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INTRODUCTION

This is a companion document to Volume I, NASA CR Ш*»759, ."Final Report."

The appendices contained herein supplement the technical discussion in that

document.
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APPENDIX A

QMS FUEL TANK PRELIMINARY DESIGN DRAWINGS
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MODIFIED THEORETICAL EFFECTIVE GAS CONDUCTIVITY



APPENDIX В

MODIFIED THEORETICAL EFFECTIVE GAS CONDUCTIVITY

In Reference 1 an expression for elemental heat transfer due to free molecule

gas conduction was derived for open net MI systems employing layer densities

from 2.0 to 4.0 layers per mm (51 to 102 layers per inch). That expression
is

<x • °*g hfhr» Ж* <8>*

where

q = heat flux in the x direction

a = accommodation coefficient

k = true gas conductivity

h = thickness of one shield.plus one space (layer interval)

£ = mean free path
Т = temperature

x = MLI thickness dimension

After substitution of curve-fit formulas expressing the gas property para-

meters of Equation (8) in terms pressure, temperature and molecular weight,

the equation becomes

a Tn a,
q =4 _ - -

x гп с . тОт .5т dx8.6 a T°T

*Equation numbers, units and nomenclature (except'where conflicting with

symbols used elsewhere in this report) are those of Reference 1.



for which the gas-dependent constants are:

Gas a n a, m a? о М

H2 2.66 -.42 .971 x 10"5 .92 l . S x l O " 6 .7 2.016

He 1.17 -.333 2.35 x TO" 5 .74 5.0 x 10"6 .65 4.003

N2 1.0 0 1.38 x TO" 6 .92 1 .2 x Ю"6 .9 28.013

The values for a? and о (gas viscosity constants) were not listed directly

in Reference 2 but were derived here from the curves of the reference.

With h«s, (free molecule regime), Equation (10) may be simplified to

qx = [c(T)S phi 4! 02)
x L J dx

or

C dT
4x

where

С = f(aQ, a1 , a2, M)

S = f(n, m, o)

H - number of layers per unit of thickness
-*.
$ = 1/h

In Reference 1, Equation (12) was integrated under the assumption that Т

varied with x but p was independent of x. The result was

„ - CP FTS+I TS+11- пъqg " NQ(S + 1) LH с J (13)

or C_ Г с,-, _ s+1]



For the free molecule regime, however, Knudsen's principle (Reference 3)

states that

If it can be assumed that

(PTS) . (PT-5) . 0

then from Equation (12)

- тс)

Because of the independence of(pT ) of x, the non-subscripted p and Т

may be evaluated at any consistent location within the MI, usually most

conveniently at the hot surface. The effective gas conductivity, which

follows directly from the preceding expression, has exactly the same form as

the previously used semi -empirical formula,

k • ^ рГ (А)
9 N

The gas-dependent constants of Equation (10) were used to evaluate С and

for use in the above formula. The values, along with the corresponding

values for the previous, semi-empirical effective conductivity expression

are shown below.

C, C,
Gas watt-m / Btu

mm-N-KS+1 \ft -hr-Torr-R5*"

H2 .244 (7610) -.70

He .111 (3460) -.74

.0575 (1790) -.48
'2

^2(Previous Sem1-Emp. Formula)

N2, He .0266 (828) -.5



The newly derived theoretical values of S fail to satisfy exactly the
assumption that

but are close enough to the ideal value of 0.5 to offer hope as to the
validity of the theoretical formula for k . In order to test this validity
predictions were made for comparison with effective gas conductivity test
data of reference 4. Results of this comparison, shown in Figure A-l , support
the validity of the theoretical expression, Equation (A), at least for N?.
On the basis of this correlation, the validity for H? was assumed and
Equation (A) was adopted for subsequent thermal analyses in the current
program.
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APPENDIX С

ANALYTICAL THERMAL MODELS

The analytical models used in the detailed thermal analysis are illustrated

in Figures C-l through C-7. Symbols employed in the illustrations are

explained in Table C-l. The figures show the network of thermal conductors

for each case treated, in order to provide an indication of the degree of

detail to which the conduction heat paths were considered. Radiation heat

paths, which in the analyses connected each pair of terminal nodes between

which radiation interchange was significant, have been omitted from the

figures for clarity. Although the analytical models, as currently defined,

represent details of the full scale design, most of them can be easily

adapted to analysis of the subscale design. The following paragraphs

describe features of the individual models.

1. Idealized ML I Blankets

The basic heat flow across the idealized MLI, i.e., blankets having no dis-

continuities or penetrations, was computed with the aid of the one-

dimensional model illustrated in Figure C-l. The total heat path included

conduction across the vacuum jacket skins, coupled radiation and conduction

across the vacuum jacket core, radiation across the vacuum annul us, effec-

tive conduction across the MLI, and conduction across the pressure vessel

wall. For the steady state analysis, representing the 30-day LH
?
 storage

condition, constant boundary temperatures at Tl and T10 of 311.OK (560R)

and 20.5K (37R), respectively, were assumed. For the transient analysis,

representing response to an assumed orbiter reentry with an empty tank,

the temperature at Tl was defined to follow a prescribed history while all

other nodes were free to respond. The interface between the two MLI blankets

was effectively ignored with the assumption of continuous properties through

the entire MLI thickness. The MLI thickness was varied parametrically in

the basic heat flow analysis in order to develop data required for thermal

optimization.



