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FOREWORD

The System Effects on Propellant Storability and Vehicle
Performance program was conducted by the Missile and Space
Systems Division (MSSD) of Douglas Aircraft Company, Inc., under
the sponsorship of the United States Air Force Rocket Propulsion
Laboratory, Research and Technology Division, Air Force Systems
Command, Air Force Test Center, Edwards Air Force Base,
California. The research was performed as Project No. 6753 and
Task No. 750G under Air Force Contract No. AF 04(611)-10750,
dated 1 March 1965, and covers work conducted from 1 March 1965
through 19 August 1966.

This report is cataloged by MSSD as Report No. DAC-59314.
The authors acknowledge the major contributions to this report by
Mssrs. B. Schulkin, E. C. Cady, D. W. Kendle, R. H. Michaeles,
P. Marvschak, J. Rhoades, S. J. Viscovich, B. R. Heckman,
F. Wright, and Dr. M. Thomas.

This technical report has been reviewed and is approved by:

Edward Dahl, lst/Lt. USAF
Project Engineer RPRPP
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ABSTRACT

The objective of this program was to investigate the tradeoff
between propellant storability and vehicle performance for the pro-
pellant storage and feed subsystem of a hypothetical LFZ/LHZ space
propulsion system. Detailed paramntric analyses were conducted
on such subsystem problem areas as booster-pump feed system
utilization, feed line design, venting requirements and provisions,
selection of thermal-control coatings, propellant utilization require-
ments, selection and design of insulation and tank supports, and
pressurization system design. Each area waz optimized for a
spectrum of mission requirements and design ground rules. Design
recommendations were derived on the basis of these results.

A full-scale, non-flightweight test article was designed,
fabricated, and tested to simulate the propellant storage and feed
subsystem. This apparatus incorporated, wherever practical,
the recommendations of the study effort. (The simulator, which
uses LHZ and LN7, will be tested in the Edwards Air Force Ease
Space Simulation Facility to obtain experimental data for correlating
certain thermodynamic analytical models used in this study.)
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Section I

4 INTRODUCTION

Future space missions will undoubtedly require more complex and
sophisticated space propulsion systems than are currently available. These
systems may require one or all of the following characteristics:

"* The capability to deliver total stage velocity changes well in excess

of 10,000 f. p. s.).

"* The ability to provide propulsive energy after extended periods of
time in orbit (in the (. der of weeks).

"* The capability to perform high-response multiburn firings with
throttling where the specific mission would be indeterminate at the
time of launch into' orbit.

To efficiently achieve such advanced space missions, it is highly desir-
able to utilize a high-energy cryogenic propellant, particularly LH2 and
LF 2 . The high specific impulse and bulk density of this propellant combi-
nation permits the accomplishment of such missions with potentially lower
stage gross weight and/or higher payload weights than other candidate pro-
pellant combinations. However, orbital heating with substeque.t propellant
boiiuff lostes can seriously compromise the capabilities of -ryogenic stages
for extended-time space missions. LH2 /LOZ Centaur and Saturn S-IV ty1?e
stages are efficient only for missions in the order of several hours in orbit.
Therefore, it is necessary to develop radically new propellant storage and
feed subsystems which can retain a large portion of the cryogenic propellants
for subsequent utilization.

During the past several years, a great deal of research has been under-
way within the aerospace community to develop the technology required to
store cryogenic propellant under the environmental conditions present in
space. This has covered a broad field of problems including (1) the study of
low-heat input surface coating, (2) the evolution of new vehicle structural
concepts which have departed from the convention integral propellant tank
techniques, (3) investigations into multilayer radiation shield insulation con-
cepts, (4) investigations into advanced techniques for controlled venting in
a low-gravity environment, f5) studies of how to design feed lines for low-
heat input, (6) development of improved techniques for predicting pressurant
behavior and its interaction with cryogenic propellants, and (7) development
of analytical tools that can assess the influence of design factors on overall
system performance, and many others.

.x



At this point in time, the accumulated technology must be extended and

applied to a definitive application to establish the overall capabilities of a
high-energy space stage. It is not sufficient to study an isolated LH2 tank,
but, rather, the entire propellant storage and feed subsystem must be studied
as an integrated end item with respect to a specific set or spectrum of over-
all system requirements. Only through such a study can parameter sensi-
tivities and interactions be rationally established. This, in essence, was
the overall objective of this contract.

For an assigned spectrum of mission requirements and design ground
rules, detailed studies were conducted on specific problem areas relating
to propellant store-bility and vehicle performance. Results of the individual
studies were combined in an overall system optimization to establish pre-
ferred design approaches and conditions. Because the study conclusions
were based on analyses and various types of experimental data, a specific
experimental test apparatus was designed and built to permit an evaluation
and correlation of as many of the employed theoretical factors as possible.
This test apparatus along with a test plan for obtaining the required data was
sent to EAFB/RPL in August 1966 where tests will be performed at EAFB
space simulation facility.

2
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Section II •!i

SSUM M A R Y

The objective of this program was to study the in•uence of pertinent
system design features and parameters on propellant storability and vehicle
performance for a hypothetical LFz/LH2 maneuvering space propulsion sys-
tem with the general features itemized in table 2-I and operating under the i
duty cycles covered in table Z-Z. The approach taken was to (I) perform
theoretical studies on each basic subsystem and use the resulting data to
optimize critical parameters for the overall system, (Z) design and fabri-
cate a test apparatus for evaluating as completely as possible, in a l-g. space
simulation chamber, the analytical models used and the appropriate influ-
ence coefficients for inclusion in these models, (3) evolve a test plan for
utilizing this test apparatus and coordinate with Rocket Propulsion Labora-
tory (RPL) personnel to implement this test plan, and (4) use the test
results to correlate and appropriately modify the analytical models and to
reoptimize the vehicle design parameters where necessary. This approach

was implemented by a nine-phase program as summarized below.
•" I. Phase I--Feed Systems. The objectives of this phase were to •ssess

the utility of Li•2 booster pump systems for a range of engine chamber pres-
Ssures, to establish optimum types, and to establish optimum operating

- • parameters to reduce tank pressure and thereby affect a maximum improver
Sment in usable propellant weight. A preliminary specification was developed

for the optimum boost pump system. Through this study, an assessment of
vented versus non-vented tanks as well as a comparison of booster pump and
an all pressure-fed system were also made.2. Phase"H--Feed Sxstem Line Losses. The objectives of this phase were

to evaluate the engine feed-line propellant losses for a conventional design,
investigate methods for minimizing this source of propellant loss, and

select and perform a preliminary design for the approach that shows the
greate st potential.

!• 3. Phase LII--Ventin•. The objectives of this phase were to establish the

i• propellant losses that result from uncontrolled venting, to study various
• techniques for achieving efficient all gas venting and to select and perform

a preliminary design for the approach that shows greatest potential in terms
of maximum usable propellant.

