launch operations required'for the IRT are summarized
if Figure 4. The figure shows a nominal March 29 launch and ap-
proximately two months of preparation.

The preparation begins with a long duration pumping of the

guard vacuums for both the cryostat/TA vacuum and the separate
dewar vacuum. The vacuum guards are pumped through 3 inch pumping
ports. The first filling of the dewar is designed to cool and
stabilize the system during the period between the beginning of
loading of the Spaceiab 2 (SL2) payload into the shuttle and the
beginning of operations in the vertical assembly building (VAB).
At the beginning of the VAB operation, the IRT is topped-off with
enough liguid helium to last during the entire period of VAB and
pad operations. The dewar is lying with its longitudinal axis
horizontal. This horizontal mode of filling and venting had not
been planned during the early phases of the IRT development and
required that the curved vent tube shown in Figure 1 be added.

Two days prior to launch, when the shuttle is in the launch

pad, the dewar is pumped-on to convert the helium to superfluid.
The dewar is then topped-off with liquid using low pressure top-
off technigues. After the low pressure top-off, the liquid is
again converted to superfluid, in preparation for launch.

G-3
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During orbital operations, the helium flow rate is expected

toc be less than 30 mg/s which will give adequate lifetime operation
of the telescope throughout the nominal seven day mission. The
helium flow rates through the dewar and cryostat will be monitored
and controlled from the ground throughout the misgsion.
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