2. Typical Lap Joint

Figure C-2 shows the model used to compute the incremental heat leak per unit

length of single-step lap joint in the MLI. The two-dimensional model

represented a 65.0 cm (26.6 in) wide section of blanket perpendicular to the

joint. It was assumed that this section was wide enough to effectively

isolate the influence of the joint on the basic heat flow. The gap at the

butt interfaces in the joint, which had an important effect on the magnitude

of the joint incremental heat leak, was assumed as .0127 cm (.050 in). As in

the basic heat flow analysis, the MLI thickness was varied parametrically.

Unlike the basic heat flow model of Figure C-l, the joint analytical model

did not include the vacuum jacket or the vacuum annul us. Instead, the

temperatures at the outer surface of the MLI (Tl, T8, T15, T22 T85 in

Figure C-2 were defined as fixed at the value derived from the corresponding

point (T5, Figure C-l) from the basic heat flow analysis. The temperatures

along the pressure vessel wall (T7, T14, T21 , T28, ..., T91) were fixed at

the cold boundary condition of 20.5K (37R).

3. Pin-and-Grommet Fastener

The model used for analyzing the pin-and-grommet (MLI panel installation)

type fastener is shown in Figure C-3. This is the design for which alterna-

tives having lower heat leaks are being considered. As in the case of the

lap joint, the model includes an area of MLI assumed sufficient to isolate

the thermal influence of the fastener. The analytical model is two-

dimensional but, by virtue of assumed axial symmetry, represents the

fastener and a surrounding circular area of MLI 52.07 cm (20.5 in) in

diameter. In a manner similar to the previously described models, the MLI

thickness and the affected lengths of pin shaft and grommet wall were varied

parametrically. For the purpose of computing radiation interchange in the

annular space .between the pin and the grommet, the pin was assumed to be

positioned concentric with the grommet.

The high temperature boundary condition, at T61, T60, T63, T21, T27, T33,

T39, and T45, was set at the computed value for T5 from Figure C-l. The



cold (20.5°K) boundary condition was assumed to exist at T65, T64, T67, T26,

T32, T38, T44, and T50.

4. Pin Fasteners
Figure C-4 shows the model used for a n a l y z i n g the pin-type ( M L I panel
assembly) fasteners. Because of the a l t e rna t ing posit ions of the fasteners
in the two blankets and the poss ibi l i ty of thermal interactions between
pairs of fasteners, it was necessary to employ a three-dimension analyt ical
model. For the fastener pattern assumed, the m i n i m u m size recurr ing cell
is the t r iangular area shown in the f i gu re . The va l i d i t y of such a recurr ing
cell for an analyt ical model depends upon i n f i n i t e repetition of the pattern.
Its use here assumes no interact ions between the pin-type fasteners and the
pin-and-grommet fasteners, MLI lap joints , or other penetrations. For
analys is of the pin-type fasteners, both the MLI thickness ( D i m e n s i o n "B"
in the f igure ) and the pin spacing (d imens ion "A") were varied paramet r ica l ly .
Boundary temperatures were prescribed on the MLI surfaces and the surfaces
of exposed pin heads in a manner s i m i l a r to that used for the p in-and-
grommet and lap jo int analyses.

5. Structural Support Strap

Figure C-5 illustrates the model used to analyze the incremental heat flow

due to a typical support strap penetration. This penetration was actually
treated in two parts: the strap itself, as a direct conductor of heat to

the pressure vessel; and the MLI in the vicinity of the strap attachment

on the pressure vessel wall. Both components of the model are shown in

the figure.

The actual MLI blanket design at the strap penetration includes a number of

cuts, seams, and joints. The modelling of these details, especially in

view of the difficulties in estimating the dimensions of gaps and spaces

at joints and the effects of compression of the MLI, appeared to be a

formidable task and one of questionable value. It was observed that the

design provided total MLI thicknesses at least equal to the basic thickness

everywhere around the strap except in the vicinity of the attachment boss.
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It was therefore assumed that the total heat leak due to the strap pene-

tration could be estimated as the sum of the heat flow through the strap

and the increased heat flow through the MLI due to the reduced thickness

over the strap attachment bolt.

The strap was considered a one-dimensional conductor between the point where

it emerged from the insulation cover to the thickened lug on its pressure

vessel end. Those two points, designated at T51 and T20 on Figure C-5, were

fixed at 311.0°K (560°R) and 20.5°K (37°R), respectively.

The MLI analysis employed a two-dimensional model of an axially symmetric

area 52.07 cm (20.5 in) in diameter, centered on the strap attachment bolt.

No interaction between the strap and the MLI was assumed. As in previous

cases, the MLI thickness was varied parametrically.

Warm side boundary temperatures, at Tl , T8, T15, T21 , ..., T45 were again

set at the value for MLI outer surface from the basic heat flow analysis.

The cold side boundary temperature, at T20, T26, T32, T38, T44, and T50,

were set at 20.5°K (37°R).

6. Manhole Access and Feed Valve Assembly

The model for analysis of the manhole and feed valve penetration is shown in

Figure C-6. The heat flow through this region was expected to be a complex

combination of conduction and radiation with the thermal influence extending

well beyond the periphery of the assembly.