I.•. 4. Phase IV--Vehicle Therma! Control. The objective of this phase was
to select the best su•rf•[ce thermal coating for 1-, 5-, and 14-•ay missions
including the time degradation of coating radiation properties..

3
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Table 2-1

STUDY PHASE VEHICLE PARAMETERS

Paramr eter Magnitude

Gross weight 20, 000 lb.

Payload weight 5, 000 lb.

Propellant weight 12, 732 lb.

Propellants LHZ/LFZ

Loads:

* Boost 5-gaxial/l-g. lateral

T * Orbit 1. 5-g. axial/1. 1 -g. lateral

Maximum diameter 10 ft.

Fuel volume 214. 6 ft. 3

Oxidizer volume 1Z8. 5 ft. 3

Propellant tank pressure 250-ZO p. s. i. a.

Helium storage pressure 3, 000 p. s. i. a.

Fuel flow rate 4. 59 to 0. 46 lb. p. sec.

Oxidizer flow rate 59. 65 to 5. 97 lb. p. sec.

Propellant mixture ratio 13: 1

Orbit:

'1 . Altitude 260 n. mi.

• Inclination 66-1/Z°

* Suntime 66 min.

* Shadetime 28 min.

5. Phase V--Propellant Utilization System. The objectives of this phase
were to assess the capabilities of an oen-loop propellant utilization system
and compare this in terms of maximum usable propellant, with a closed-loop
system having a range of accuracy capabilities.

6. Phase VI--Tank Insulation and Support System. The objectives of this
phase were to study various integrated tank insulation, penetration, and
support systems and select the system that shows maximum performance
capabilities in terms of usable propellant considering both theoretical and
practical features of the approach.

4-



Table 2-2

DUTY CYCLE SCHEDULES

Percent
Total Maneuvers

Duty Burn Times Propellant lnter- Plane Total Avg. Propel"ant Fuel Odi8eICycle Number (hr.) Consumed cept Change Flow Rate (lb. p. s.) Flow Rate Flow Rate

A 1 0 80 3 3 6.8 oA8 6.3Z
2 26 100 1 1 5.05 0.37 4.684B 1 1 50 z 6.37 0.45 5.92
2 Z4 100 2 Z 6.35 0.39 5.91

C 1 0 10 1 0 5.30 0. 8 4.9z
3 3 30 0 0 65.00 4.6 60.4S6 40 a l 3.18 O. ZZ Z. 95

4 8 60 0 1 65.00 4.6 60.45 24 100 2 z . 5.44 0. 39 5.05

02 2.7 20 1/ 0 4.43 0.32 4.11

• 0 12 06.35 0. 45 5.92
3 5.4 30 0 1/2 65.00 4.6 60.4
4 8.6 40 0 1/Z 65.00 4.6 60.4
5 10.8 100 1/ 0 6.35 0.45 5.92
6 13.5 60 I4 0 4.7Z 0.46 4.30
7 16. 2 70 0 1 65.00 4.6 60.4

8 is.9 80 3 0 6.54 0.18 6.36
9 21.6 90 0 1 65.00 4.6 60.4

20 04 100 1 0 5.083 0.70 Z.63
E 1 14 100 4 4 6.5 0.46 6.04
F 1 0 80 3 3 6.8 0.48 6.30

2 1200 3 6 5.05 0.37 4.68
G 1 1I0 160 4 4 6.45 0.46 6.04

1 0 10 6.46 0.46 6.0
z 12 13 6.46 0.46 6.0
3 16 16 6.46 0.46 6.0
4 32 19 6.46 0.46 6.0
5 34 zz 6.46 0.46 6.0
6 48 35 6.46 0.46 6.0
7 32 28 6.46 0.46 6.0

18 36 37 6.46 0.46 6.0
9 40 34 6.46 0.46 6.0

10 44 37 6.46 0.46 6.0
14 48 40 6.46 0.46 6.0
lz 79 44 6.46 0.46 6.0
13 78 48 6.46 0.46 6.0
14 84 56 6.46 0.46 6.015 90 56 6.46 0.46 6.0
16 96 60 6.46 0.46 6.0
17 !02 65 6.46 0.46 6.0
18 108 70 6.46 0.46 6.0
19 120 IG0 6.46 0.46 6.0

1 1 336 100 4 4 6.5 0.46 6.04
3 1 0 50 2 2 6.37 0.45 5.92

2 336 100 2 2 6.35 0.44 5.91
K 1 0 80 3 3 6.8 0.48 6.3Z

L 336 100 1 1 5.05 0.37 4.68
L 1 0 10 6.46 0.46 6.0

2 4.8 12 6.46 0.46 6.0
3 9.6 14 6.46 0.46 6.0
4 14.4 16 6.46 0.46 6.05 19.2Z 18 6.46 0.46 6.0S6 24.0 20 6.4-6 0.46 6.0
7 28.8 22 6.46 0.46 6.0
8 33.6 24 6.46 0.46 6.0
9 38.4 26 6.46 0.46 6.0

40 3.2 28 6.46 0.46 6,0

1 48.0 30 6.46 0.46 6.0
33 180 60 6.46 0.46 6.013 240 65.7 6.46 0.46 6.0

14 256 7).4 6.46 0.46 6.0 !
is 272 77.1 6.46 0.46 6. 0

16 288 82.8 6.46 0.46 6.0 •

17 304 88.5 6.46 0.46 6.0
is 320 94.2 6.46 0.46 6. 0
19 336 100 6.46 0. 46 6.0



7. Phase V-7---Pressurization System. The objectives of this phase were
to evolve an analytical model to adequately describe pressurant behavior and
requirements and to use this model to predict pressurant requirements and
optimum pressurization system design features and operating conditions.
Heated He. -raporized H2, and alternate systems were considered.

8. Phase VIII--Test Apparatus. The objective of this phase was to design
and faricate a test apparatus which can be utilized in the Edwards Air Force
Base space simulator to experimentally evaluate, over a range of operating
conditions, the analytical techniques and design features evolved in the previ-
ous seven study phases.

This apparatus was essentially full-scale, non-flightweight hardware
using LH2 and LN-2 (to simulate LF2) with the general features tabulated in
table Z- 3.

9. has IX--Space Simulation Testing. The objectives of this phase were

9. Phase~~-

to evole a test plan for utilization of the test apparatus, to provide coordi-
nation of the testing at RPL, and to correlate the test results with the ana-
lytical predictions, perform necessary modifications to the analysis, and
reoptimize the system parameters and design features.

This report covers the work performed under all nine phases with theexception of the test coordination and data correlation and reoptimization
taras of Phase IX. These tasks will be documented in a supplementary report
following testing at RPL.

Table 2- 3

TEST APPARATUS DESIGN PARAMETERS
Parameter Magnitude

Propellant LHz /LeN

Propellant weseights:

"" LH2  932 lb.

"• LN2 6, 450 lb.
Maximum diameter 10 ft.
Fuel volume 234. 6 ft. 3

Oxidizer voiume 128. 5 ft.3

Propellant tank pressures 250-20 p. s. i. a.Pressurant storage pressure 3,t000 p. s. i. a.

Fuel tiow rate 4. 59 to 0. 46 lb. p. sec.

Oxidizer flow rate 33 to 3t 3 lb. p. sec.

Tankage design factor 3 on ultimate at 70iF

6
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In the course of this program maximum possible use was made of the
technology evolved and technical results achieved by other R&D contracts
that -,ere related to the problem areas under investigation in this contract.
Particularly close coordination was maintained with contract AF64(611)-10745
that was being performed by Rocketdyne with Douglas Missile and Space
Systeme Division as a subcontractor. This contract covered a system study
toward basically the same type of flight vehicle. Considerable information
relative to sub,•ystem weights, vehicle configuration and duty cycle were I

obtained from this source. Coordination meetings were also held with
Lockheed Missiles and Space Company and progress reports were exchanged
with NASA contract NAS3-4199 to ensure that the latest available data on
insulation system design- was used. To further this objective, technology

review trips were also inade to NASA/Lewis Research Center, NASA/George
C. Mar,.•hall Space Flight Center, and Arthur D. Little.

The study relied heavily on results from Douglas Independent R3search
and Development programs (IRAD) in such areas as high-performance insu-
lation (HPI), pressurization and feed system research, and F 2 technology.

A flight vehicle configuration was prepared early in the study to main-
tain continuity and a common point of comparison for all the individual
studies. This was modified and detailed as the study progressed and as
specific items were established in this study and in the work under way under
contract AF04(611)-10745. The flight configuration in its final form is shown
in figure 2-1. The tabulated tank pressures were agreed upon by Douglas and
RPL in the early stages of the program. The general configuration is as
defined by table 2-1 and from conclusions reached under contract AF04(611)-
10745. The noted skin temperatures and tank support arrangement were
determined from the findings of Phases IV and VI. Although a shroud-oriented
insulation is illustrated in figure 2-1, the alternate insulation locaton was also
considered throughout the study.

7
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Section III

CONCLUSIONS

Many conclusions can be drawn from the work performed under the
seven study phases of the program. However, the conclusions are closely
tied to the study ground rules and limitations and must be viewed with caution
when departing from the assumed conditions.

The conclusions are itemized below according to study phases.

1. Phase I - Feed Systems.

a.' With both pressure- and pump-fed basic engines, independently
driven LH8 booster pumps can be used to improve overall stage
performance. The magnitude of this potential performance improve-
ment decreases as required cngine inlet pressure cecreases.

b. For booster pump pressure rises of less than 30 p. s. i., d. c.
battery-driven systems are optimum. However, for pump &P values
in excess of 30 p. s.i., a hot-gas turbine drive using a F 2 /N 2 gas
generator appears optimum.

c. With both pump- and pressure-fed basic engines, the optimum size
booster pump is one that results in a LH2 tank pressure of approx-
imately 30 p. s. i. a.

d. A pump-fed engine, with or without a LH 2 booster pump, yields a
higher performance than any of the pressure-fed systems or any of
the optimum conbinations of a pressure-fed engine and independently
driven LH2 booster pump.

e. Since low (30 p. s.i.a. ) pressure tankage is optimum, a feed system
using vented tanks yields higher potential performance than one
using non-vented tankage.

2. Phase II - Line Los3es.

a. For long--'iuration missions, non-vacuum-jacketed steel feed and
vent lines cclvered with multilayer insulation result in optimum
performance with relativeiy low system heat input. Aluminum lines
are optimum for very-short-duration missions.

b. Tank shutoff valves with a pressure relief bypass in parallel with
the tank valve are recommended.

c. The tank shutoff valves should be opened during settling and the
settling time increased to permit feedline chilldown.

9



3. Phse III - Venting.

Sa. A limited degree of LH? venting will occur particularly with low
tank pressures and duty cycles which require a small amount of
propellant ia the tank (duty cycle k).

b. Little if any F? venting is required for missions of up to 14 days.

C. Liquid phase venting of the LH. tank cannot be tolerated.

d. For zero-g. LHZ tank venting, a thermodynamic liquid/vapor sepa-
rator offers maximum performance potential, although it requires
development.

e. If venting of the LF 2 tank appears likely, which would be the case

only for missions longer than 14 days, the concept of using the cool-
ing capability of the LHZ tank vent gases to cool the LF 2 tank to
prevent its venting appears feasible but also requires development.

4. Phase IV - Vehicle Thermal Control.

a. Of the thermal coatings studied, Zi in KSi 4 yielded the best basic
performance with the minimum degradation in properties for up to
14 days in orbit.

b. Average surface temperatures on the vehicle side wall of approxi-

mately 330 0 R. should be expected.

5. Phase V - Propellant Utilization.

a. If the mission is indeterminate at the time of launch, open-loop
propellant utilization systems generally show greater performance
potential than closed-loop systems for low tank pressures, where
significant venting occurs. For pressures higher than approximately
75 p. s. i. a., closed-loop propellant utilization systems are pre-
ferred if they can achieve at least 1/2 pct. accuracy.

b. Propellant utilization ranged from 99. 1 to 99. 6 pct. with fuel bias
requirements ranging from 0 to 85 lb.

6. Phase VI - Tank Insulation and Support.

a. NRC-2 and Dimplar multilayer insulation systems, using aluminized
Mylar, demonstrated excellent and comparable overal: stage per-
formance, when each was properly optimized. Direct tank and
shroud-oriented ineulatiorn mounting also resulted in comparable
overall stage performance.

10
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b. A pure He interstage purge appears to offer the greatest potential
for achieving thermal protection during typical ground-hold and
boost-phase operation. However, future advancement in developing
sealed bags could alter this general concept.

c. To support the propellant tankage within the shroud, a point-type
support system utilizing glass fiber materials yielded the maximum
performance capabilities, fron' the standpoint of minimum weight
and heat leak. A tension rod system is recommended; however, a
compression member system may be equally effective.

7. Phase VII - Pressurization System.

a. The following pressurization system is recommended for a pump-fed
engine. For repressurization: heated He for both tanks using a
separate F 2 /H 2 gas generator heat source.

For expulsion pressurization: engine bleed GH 2 for the LH 2 tank
and heated He using an engine nozzle heat exchanger for the LF2
tank.

b. For a pressure-fed engine, a pressurizatioa system was recom-
mended which uses heated He for the LF2 tank and vaporized and
heated GH 2 for the LH2 tank, where a separate F 2 /H? gas generator

acts as heat source in all cases. The HZ pressurant. is stored as
a i~quid in an auxiliary tank within the LH. tank and pressurized by
heated He.

c. Heated GH 2 was always preferred over heated He, at the same tem-
peratures, for LHZ tank pressurization.

d. Optimum inlet gas temperatures were in the order of 300 to 500 0 R..,
depending upon the tank pressure. Higher inlet gas temperatures
actually result in a loss in overall stage performance using con-
ventional inlet gas diffusers.