With the exception of the two small vent and valve actuator tubes, the

network shown in the figure was treated as axisymmetric. Heat flow through

the two small tubes was computed on an independent, one-dimensional basis

and added to the heat flow resulting from the axisymmetric model analysis.

Radiation interchange between the small tubes and other surfaces was thus

ignored, but all other possible radiant exchanges permitted by the nodal

network, including radiation through the main feed line interior, were



considered. The conductor values for the two small coiled tubes were based
on their true length, although the figure shows shorter lengths for clarity.

The model for manhole and feed valve penetration analysis included pressure
vessel, MLI blanket, vacuum annulus, and vacuum jacket area out to a radius
of 107 cm (42 in) from the feed line. The thickness of the main MLI blanket
was taken as 2.79 cm (1.10 in) and the feed line MLI as 1.27 cm (0.50 in)
rather than being varied as in some of the other component analyses. It was
assumed that within the range of MLI thicknesses of interest for optimization
purposes, the incremental heat leak associated with the manhole and feed
valve penetration would be little affected by variations in thickness. The
joints in the main MLI providing access to the manhole cover bolts were not
included as part of this model but were included as part of the total length
of joint in the computation of total joint heat leak.

Boundary temperatures for the model of Figure C-6 were 311.0°K (560°R) at
Tl, the outer, warm surface, and 20.5°K (37°R) at T2, at the cold boundary.

7. Vent Valve Assembly
Figure C-7 shows the analytical model for the vent valve assembly penetration.
Although the model was developed as illustrated, the analysis of this pene-
tration, as described in the discussion of predicted heat flow results, did
not incorporate all details of the model. Specifically, radiation within
the valve enclosure and its vacuum jacket housing, and lateral heat flow in
the pressure vessel MLI and the entire vacuum jacket were ignored. The
analysis did include conduction through the main vent line, valve enclosure,
insulation support collar, valve enclosure MLI (laterally only), and the
valve enclosure vent and valve actuator tubes, as well as radiation through
the main vent line interior. Boundary temperatures for the analysis were
20.5°K (37°R) at T70 and 311.0°K (560°R) at Tl and T69.
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TABLE C-l

SYMBOLS FOR ANALYTICAL THERMAL
MODEL DIAGRAMS

T\
* Terminal Node: Terminus for thermal

conductors, point at which tempera-
tures are evaluated, point at which
surface area (for radiation inter-
change) and thermal capacitance (for
transient thermal diffusion) are
assumed concentrated.

Thermal Conductor: Connects two
terminal nodes, incorporating
properties of material conductivity,
conduction path length and conduction
path effective cross section area.

Zero Resistance Conductor: Connects
terminal nodes whose temperatures
are assumed identical.
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APPENDIX D

HALF SCALE LH0 TEST MODEL DRAWINGS
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APPENDIX E

THERMAL INSTRUMENTATION TEST PLAN FOR

THE LH2 TEST MODEL

The thermal instrumentation plan was developed from the Contract NAS 3-15848
Statement of Work instrumentation requirements. Thermocouple locations and
wire routing are shown in Appendix D, Figures D-22 through D-26.

Table E-l is a list of all thermocouples. The thermocouple entries in the
list are grouped by the type of wire required and the lengths shown were
used in determination of total quantities of wire required for the test.
Four types of wire were used: Teflon insulated Chromel-Constantan for
thermocouples in the evacuated volume; fiberglass insulated Chromel-
Constantan for exterior locations; vinyl insulation Chromel-Constantan for
hydrogen filled spaces; and vinly insulated copper wire for LH? reference
junctions and leads. The computations for required wire lengths included
added length margins to facilitate component assembly and disassembly.

Table E-2 lists those thermocouples which comply with the Statement of Work
requirements. In some of the areas specified, a greater number of thermo-
couples than the minimum required were installed; also, a number of thermo-
couples were installed in areas not mentioned in the reference.

A practical limitation on the number of thermocouples located in the
evacuated volume exists by virtue of the available space and cost for
vacuum tight connectors. Four Deutsch Series DM-5623 connectors, located
in the cover plate of the simulated plumbing penetration assembly housing,
as shown in Figure D-38 was used. These connectors contain 37 contracts
each, providing circuit connectors for 74 thermo-couples. These 74 thermo-
couples are listed as the first group in Table E-l.



The Deutsch connectors incorporate 18 Constantan and 19 Chromel pins each.
Therefore, of the 74 thermocouples, 2 thermocouple circuits must use Chromel
pins to connect their Constantan lead wires. Any temperature differences
between the resulting superfluous Chromel-Constantan junctions will generate
extraneous voltages, causing errors in the indicated temperatures. In order
to minimize these possible errors, thermocouples in high temperature areas,
i.e., thermocouples whose unaltered output voltage will be relatively high,
were selected for routing through the all-Chromel connector pins. These
thermocouples are T59 and T60 on the inner surface of the vacuum jacket. Any
of the other thermcouples on this surface would have been suitable, except
T56 or T62, for which accuracy is somewhat more important due to their associa-
tion with thermocouple sets in the MIL.

Three thermocouples, T72, T73, and T74 were to be immersed in the GH? boil-
off flow in the vent tube in an attempt to measure the temperature rise in the
gas as it travels up the tube. The possibility of bonding small fins to
these junctions to increase their response to changes in gas temperature
was explored. Because of the need for maximum accuracy for these temperatures,
relative to the saturated vapor temperature, these thermocouple circuits were
to employ reference junctions within the LH? in the test tank rather than
reference junctions in the cold box like all other thermocouples.