?I
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Section IV

TECHNICAL DISCUSSION

1. Phase I--Feed Systems. For the flight vehicle under consideration, the
propellant tankage constitutes approximately 10 to 24 pct. of the etage hard-
ware weight over a tank pressure range of 25 to Z50 p. s. i. a., respectively.
Therefore, reductions in tankage weight can potentially result in significant
increases in usable propellant weight for a fixed gross and payload weight.
One often-considered technique for achieving tank weight reduction is to use
a booster pump in conjunction with the engine. The booster pump supplies a
certain pressure rise, AP, to the fluid, which can permit a corresponding
reduction of AP p. s.i.a. in the required tank pressure.

Conventionally, booster pumps are considered with pump-fed engines
where the oooster pumps supply relatively low heads, in the order of 5 to 25

p. s. i.a. These use motor-driven pumps supplied with electrical power by
combinations of batteries and engine turbopuinp-driven generators. There is
no practical reason, however, why larger booster pumps with a completely
independent drive system could not be used with pressure -fed engines. In
reality, such an approach is an attempt to evolve a systein that is a compro-
mise between an all-pump and an all-pressure fed systenm.

To evaluate this approach, it was decided to consider the use of booster
pumps only on the LH2 side of the system. Two factors led to this decision:
(1) because the LH? tank weight is nearly twice that of the LFz tank, most of
the weight reduction benefits would result in the LH? system; and (2) the
development problems for efficient booster pumps for LF 2 service are rel-
atively unexplored and a large area of uncertainty would be raised by includ-
ing them in the study.

a. Preliminary Candidate-System Screening Study. A vast number of
hardware items can be assembled to form a booster pump system. To es-
tablish what should be studied in detail, a preliminary screening study was
performed to identify a reasonable number of candidate systems. Figure 4-1
shows the breakdown of the booster pump system defining three areas: (1) the
pump, (2) the pump drive, and (3) the energy source. The pump drive may
be either an a. c. /d. c. motor or a turbine using hot or cold gas. Maximum
variation occurs in the energy source area. For d.c. motors, a battery, an
engine -driven generator, or a turbogenerator may be used. For an a. c.
motor, a turbogenerator, a battery/inverter, or an engine generator plus a
battery/inverter starter may be employed. Turbogenerators require sec-
ondary energy sources such as a cold- or hot-gas energy supply. The energy
source for turbine drive systems is a gas supply which may be either cold
gas, such as He or H2 ; or hot gas, such as the products from a combustor,
or bleed H2 from the engine. The combustors may be monopropellant or
bipropellant gas generators burning a variety of propellants, including Hz0 2 ,
NzH 4 , F /Hz, OF /C 3 H8 , and others.

Submerged sump-mounted-LH2 booster pumps have been under study for
several years and have been employed in the Centaur vehicle. Such pumps
have been found to be reliable and efficient, and to require minimum instal-
lation space. Therefore, it has been assumed that such a configuration would
be used in this application.

13

S.................. - " "4 - -- .. . . ....... .



;-,.-~ r.igo ý

............

njýC
8LUj_

U.' CD cm

"_ L _E.C - -

Cl

u =

zo., UJ

ott j= UJ = M 2

4c -C7U . o0 LAE
MI U) - L 0

_j 0: C). >j cc= m4j w

w 2t~C-

I-- m J-0 U3 co CD:

-i CD

Ull
0D

LLJ CLL

M ca

CMC

IC

14I



At this point, it was not completely obvious that any of the techniques
mentioned was either far superior or inferior in a comparative sense. Con-
sequently, a preliminary weight comparison was made for the 23 systems
listed in table 4-1 and are identified according to the notation of figure 4-1.
For ecample, system IB3 (F 2 /H 2 ) is a., a. c. motor drive that uses a turbo-
generator with a Fz/H. gas generator. The right-hand column of table 4-1

lists the estimated weight, and table 4-2 itemizes the indi vidual weights used.
All computations were based on a Z3 5 -p. s. i. a. pump pressure rise, a full
LH? flow rate of 4. 6 lb. p. sec. and a propellant temperature of 37°R..

The significance of these weight numbers is not in their absolute value
but rather in their relative values. Examination of the totals reveals that
all of the cold-gas systems are considerably heavier than the rest of the
proposed approaches. The weights of the others shown on the table are rel-
atively close. Therefore, the cold-gas turbine systems were eliminated
from further consideration. Because weights for electrical hardware such
as motors, generators, and inverters were not estimated, the total weights
for these systems are deceptively low and cannot be compared with the con-
ventional turbine systems. Ten baric systems, not including propellant
variation, were selected for further study. Schematic diagrams of these
systems are shown in figure 4-2. The propellants,where applicable, were
taken as H 2 0 2 , NZH4, FZ/H 2 , or OFZ/C 3 H8. (OFZ/C 3H8 was considered
because it is a potential candidate for the reaction control propulsion system
and, therefore, may be aboard the stage.)

b. Evaluation o. Candidate Booster Pump Systems. A subcontract was
issued to Pesco Products Division of Borg Warner to generate realistic
parametric data on booster pump system hardware. The subcontract covered
generation of appropriate weight and performance data for the selected
booster pump systems. This work included information on pumps, batteries,
turbogenerators, inverters, motors, and controls. Douglas retained respon-
sibility for the propellant supply system, whcre required. The results of
the Pesco work were provided in reference 1, and the essentials of this effort
are repeated in subsequent portions of this phase description.

Figure 4-3 summarizes the basic component weights as a function of
power in terms of horsepower for mechanical equipment and kw for electricalequipment. Figure 4-4 summarizes motor and pump efficiencies.

Because high horsepower-to-weight ratios can be obtained at high ef-
ficiencies with motors submerged in cryogenic liquids, only motors of this
type were considered. As can be seen from the motor weight curves, d.c.
motors are heavier than a. c. motors at high power levels. Also, d. c. motor
weight increases more .apidly with increasing power output. This is pri-
marily a result of Epced limitations. Commutators which are required only

for d.c. motors limit speed capabilities. With a. c. motors, increasing the
speed permits a decrease in rotor and stator weights. For example, at 92 hp.
a d. c. motor is limited to a speed of about 6, 000 r. p. m., but the a. c. motor
could go up to about 30, 000 r. p. m. However, to avoid specialized power
"supplies, the speed is limited to 22, 800 r. p.m. Gear boxes to step up the
rotational speed are also required with d. c. motors to obtain better speed
matching with the pump. This gear box weight is not included in the indicated
d. c. motor weights.

15



Tal 4 -1

BOOSTER-PUMP SYSTEMS STUDIED

Drive system-
Identification Description Weight (lb.)

1134-N H Hot-gas turbine 140

2I- 2H Hot-gas turbine 142
1- 2H A. camtrtroeeao

IB3-F 2 H ~ A. c. motor -turbogene rator 1 6 4a

IIB4-H 2O02  Hot-gas turbine17

I1B5-0F /C H8  Hot-gas turbine 1-73
IA3 -F 2 / H D. c. motor -turbo generator 184a

2A- 4 D. c. motor -turbogene rator 184a

IAl D. c. motor-battery 186a

135 A. c. motor -battery/inve rter 207a

K ~ A~c. moto -turbogenerator21

£B33-OF 2 ! G3 H 8  A. c. motor -turbo gene rator21

- 1B3 Engine bleed turbine 222

IIB3' Engine gas generator bleed turbine 227

IA3-0F /C H8  D. c. motor -turbogene rator 238
2A- 3 a

2A- 2 D. c. motor -- turbogene rator 239a

IIAl Cold GH turbine 6872
IIAZ Cold He turbine 804

133-cold H2  A. c. - -turbogene rator 873a

IA3 -cold H2  D. c. -turbogenerator 977a

IB33-cold He A. c. rmotor -turbogene rator 1 0 2 2 a

IA3 -cold He D. c. motor -turbogenerator 1147

IA4 D.c. motor-engine generator 14

134 A. c. mnotor-engine generator 1

aDoe not include certain electrical hardware.

b Start battery weight penalty only.
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Turbine weights were based on a multipass partial admission design with
a speed limit of 60, 000 r. p.m. and inlet pressures and temperatures of 400
p. s. i. a. and 1,730° F., respectively. In lieu of performing a very time-
consuming optimization to arrive at turbi.,e efficiencies, a value of 1,5 pct.
was assumed. In some cases, this would be a conservative value.

Inverters are normally bult in sizes up to 5 kw. Therefore, it was
necessary to estimate weight for equipment of higher power on the basis that
rotating inverters are basically motor generator devices and that the 50 pct.
efficiency level, common for the small units, is also valid in the higher
regimes, The weights were tailored to 200 sec. heat sink operation by taking
into account the normal 150 pct. overload for a 5 min. duration usually in-
corporated into this class of hardware. Static inverters were found to be
entirely noncompetitive with the rotating type.

D:c. generators demonh-4.,-Ae rapidly increasing weight with power output
relative to a. c. generators because of the speed limitation, as disci.5ssed
previously relative to d. c. versus a. c. motors. The weights shown were
determined from available and projected hardware. Efficiencies of 75 pct.
and 80 pct. for d. c. and a. c. generators, respectively, were assumed.

Battery weight estimates were based on information provided by Yardney
Electric Corporation for units with Ag/Zn active ingredients and magnesium
external :ases. Operating voltages were limited to about 110 v. to maintain
low battery currents, and it was determined that the energy capacity had to
be maintained at about 17 w. -hr. p. lb. This value is primarily determined
by the high discharge rate over a short period of time which necessitates a
large battery plate area. Ar. additional 15 pct. weight increase over the
17 w. -hr. p. Ib criteria was included for external casing. Batteries were
sized for 20 restarts. It was found that the size of the battery required for
starting was the same as that of the battery required for continuous 200 sec."
ope ration.

Pumps were sized with 2-in, discharges and with the saturated liquid
assumed to be 82 p. s. i. a. with a 50°R temperature at pressures above 82
p.s. i.a. Each pump is capable of flows of from 4. 59 to 0.46 lb. p. sec.
Radial, mixed, and axial flow pumps with single and multiple stages were
studied with specific speeds ranging from 1, 000 to 7,000 r. p.m. A max-
imum rotational speed of 30, 000 r. p. m. is considered to be a reliable oper-
ating regime within the current technology. Pump efficiencies generally
were considered to be 65 pct.

Other weight items, such as gear boxes, rectifiers, and controls, were
based on extrapolations of existing hardware. These hardware weights were

7 combined to evolve system weights as shown in figure 4-5. The weights shown
do not include propellant or the propellant supply, where required. For the
all-electrical systems, however, the indicated weights are actually total
system weights. Figure 4-5 shows clearly that the d. c. battery system (IAI)
is lighter than the a. c. system (IB5). Although a. c. motors and generators
are lighter than their d.c. counterparts, the added inverters in the a. c.
system result in higher cverall system weights. Figure 4-5 also demon-
strates that motor-driven 

booster 
pumps powered 

by the main engine are



A4

80

A. TURBINE SYSTEMS

11B4
60 1 3IB 5

40

20

0 40 80 12 , 160 200 240

-j

1,00

1,000 I IPD 23 11
B.,BASIC BATTERY SYSTEMS B

1 800 ___ _ _ 

IB 19

600 
-5

IAI

400 
1951

200

0 5 1 
...

0 40 8o 120 160 200 240

PUMP PRESSURE F,

"j •Figure 4-5. Booster-Pump System Weights (Less Re(

22



600

C.TRBO GENERATOR SYSTEMS

400

03 40 80 120 160 200 240

1,000 -1---------- 235

D. ENGINE-DRIVEN SYSTEMS 100, o"'235

80 IA4 - 100
80 B4 100 195

is- ý 19

600'

400 /100

200- -

41r

U40 80 120 160 200 240

PUMP PRESSURE RISE (PSI) PDDISCHARGE PRESSURF

*Weights (Less Required DriVL ropellant System Weights)



4.
ILI

heavier, in all cases, than the straight d. c. battery system. This is the
case because the required start battery must be as large as the battery for
continuous operation, as indicated previously. Thus, the engine-mounted
generator is strictly additional weight over the basic battery.

Figure 4-5 shows an interesting crossover point for the turbogenerators.
At pump APs below about 40 p. s. i. a., d. c. systems are lightest, but above
this level, a. c. systems are to be preferred on a weight basis. Thus, the
mninimum weight curve for the turbogenerator system would be a broken line
following the d. c. curve below 40 p. s. i. AP, shifting to the flatter a. c. curve
above 40 p. s. i. AP.

Inspection of figure 4-5 permits the elimination of systems IBh, IA4,
and IB4, from further consideration, leaving only hot-gas turbines, d. c.
batteries, and a. c. or d. c. turbogenerator systems. It is necessary to in-
corporate the required propellant systems to compare these systems further.
Basic propellant thermochemical data for the fluids under consideration
were generated by the Douglas JA60 thermochemical computation computer
program and were provided to Pesco. Fromn this, Pesco produced curves of
turbine-working fluid consumption as a function of turbine power output. By
combining these with curves of pump power input versus pump pressure rise,
a plot of required propellant flow rate as a function of pump pressure rise was
prepared. This is shown in figure 4-6 for the maximum pump discharge (235
p. s. i. a. ) for the four propellant systems under consideration. The propel-
lant consumption is lowest for the F 2 /H 2 system and highest for the HzOz
monopropellant system. N 2 H 4 and OF 2 7C 3 H 8 are about the same and fall
midway between the two extremes. From figure 4-6, it is possible to deter-
mine the propellant weight requirements and the weight of corresponding
propellant feed system hardware. These estimates were first based on a
booster pump system with a discharge pressure of Z35 p. s. i. a., with a full
flow 200-sec. burn time. The resulting weights for turbine systems IIB3,
11B4, and IIB5, and electrical turbogenerator systems IA3 and IB3 are shown
in figure 4-7. For a comparison, the d. c. battery system, IAI, is also
shown. System weight for lower discharge pressures and longer burn time
at reduced flow are slightly different but reflect the same comparative trends.
Table 4-3 shows the weight breakdown for system IIB5 burning F 2 /Hz to
indicate weight distribution.