Thermocouple locations and wire routings were planned to achieve the best
combination of accurate, useful data and minimum disruption. In some areas,
these requirements conflicted and compromises were necessary. All thermo-
couples on or within the MLI were attached to shield layers with an
aluminized Mylar tape having reflective properties very close to those
of the shields themselves. When possible, the first 6 inches of wire leading
to the thermocouple junction followed expected isotherm contours in order to
minimize errors due to heat flow in the wires. On tubular components and
support straps, loads made at least 2 turns around the component being
routed away from the location of the junction.
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Location and routings were planned to minimize junction and wire overlaps,
avoding the MLI thickness disruption that would result from excessive super-
position. This is the reason for the rosette patterns for thermocouples
Tl through T6, T7 through T12, and T25 through T30, and the staggering of
groups T13 through T18 and T19 through T24.
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TABLE E-2

THERMOCOUPLE LOCATIONS FOR WORK STATEMENT COMPLIANCE

Work Statement Location Description

"... six different depths in the MLI ...

locations as follows:

(a) Forward hemisphere on a Hne ^5° from
the center!ine of the hemisphere.

(b) Aft hemisphere on a line ^5° from the
centerline of the hemisphere.

Mid point of the cylindrical section.(с)

(d)

(е)

At a point where an fnner tank support
passes through the insulation at a con-
stant radial distance from the support.

The insulation w i t h i n the simulated
manhole access area."

"Twelve thermocouples ... on both the exterior
of the vacuum jacket and the inner face shin of
the vacuum jacket."

"Two thermocouples ... bonded to both exterior
and interior surfaces of the girth rfng."

"Two of the inner vessel supports ...
(a minimum of four on each support)."

"The thermally modeled manhole and fluid line
penetrations ... (a minimum of four on each
penetration)."

"The ullage gas temperature shall be measured
at the outlet of the pressure vessel."

Thermocouples

T 1 , T 2 , T 3 , T A , T 5 , T 6

Т 7 , Т 8 , Т 9 , Т Ю , Т П
T12

T19,T20,T21 ,T22
Т23Д2А

Т25,Т26,Т27,Т28,
T29J30

through T55
Т56 through Тб?

Т 3 1 Д 2 2 , Т 3 2 , Т З З , Т З ^
Т35,Т36,Т37,Т38,Т39

•Т75Д76,Т77,Т78,
Т86.Т87.Т88:
Т69,Т70,Т71,Т82,

Т72
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TEST PLAN

Revised; 1-17-74
5-51-74

LIGHTWEIGHT VACUUM JACKET POH CRYOGENIC INSULATION

Distribution:

Test Engineer»

Test Supervisor:

TTS Test No.l

Test Title:

Contract No.l

Test Location:

Reference:

J. Allbee
D. Barclay "
R. Hanna
R. Lominick
P. Olsen

^&t?S/ X?/<v£«^-
H. M. Olden

л ^^ »y>/5^v*7 чм^ь
,:i£W< •<?=»*— «X^&

4-1720

2-5520

2-5610
2-2405
2-1833

1E-11
8C-45
86-09
1E-11
4A-20

Date»

Date:

JI~/^"73>

s t
/№'&*/'/£

W. A. Smith

7308

Lightweight Vacuum Jacket for Cryogenic Insulation

NASA Contract NAS3-15848

Area 41, Pad 3

(1) Procedures Manual, Tulalip Test Site, D2-121703-1

(2) Engineering Laboratories Safety Manual, D2-121354-1

(5) SOP- 72Z

(4) Engineering Laboratories Test Practices Manual, JD180-14822-1

(5) EWA No. 25540, Task IV

1,0 PURPOSE

Тле purpose of this test is to demonstrate system performance of a half
scale model of the Shuttle Orbiter OMS fuel tank with an evacuated multi-
layer insulation (MLl) system. The performance of this system will be
carefully evaluated in conjunction with the rigorous cyclic operational
requirements of the orbiter.

This test plan describes in sufficient detail the test conditions,
instrumentation, facilities, equipment, and oafety and operating procedures
to insure meeting the program test objectives in a safe and efficient
manner.

2.0 OBJECTIVE

Testing to be accomplished under this test plan will furnish data that
will be used to verify the feasibility of the evacuated MLI system
design for the OHS fuel tank.
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3.0 SCOPE

A half scale model of the Shuttle Orbiter QMS fuel tank will be designed,
fabricated and shipped to Tulalip Test Site for testing on Pad 3» Area 41»
The tank will be installed into an existing Щэ supply, vent and disposal
system with some modifications required. Л radiant heat shroud will be
fabricated and installed around the tank to provide temperature
conditioning. A boiloff test system will be assembled and installed
for determining heat flow into the tank. Three boiloff tests will be
performed. The first one will be considered the baseline boil off rate.
The second one will be performed after subjecting the tank to 100
external pressure cycles of 0 to 200,000 ft. equivalent altitude
pressure and 100 thermal cycles of 100 to 350°P. The third boiloff
test will be conducted while simulating a specified hydrogen leak into
the vacuum annulus of the tanks insulation system. The test data will
provide information to determine if any degradation in performance of
the insulation system has occurred as a result of these operational
environments.