The curves for the turbogenerator systems, shown in figure 4.7, are a
composite of two systems which accounts for the discontinuity: the first por-
tion is the d. c. system, IA3; and the second portion is the a. c. s~ystem, IB3.

This is the net minimum weight for the turbogenerator system. However, the
electrical turbogenerator system is always heavier than the hot-gas turbine
system. There is a distinct crossover point with the d. c. battery system
which occurs at a pump AP of about 17to 18 p. s. i. a. with the hot gas turbine

and at 28 p. s. i. a. with the turbogenerator system. Beyond a pump pressure
rise of 30 p. s. i. a., however, the d. c. battery system is noncompetitive.

It can further be seer. that when a propellant system is required, the
F2/H2 system offers minimum weight potential. This savings is small
(about 6 lb. at 40 p. s. i. a) at low AP values, but at a AP of 220, the saving
can be about 33 lb.
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Table 4-3

TYPICAL BOOST'lR-PUMP SYSTEM WEIGHT BREAKDOWN

Hot-gas turbine--using FZ/H?, gas generator exhaust prod-acts

Discharge pressure = Z35 p. s. i. a.
Pump pressure rise = ZZ0 p. s. i. a.

Pump!turbine complex 44 lb.

Propellant 7

Tankage 6

Miscellaneous (controls and lines) 10

Total weight 67

Dry weight _ 60 lb.

Independent -esearch by Douglas on a F 2 /HZ gas generator has indicated
that such a device, as would be required for the energy source, is feasible
and wý.ll within the state of the art: therefore, this propellant system was
selected for further use in this study. If OFZ/C 3 H8 were used in the RCS
propulsion system, it would be more convenient to use this combination and
accept the relatively small weight penalty.

From figure 1-7, a min~mum potential system weight curve was developed
as shown in figure 4-8. Tnis does not inAude the effects of additional heat
loads to the LH2 which would I oresent for either a turbine or an electric
motor-driven system. In the - =e of the turbire, heat would be radiated from
the warm turbine hardware to tt.e propellant tank as well as some heat con-
duction through the power transmission shaft. This total was roughly eeti-
mzted to be 2 Bý t. u p. sec. Assuming an operating time o€ ?00 sec. and
.issuming that all the heat goes into boiloff, this could cause about 21 lb. of
",H' ;)iloff. For the electric motor systems, the motor inefficiency is

'ly felt as an additional heat load to the propellant. For a d. c. motor
g a 30 p,, s. i. a. AP pump, the heat rejected to the propellant is about

1. t. u. p. sec. which represents a potentizl LHZ builoff of about 35 lb.
an a. c. mnotor, which is more efficient than a d. c. motor, the heat load

to the LH., for the same set of conditions, is about Z, 2 B. t. u. p. sec. (a
boiiof linss of Z3 Ib, ). However, t>i assumption that all the heat load goes
into boiloft is m~sleading and these losses were neglected at this point. The
data of figure 4-8 was taken ts a minimum potential system weight to deter-
mine if there is a range of efficient application for booster-pump systems.

c. Booster-Pump Throttling. When throttling the main engine, gener-
ally it will also be necessury to throttle the booster pump. A preliminary
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investigation of techniques for booster-pump throttling was part of the scope
of the Pesco subcontract effort and was reported in detail in reference 1.
The essentials of this work are summarized in this gection.

The'e are basically three approaches that may be fakern to throttle the
booster pump: (1) variable pump speed, (Z) pump discharge throttling, and
(3) variable pump flow by-pass.

Throttling over a 10:1 ratio can efficiently be obtained by varying pump
speed. The manner in which speed variation can zxost easily be obtained
depends upon the type of drive. With a turbine system, the turbine mass
flow rate would be varied. With a motor drive, voltage and frequency varia-
tions would be used for d. c. and a. c., respectively. However, the equip-
ment to effect variation in the electrical systems is quite heavy and. therefore,
not applicable in general to the flight systems being considered. With a
turbogenerator system, variation in turbine speed by modulating turbine
propellant flow does result in the desired electrical variations. Turbine
flow control valve system weights including modulator and electrical drive
would vary from about 8 to 14 lb., depending upon pump pressure rise betveen
0 and 235 p. s. i. a. Such a system would require development, however.

Downstream throttling and pump by-pass both employ constant speed
pumps. Flow by-pass was found to result in probable instability because of
operation at overcapacity. Downstream or discharge throttling is feasible
and results in a decreased power input requirement for the pump, for pump
specific speeds below 3, 000 r. p. m. This approach is generally preferred
for low AP booster-pump systems using battery primary power.

The details of pump throttling depend strongly upon the detail,1 of the
ultimate total propulsion system that is to be used.

d. Booster-Pump Optimization. The booster-paimp system was opti-

mized consi-dering the entire flight vehicle sy.%tem using Douglas computer
program H109, which is described in appendix A. The following basic condi-
tions were assumed:

M The high-performance insulation systerm was of the shroud-oriented
Dimplar configuration with the number of sheets optimised specif-
ically for each tank pressure condition.

The pres-urization system was assumed to usa hea.d He with an
inlet temperature of 400°R.

0 Computation. were made for duty cycles A and K, which are 1- and
14-day missions, respectively. Each cycle expels the propellants
in two burns, with the first burn consuming 80 pct. of the propellant
immediately after orbit attainment and the second burn consuming
the remainder at the end of the mission. (Duty cycle K represents
the most difficult mission relative to propellant storability.)

* Other conditions such as weights and restraints are immarized in
appendix B.
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The first step in the optimization was to assess the performance, in
terms of usable propellant, for each ground-rule LHZ tank pressu -e, (41, 100,
195, and 235 p. s. i. a. ) assuming no booster pump in the system. The results
are illustrated in figure 4-9 which shows a marked increase in usable propel-
lant weight as t-nk pressure is reduced. Fi.gure 4-9 also indicates that pump-
fed engines are superior to pressure-fed systems for the assumed co.nditions.
For the presbure-fed cases, about 60 lb. of usable propellant is lost in going
from a I- to a i4-day mission. For the pumnp-fed case, the corresponding
loss in usable pro•pellant is ;-bout 150 lb. (mere venting occurs ia tha low-
tank-pressure, pump-fed case).