4.0 TEST CONDITIONS

4.1 There will be three boiloff tests and two cyclic tests performed under
this test plan in the sequence as follows:

• Baseline boil-off test

• Load cycling (altitude cycling) test - Area 34 •

> Thermal cycling test

• Post cycling boil-off test

• Constant GH2 leak boil-off test.

4.2 • The test conditions for tho three boiloff tests will be as follows:

• Tank internal pressure 17.0 PSIA

• Tank vacuum annulus pressure *z. 2.0 x 10~4 Torr

• Tank external pressure ambient

w
 • Tank external temperature 100°P ± 5°F

• Tank liquid hydrogen level ^=^3»0 in. from Top

4«3 The test conditions for the load cycling (altitude cycling) test will be
as follows:

• Tank internal pressure Same as external

• Tank vacuum annulus pressure <C2.0 x 10"̂  Torr

• Tank external pressure ambient to 1 . 6 x 1 0 Torr

• Tank external temperature ambient
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4»3 continued

• Tank liquid hydrogen level No hydrogen

• Number of cycles 100 cycles

4«4 The test conditions for the thermal cycling test will be as follows;

• Tank internal pressure 15.0 PSIA

• Tank vacuum annulus pressure <C 2.0 x 10~^ Torr

• Tank external pressure ambient

• Tank external temperature 100°F to 350°F

• Tank liquid hydrogen level ^* 14.0 in. from bottom

• Number of cycles 100 cycles

4.5 The half scale tank model will be constructed of two 90.0 inch diameter
hemispheres connected to an 18.0 inch long cylindrical section. This
tank will hold 2150 gallons of LH2 when full. The inner vessel will have
an operating pressure of 1?«0 psia, a proof pressure of 40.0 psia, and a
design burst pressure of 70.0 psia.

5,0 FACILITIES

All testing will be conducted at the Boeing Company's Tulalip Test Site
located approximately 45 miles north of Boeing's main Plant II headquarters.
This facility has several well developed permanent test areas designed to
handle a wide variety of hazardous and high noise level type tests. The
cryogenic structural test facility, Test Area 41» is one of these special-

ч
 ized areas and will be used for this program. This area is devoted to
structural materials testing which involve hazardous environments. These
environments involve cryogenic propellants such as LH2» L02 and toxic
propellants such as LP2» N204 and Hydrazine.

In order to efficiently and safely handle this type of testing the area
has three heavily reinforced concrete test cells dispersed on an arc
located 130 ft. from the test control and data recording building. Each
test pad is separated on this arc by 85 ft. Each pad has permanently
installed wiring for remote control of the test setup and for remotely
recording all test data. In addition, each pad has installed plumbing
which provides He and N2 pressurization and purge gases, plant air,
water, and electrical power.

This facility has permanently installed Ш2 supply capacity of 14,000 gal.
with a distribution and control system to each of the three test pads.

All testing for this program, except for altitude cycling at Area 34» will
be performed on Pad 3 of Test Area 41.
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6.0 TEST^EQUIFMENT

A schematic of the test setup is shown in Figure f"~\.

The LH2 fill system will include а 1Й2 conditioning cryostat mounted
above the test tank. This vacuum insulated device will condition the
ЬН2 prior to entering the test tank so that the thermodynamic properties
of the entering hydrogen are пэаг!у the вате as the hydrogen already in
the test tank. This is to minimize the disturbance of thermal
equilibrium during test tank refill operations. The pressure in this
cryostat will be maintained at a constant differential pressure of
0»5 psi above the pressure in the teat tank.

A radiant heat shroud will be fabricated and installed around the test
tank so as to provide the required test tank external surface temperature.
This shroud will be an aluminum sphere with quartz radiant heat lamps
installed to the inside surface. Electrical power to the lamps will be
regulated by a Research Incorporated ignitron electrical power control
Unit. A closed loop temperature feedback system will be used to control
the electrical power required to maintain the desired tank surface
temperature. Redundant over—temperature safety circuits will be installed
to prevent accidental overheating of the tank. Preheated gaseous nitrogen
(GN2) will be used as a purge gas between the shroud and the external
surface of the tank. This will aid in obtaining the desired surface
temperature with minimum radiant heating power and aloo will exclude air,
minimizing the chances of ignition of hydrogen.

The test tank internal pressure control system will consist of a closed
loop pressure feedback servo valve system. The servo valve will control
the flow of hydrogen boiloff дав from the tank so that the desired
pressure in the tank will be maintained at a constant value. An Annin
globe valve with the proper sized trim and an electro-hydraulic actuator

. will be used as the servo valve. The tank pressure feedback will be
measured with a Baratron differential pressure transducer referenced
to a very stable constant pressure source. This high-resolution
differential pressure transducer will be used to sense very small
positive or negative pressure variations in the cryogenic tank relative
to a constant reference pressure. This reference pressure source will
be a fixed volume of gas maintained at a constant temperature in an ice
bath. A set point controller will be used to sense the electrical output
signal of the high-resolution differential pressure transducer for control
of the electrohydraulic pressure regulating servo valve. This complete
system results in controlling the tank pressure to a constant value with
respect to the reference pressure.