The pump optimization was performed by making runs on the Space
Propulsion System Optimization Program (H109) for a constant booster pump
discharge pressure, but by varying pump pressure ri!'e values. This, in
effect, means varying tank pressure since tank pressure = pump discharge-
puamp rise. Pump discharge pressures were assumed to be equivalent to the
four ground-rule tank pressures. The results, in terms of maximum usable
propellant as a function of LHZ tank pressure, are Ehown in figures 4-10 and
4-11 for the pressure and pump-fed systems, respectively. This shows that
in all cases studied, the maximum usable propellant weight results with a
LHZ tank pressure of about 30 p.s. i.a. For the pressure-fed engine systems,
this means a booster pump pressure rise of 205, 165, and 70 p. s. i. a. for
discharge pressures of 235, 195, and 100 p. s. i. a., respectively. For the

I pump-fed engine case, the optimum booster pump would have a pressure rise
of about II p.s.i.a.

Table 4-4 summarizes the improvement in usable propellant by using
.he optimum booster pump for eacL ground-rule LHZ tank pressure. For
reference purposes, the improvement resulting from using a basic pump-fed
system relative to the all pressure-fed system is also shown. This indicates
that for all pressure-fed cases, booster pumps result in significant improve-
ments with the magnitude increasing as engine delivery pressure increases.
For pump-fed engines, the gain is small for the study ground rules. If a
more restrictive and detailed study had been made for the pump-fed system
alone, perhaps a larger increase would have resulted, but for the type of
study performed, the indicated increases are within the tolerances of the
optimization program and the input accuracies.

The right-hand column of table 4-4 indicates that the improvement in
going from an all pressure-fed to an all pump-fed system is significantly
larger than going from an all pressurized to a pressurized system augmented
with a booster pump. This is not really surprising, however, since the
pump-fed engine should be more efficient, but table 4-4 does show the penalty
involved in not using a conventional pump-fed engine.

p
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Figure 4-11. Booster- Pump Optimization for Pump-Fed Systems

Table 4-4

IMPROVEMENTS IN USABLE PROPELLANT
RESULTING FROM USE OF OPTIMUM BOOSTER PUMPS

I Pressure delivered Change in usable, propellant weight (lb.)
to engine

Use of optimum Use of pump
boost pump fed engine

Z35 +460 +t30

1 195 + 360 + 580

100 + 60 a 210o
0 41 Ins ignificant .-

aWithin the accuracy range of the optmization.
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Optimum Booster Pump Specification. At this point, the optimiza-
tion res4lts were reviewed with RPL, and it was decided that the pump-fed
engine offered greater potentials in terms of performance than tne pressure-
fed engines. Therefore, only the booster pump for the pump-fed engine was
rons~dered further, and a prelirrinary specification was prepared for this
case. Unfortunately, because of the relatively small pump required for this
case, the pump system weight is probably within the accuracy of the sum total
of all system weight inputs. Therefore, the information on which this specifi-
cation is based is not nearly as accurate and meaningful as would be desirable.

Figure 4-11 indicates that an LHZ tank pressure of approximately 30
p. s. i. a. is opt'mum for a pump-fed engine. For tVe baseline engine inlet
pressure of 41 p. s. i. i. , this means a required booster pump pressure rise
of 11 p. s. i. a. This was the basis from which the specification was developed.
The 11 p. s. i. a. AP corresponds to a pump with a maximwun power rating of
2. 75 hp. With this and the data contained in reference 1, the information
contained in table 4-5 was evolved.

It originally bad been planned to supply the optimization data to Pesco,
and between Douglas and Pesco efforts, evolve a preliminary design and
specification. However, since the booster pump was found to be a second-
order problem, it was deci-led, as an economy measure, to terminate the
booster pump work at this point.

Table 4-5

PRELIMINARY SPECIFICATION DATA FOR
OPTIMUM LHZ BOOSTER PUMP

1. General Type Submerged LH2 booster pump directly driven by
d. c. motor and external d. c. battery.

2. Pump Output power 2. 75 hp.
Efficiency 65 pct.
Pressure rise I I p. s. i. a.
Discharge pressure 41 p. s. ý. a.
Inlet pressure 30 p. s. i. a.
Maximum weight 11 1b.
Maximum speed 25, 000 r. p. m.
LH2 flow rate 0.46 to 4.6 lb. p. s.
Discharge line size 2. 0 I. D.
Iniet line size 2. 5 1. D.

. 3. Motor Output powe r 4. Z5 hp.
Efficiency 75 pct.
Maximum weight. 5 lb.

Maximum speed 25, 000 r. p. m.

4. Battery Output power 5. 7 hp.
Maximum weight including case 16 lb.
Maximum duration at iuijl power 200 sec.
Pump restarts 19
Maximum ope rational battery life 15 days
Environmental temperature 40" ,
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2. Phase fl--Feed Line Losses. When a propulsion system uses high-
performance multilayer insulation, the total heat input to the propellant is
reduced to a relatively low level. A significant portion of this resulting heat
lcad is a direct result of conduction and radiation heat transfer through the
propellant feed and vent lines. Furthermore, for a multiburn stage, the
alternate filling and emptying of the feed lines influence their design criteria

and requirements, both from fluid flow and heat-transfer considerations.
Therefore, it ib essential that the feed line be carefully designed to minimize
this source of propellant heating and to satisfy operational requirements.
The first st.p to be t:ken in this design is to view the propellant tank, tl.e
tank insulation, and the feed and vent hardware as an integrated system and
not as distinct unrelated parts.

Line routing and sizing are relatively straightforward and determined by
the general configuration and requirements of the stage. Figure 2-1 illus-
trates the selected line arrungement. This results in the following line
lengths: LF2 = 173 in., and LH2 = 10 in. Fluorine vent = 50 in., and
hydrogen vent : 55 in. rrom flow and pressure drop analyses conducted
under Phase VIII, line inside diameters of 2. 5 and 3. 0 in. were selected
for the feed and vent lines, respectively. Wall thicknesses of 0. 022 in. were
assumed as minimum gages.

a. Basic Line Design Stud . The next step was tc; determine the best
line materials and insulation teniques. This was accomplished by evalu-
ating a number of candidate concepts, including:

0 Bare metal lines constructed of either steel or aluminum.

* Vacuum-jacketed lines constructed of steel or aluminum. (The
vacuum jacket was assumed to be 0. 018 stainless steel with a
4-1/2 in. I. D. using teflon support rings every 2-1/2 ft.)

1 lSteel or aluminum lines with 50 sheets of NRC-2 multilayer HPI
installed over the line exterior.

In all cases, an evaluation was made for location of the primary tank
insulation either directly on the tanks or on the structural shrouds. It was

Sfurther assumed that the LF2 and LH2 tanks were initially at -320'F. and
-4200F., respectively. The shroud temperatures were taken from the compu-
rations made under the Pbhaýse IP. activity, and it was assumed that there w&,s
physical metal-to-meta!. contact with the line at both shroud and tank end.
Material property date. were taken from references 2 and 3.