The flowrate of the hydrogen boiloff gas will be measured with a Hastings-
Radist HP series mass flowmeter calibrated per documented procedures
prepared by the Boeing Cal.-Ccrt. laboratories. A copper tube heat
exchanger will be used to maintain the hydrogen boiloff gas at a constant
temperature before entering the pressure regulating valve and flowmeter.
In addition, the entire tank pressure regulating and boiloff flow
measuring system will be contained in an insulated constant temperature
controlled environmental box for thermal stability purposes.
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6.0 continued

7.0

The gaseous hydrogen (GH2) leak system vri.ll consist of a needle valve,
calibrated and installed to the test tank at the Kent Space Center, and
a pure GHg pressure regulated supply cystea installed at Tulalip. The
GH2 leak rate needle valve will be calibrated at Kent by using helium
leak rates corrected to yield the desired GH2 leak rate. The calibrated
leak will not be accessible when the LL

T
2 tank is loaded but final GH2

leak rate adjustment will be provided by the remotely variable GH2 supply
pressure. Vacuum integrity will be insured by a remotely operated shut-
off valve between the calibrated leak and the tank vacuum annulua. This
valve will not be opened until the time of the constant GHg leak boil-off
test. The section of plumbing betv/een the calibrated leak and the vacuum
shut-off valve will be evacuated prior to opening the annulus to the
calibrated leak. This will purge this section of plumbing во аз not
to contaminate the tank annulus.

An instrumentation list showing parameter, range, and accuracy is shown
in Figure F-2. A block diagram of the instrumentation data acquisition
system is shown in Figure F-3. All instrumentation equipment will have
up-to-date calibration certifications issued by Boeing Quality Control
Organization. These periodic calibrations are designated and performed
per existing Q.C

0
 documented standards. All calibrations are traceable

to the National Bureau of Standards.

All pressures will be measured with strain gage pressure transducers.
These will be located so that they will always be at ambient temperature
thus requiring only an ambient calibration.

Test vessel temperatures above 0°P will be measured with chromel-conetantan
thermocouples with 150°F reference junction. Temperatures below 0°F will
use a LN2 reference junction. Temperatures measured in the vent tube will
be set up as differential thermocouples with the 1H2 in the test tank as
the reference temperature.

Hydrogen liquid level is determined by the use of carbon resistors which
give a point indication as to the presence of liquid. In this applica-
tion, the carbon resistor will be electrically driven so as to slightly
heat up while in the presence of cold hydrogen gas. The increased heat
dissipated as a result of submergence in the liquid hydrogen will cause
a resistance change due to teaperaturo wliich will be detected through a
bridge circuit. This in turn v.dll actuate a relay turning on an indicator
light. The carbon resistor will bo normally installed in a still-well
(shield) to minimize false indications duo to boiling liquid surface
irregularities. Sufficient registers will be installed in the test tank
to adequately monitor liquid levels during thermal stabilization and
boil-off testing. Power to cai'bon resistors will be turned off during R.

stability period when boil-off data is taken.
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7*0 continued

The hydrogen boil-off gas flow rate vill be measured with a Haetings-
Eadist, HP series, mass flowmeter. This will provide a continuous direct
recording of mass flow rate from the tank. This meter with its laminar
flow element will be calibrated per Boeing Cal-Cert laboratories
documented procedures using hydrogen gas. The calibration will provide
data as to actual standard cubic feet per minute of hydrogen gas vs
millivolts output.

A MKS Baratron transducer will be used to monitor the pressure variations
in the test tank. This device is a very high resolution differential
pressure transducer which will be referenced to a stable constant
pressure source.

The test tank vacuum annulus pressure will be monitored with the vac-ion
pump current. The vac-ion pumps will be in continuous operation
throughout the test program. A thermocouple gage and readout will be
installed in the GH2 leak system which could be opened to the annulus
in case the annulus pressure increased beyond the effective range of
the vac-ion pumps. This would provide an emergency means of monitoring
the vacuum annulus pressure.

Test data will be recorded with a Non-Linear Systems (NLS) digital data
recording system. This is a highly reliable, 200-channel recorder which
records millivolt signal data on magnetic tape.that can be lioted or
plotted on IBM-compatible computers. The system is designed to operate
continuously 24 hours per day, seven days per week. The sample rate is
10 samples per second. System accuracy is considered to be 40 microvolts
of 100 millivolts full scale. The data tape will be removed from the
recording system at the end of each boil-off test for computer processing.
The data and calculated values will be tabulated and/or plotted as
required for each boil-off test performed.

Some of the data parameters will be displayed and recorded on potentiometer
type strip chart recorders. This will provide continuous quick-look
information for ease in determining system stability and satisfactory
performance.

A test progress report, Consisting of the test log, reduced data, brief
test summary of any test deviations or annomalies, and photographs will
be prepared after each of the three boil-off tests.
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8.0 TEST PROCEDURES

8.1 Lift test tank/fixture assembly from transportation trailer with crane and
place it on Pad 3» Area 41. This assembly will remain as a complete unit
throughout the Task IV test program.

8.2 Move test tank/fixture assembly into test position and connect to LH2 fill
and conditioning cryostat.

8.3 Connect vac-ion pump power to facility source and monitor annulus vacuum.

8.4 Connect tank thermocouples to test facility instrumentation wiring.

8.5 Leak check tank connection by pressurizing with gaseous helium and using
a helium mass spectrometer to sniff joint.

8.6 Install four sections of the spherical heat shroud around test tank and
connect all power and control cables.

8.7 Connect gaseous hydrogen supply to the calibrated leak system, and purge R
system with gaseous hydrogen.

8.8 Adjust all the test tank and cryogenic system instrumentation recorders
for their proper zeros and calibration pulses with the system vent valves
VH 351 and VH 354 open.

8.9 Purge LH2 conditioning cryoetat by flowing helium through VEe 303 and out
Vfl 354 for 2 min.

8.10 Purge test tank by continuing flow аз in 8„9 but open VH 363 and VH 351
and close VH 354 causing helium flow out the vent for 20 min.

8.11 While purging, set up thermal conditions by gradually energizing the heat
•shroud radiant lamps and nitroc-̂ n gas flow to slowly increase vacuum jacket
external temperature to 100°P ± 5°F. Monitor vacuum annulus pressure while
temperature is being increased and for a period of time after reaching final
temperature until pressure is stable or decreasing. If vacuum annulus
pressure exceeds 2.0 x 10~4 Torr discontinue temperature increase until
pressure decreases. If vacuum annulus external surface temperature of
100°F 1 5°F cannot be reached without exceeding annulus pressure of 2.0 x "W~4
Torr, hold temperature at intermediate level until after completing tank LH2
fill in paragraph 8.17.

8.12 Turn Pad 3 area condition lights to "RED" and notify Fire Department at
completion of purging and after attaining external surface temperature
conditions.

8.13 Set up the facility liquid hydrogen supply system per standard operating
procedures for delivery of LH2 to Pad 3.

8.14 Pill conditioning cryostat by opening vent VH 354 and pad Щ?
 su
PPly VH 301.

The automatic liquid level control system will operate VH 301 as needed to
maintain the cryostat full of LH2»

8.15 Set conditioning cryostat pressure control VH 365 to automatic and close
VH 354 which will hold its pressure to 17.5 psia.
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8.16 Pill test tank, by opening VH 551 and then slowly opening VH 365 keeping
the test tank pressure below 17*0 psia.

8.17 Stop test tank fill by closing VH 363.

8.18 Monitor test tank vacuum annulus pressure during and after filling with
LHg. It should decrease during filling but should not be greater than
2.0 x 10~4 Torr. Complete temperature conditioning per para. 8.11.

8.19 Continue to refill test tank per 8.13 through 8.17 as tank liquid level
decreases to 6.0 inches from top.

8.20 When time between refills approaches 6.0 hrs. then set VH 382 to auto-
matic operation and close VH 351 which will hold test tank pressure at
17.0 psia.

8.21 Continue to monitor all data parameters and refilling tank per 8.19 until
all data appears stabilized indicating thermal equilibrium lias been
obtained.

8.22 Boil-off data will be sampled at decreasing time intervale until con- R
aidered stabilized for boil-off measurement data. At this time, 4 hrs
of concentrated data will be taken.

8.23 Stop conditioning cryostat fill by closing VH 301 and open vent VH 354
and drain VH 366.

8.24 Empty test tank by opening VE 363 and maintaining 17 to 20 psia in tank
by closing VH 382 and intermittently opening helium purge valve VHE 352.

8.25 Test tank will be empty when LL1 light goes out and temperature TS1
begins to rise sharply.

8.26. Close VHE 352 and VH 363 and open VH 351 . R

8.27 Empty conditioning cryostat by opening VH 566 and closing VH 554. It will
be empty when LL9 light goes out and temperature TS2. begins rising.

8.28 Open VH 363 and close VH 366 and VH 354 to prepare system for helium R
purge and initial warmup.

8.29 Open VHE 355 *° Purg8 system for 10 min. and then turn helium heater on
to initiate system wanrtup.

8.30 When TS1 indicates -250°P switch purge gas supply from helium to nitrogen.

8.31 Continue gaseous nitrogen warmup until TS1 reaches 50°P. Then turn off
heater and Gu? and return test pad to green condition. Leave a slight R
positive pressure in system.

8*32 Turn off radiant heat shroud and remove shroud from tank.

8.33 Disconnect instrumentation from test tank.

8.34 Disconnect vac-ion power from facility and put on portable supply.
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8.J5 Disconnect test tank/fixture assembly from conditioning cryostat and move
out of test pad 3.

8.36 Load test tank/fixture assembly on transport trailer and move to Area 34
for altitude testing.

8.37 bift test tank/fixture assembly from transport trailer at Area 34 and
place on altitude chamber dolly.

8.38 Boll test tank/fixture assembly into altitude chamber and connect vac-ion
pumps to facility power supply.

8*39 Close altitude chamber and evacuate to an equivalent altitude pressure of
200,000 ft. and return to ambient pressure.

8.40 Monitor test tank vacuum annulus pressure all during the pressure cycle.
If the vacuum annulus pressure rises above the vac-ion pump capability R
(approximately 2.4 x 10**4 Torr) the test will be stopped. Procedures to
reactivate the test will be developed at that time.

8*41 Repeat this pressure cycle 100 times.

8*42 Open altitude chamber and remove test tank/fixture assembly for transport
back to Area 41•

8.43 At Area 41 repeat steps 8.1 through 8.18 stopping test tank fill when
liquid level reaches 14„0 inches from bottom of tank by closing VH 363.

8.44 Maintain this liquid level all during the succeeding thermal cycling test
by opening VH 363 to refill teat tank as needed. The thermal cycling will
be interrupted during each refill operation.

8.45 Heating to 350°F must be approached cautiously. The possibility of out-
gassing beyond the pumping capability of the vac-ion pumps exists. Heating
should be controlled so that when the limitation of the vac-ion pump (̂ 2.4 R
x 10"4 Torr) is approached the heating system is immediately shut off and

" cold nitrogen gas is introduced in the shroud area to restrict further out-
gassing if possible. If the vacuum annulua pressure rises above the
vac-ion pump capability, the test would be stopped. Procedures to re-
activate the test would be developed at that time. '

8.46 Slowly apply heat manually for the first 100°F to 350°P temperature cycle
while observing the precautions of para» 8.45»

8.47 Turn heat shroud controller to thermal cycle programmer and automatically
cycle test tank surface temperature from 100°F to 350°F for a total of
100 cycles. Continually monitor test tank vacuum annulus pressure for
any signs of degradation or eystem failure.

8.48 At end of thermal cycle test return heat shroud control to set point of
100°F for the following post cycling boil-off test.

8.49 Perform the post cycling boil-off test as in Section 8.16 through 8.22.

8.50 Evacuate the' GH2 leak system by opening W 360 and pumping until P4
stabilizes in pressure.

8.51 Close W 360 and open W 357 which will meter a calibrated flow of
hydrogen gas into the vacuum annulus.
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8.52 Set hydros
611
 supply pressure regulator VH 386 so that Pj is at a value

TBD psia.

8.53 The flow rate of GH2 leak gas will be trimmed by adjusting supply pressure,
Pj. Gradually increase P} in steps, monitoring vacuum annulua pressure.
Final РЗ setting will be that resulting in a stable vacuum annulus pressure
of TBD Torr.

8.54 Perform the constant GH2 leak boil-off test per section 8.19 through 8.23.

8.55 Close W 357 to stop GH2 leak into vacuum annulus. Continue to refill
test tank with Ш2 per section 8.19 until vacuum annulus pressure returns
to TBD Torr or for 3 days, wliichever occurs first. Monitor vacuum
annulus pressure. No boil-off rate or temperature data required.

8.56 Empty, purge and warm up test tank per 8.24 through 8.31.

8.57 Prepare tank for shipment per 8.32 through 8.35.

8.58 Load test tank/fixture assembly on transport trailer for shipment to the
Kent Space Center.

9.0 SAFETY CONSIDERATIONS

The LH2 system to be used for this test poses no abnormal safety problem.
The majority of the equipment, i.e., transfer lines, cryostats, vents and
valves have all been used in past testing for several years. This specific
test configuration has been used in nearly identical form for two previous
test programs« The major difference for this program is in the size of the
test tank. This tank will hold 2,150 gal. (1,270 Ibs.) of 1Я2.

Due to the integrity of the tank design, i.e., design, proof and operating
pressures, failure of the test tank is considered highly improbable as

"long as overpressure conditions do not occur. Therefore, redundant
pressure safety devices will be installed on the test tank so that maximum
pressures will not be exceeded. Also, the vent system of the test tank
has been sized such that in the event the vacuum fails in the insulation
annulus the resultant higher boil-off rate will not cause the tank
pressure to exceed a safe value.

In order to minimize the possible ignition of hydrogen gas that may
accidently be released, all spark producing equipment will either be
explosion proof or be inert-gaa purged. The space between the radiant
heat lamp shroud and the external surface of the test tank will also
be purged with nitrogen gas in order to eliminate any possible ignition
in that area.

The radiant heat system will have a redundant temperature shutoff safety
system. One system will be within the temperature control unit and the
backup system-will be a completely independent unit and will shut off all
electrical power to the heating system in the event tank temperatures
exceed a safe value.
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9*0 continued

In order to eliminate possible conflicts or confusion, and to increase
the safety of operations, the assigned Test Area Engineer will have
overall control of the test including safety procedures, cryogenic test
procedures, malfunction procedures, and control of all personnel in the
test area* During hydrogen test operations, all of the area of Test
Area 41» east of the east end of the control house, will be excluded of
all personnel.

10.0 MAJJWCTION PROCEDURES

A malfunction will be defined as any damage of equipment as a direct
result of test operations conducted per this test plan. This could be
caused by rupture and/or fire of/or from the test tank.

In the event of the above all hydrogen supply valves will be closed and
the test tank will be emptied per 8.24 through 8.31, if possible, and
the LH2 conditioning cryostat emptied Immediately after the test tank.
The Fire Department will be notified and instructed to proceed to Test
Area 41 and coordinate with the Test Area Engineer for further action.
Helium purges of both tanks will then be turned on and maintained to
warm up the test tanks and eliminate hydrogen. As soon as the hydrogen has
been expelled and no over-pressurization of a tank exists the Fire
Department may then be admitted to the pad area to expel any secondary
fires that nay exist and to cool down the test area. All main electrical
power-to the pad will also be turned off to eliminate electrical hazards.
If a malfunction occurs the Test Area Engineer will immediately notify
the Test Site Manager and the Ordnance Engineer. A written report will
subsequently be prepared giving the details surrounding the incident.
Corrective action will be taken before any further testing per this test
plan is resumed*
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