__ (1) LF 2 Feed Line Analysis. The first point to be resolved
was to assess the desirability of vacuum jacketing. This was accomphshed
by performing a the rmal analysis comparing bare lines with vacuum-
jacketed LF? lines using the Douglas three-dimensional heating computer
program (JC56). The line itself and the jacket were divided into 20 equal-
length heating nodes. For the aluminum lines, heat transfer was assumed
to be solely by corduction, but with steel lines, both radiation and conduction
were considered. The numerical results are shown in table 4-6 for four
basic line ckcsigns each with and without vacuum jacketing.
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The weight of fluorine boiloff was computed assuming that all the heat
entering the line results in liquid vaporization and boiloff. This is conserva -
tive because a large portion of the heat actually goes into raising bulk tern-
perature and vapor pressure. However, the boiloff weight plus the line
structural weight provide a good comparison criteria. Table 4-6 contains a
column labeled weight of LH2 lost which is the LH2 boiloff resulting from
radiation to the LH2 tank from the warmer LF 2 line. This is significant
only with shroud-mounted insulation. Table 4-6 indicates that although there
is generally a slight reduction in boiloff loss, this is not great enough to
compensate for the heavy vacuum jacketing. Because of these findings,
vacuum jacketing was drcpped from further consideration.

The remaining candidate line systems were analyzed in a similar but
slightly more rigorous manner yielding the results shown in table 4-7. The

line weight plus propellant boiloff weight is shown as a function of time in
figure 4-12. As discussed above, figure 4-12 was prepared assuming that
all the heat-transfer results in propellant boiloff. These results define a
number of important trends. Although steel lines are heavier than aluminum,
the heat leak is considerably less with steel because of its lower conductivity.
Therefore, choice of line material is dependent upon mission time. For
example, the results indicate that with bare lines and insulated tanks, alumi-
num lines would be best with mission durations of 5 days or less, while steel
lines would be preferred for longer missions. With shrouc-mounted insula-
tion, the crossover occurs at about 8-1/2 days. Another noticeable trend is
that when tank-mounted insulation is used, insulation of the feed line is man-
datory. On the other hand, when using shroud-mounted insulation, line
insulation has a very small effect, and in the case of aluminum lines, it
actually represents a very slight weight penalty. Considering all the candi-
date approaches, the minimum potential weight would be achieved by using
shroud-mounted insulation and a bare aluminum line up to 8-1/2-day missions
and an insulated steel line for longer missions.

(2) LH2 Feed-Line Analysiz. The short-length LH2 feed line
was analyzed in a similar manner to that de:zibed above for the LF 2 line
except that 10 heating nodes were used instead of 20. The results are sum-
marized in table 4-8 and figure 4-13. In this case, the insulated stainless
steel is preferred for all missions.

(3) Vent Line Analysis. The vent lines were analyzed in a
manner identical to the feed lines. An average temperature at the shroud-
vent line juncture was assumed at -130°F. and 40°F. for the LH2 and LF 2
vents, respectively. Table 4-9 summarizes the results for the LF 2 vent
line, and table 4-10 shows the results for the LH2 vent line. The weight
penalties are plotted in figure 4-14. In the case of the LF? vent, insulated
stainless steel appears bcst except for very short missions. For the LH2
side, insulated stainless steel is best for long durations but for missions
shorter than 2-days, bare aluminum should probably be used.

36



. 0 .0 .0 1ý Ct C:
-: a a- 0 ~ Qf 0-

IV 4: 0 4D

4..

0A 0

0

(.L4

v V
0 M c C

0 0 0 0 0 0 0

cc, 4c< I4
xU X Nc m .

_______37



I0 C 0 Y

4; N N Ni N 0 0C 0

4) ~ 0 0 0 0; 0 0 0

V).

E-).
>4 4-1

N N0 N No 0 0 0 0r

E- m

0 0 0 0 0r

<>4 -4
0o V o

-4)

z V5.

00u- 0 0 0

4. 4.) CfA 0 - .j

o 0 0 0 0 0 0 0
0~ 04 1-4 0- 4 -

r-4 -4 1-4 1-4

U~ ) 4) (A 4
4) U) 4) 4)

-4 -4 1-4 -

4J4.) 4

.~38



4J

.0 00 -4 00 1- 0 00

01 N 04 0 a' 0

U-) cn-%a,

N4 '0 C 4 O r C 4

1 '0 0 0
41 1

z -
V4

0'~~; F4'4 ~ 4 '0

41

(1) (1 U

4 Cd

Id (d (

>)4

U) 4)39



%1'0 ~ '0 N r'- N r-

4) 1

4,4 0 V) c

r4. 1

N
0-40 0 0 % 0 0 0

"4.

Lo z

0 0 0 000 0 0

E4~44

N~ '0 0 c0 " '0 0
~~~4 W. 4 ~ - . U)

44 0 0 0' 0 0 -4 0

4. E0p4 C-4 -

4a)- 4)

00 IA

"44

41 41 41

400



L CL

*1 IO

_ _Z a1t _

____ -'I __.

oiLL Li.
dc0

E

in CD

Cnn

(81i) 1Hmi3M .iIo-w sflld 3Nn1 33J

4



Jf)J

.~121

ww

A UJA

Go

Ilk

C2

442



Za~

~C:)I2

ui 0i-

* . JX j mw
00

00m
0'0'

M4-

-1 1- - ui UI _5 U
czE;E<<

_ _ _ _ _ _ _ -J

=3C Qi

am.

-4

44

(81)~~~u IHIJ Jd010 1N13Od jd31

[w__ _ __ _ _ _ _ _



b. Line Heat-Transfer and Fluid Flow Phenomena. To assess the
desirable operating features for the feed line sy,5tem, a more' detailed study
of the line transient heat transfer and its influence on the fluid in the line
was made. It waa reasoned that after an engine firing, a favorable occur-
rence in the feed lines is the formation of a stable vapor region at the thrust
structure that could force a major portion of the liquid propellant in the lines
back into the tank or overboard. The stability and, therefore, the usefulness
of this vapor region depend on the velocity of the vapor/liquid surface as it
recedes from the thrust structure and on the acceleration forces present.

The differential equations governing the vapor/liquid interface move-
ment were never completely determined owing to the complexity of the
problem. In addition, the inclusion of radiation heat transfer made apparent
the fact that any exact solution could only be determined using finite differ-
ence methods.

In determining the dominant factors and possible approximate solutions
to the problem, it was noted that if temperature profiles for a perfectly
insulated finite rod were assumed, essentially all of the liquid/vapor inter-
face movement was due to the expansion of vapor already formed after
approximately 1 ft. of the line had been filled with vapor. By assuming these
profiles to be representatiye of the actual feed line heating, the problem
could then be reduced to one of a composite finite rod initially at a uniform
temperature and subjected to a step temperature change at one end.

The problem was simplified further by noting the predominant role of
the metallic line with respect to the vapor in the line. The temperature
history of a composite rod depends on its axial conduction and heat capacity.
Since the metallic line is the major contributor to these properties, the vapor
may be neglected and the line considered as a metallic tube with an effective
liquid/vapor interface existing at the point on the line where the saturation
temperature exists.

Both of these assumptions will yield conservative answers. By assuming
no vaporization, velocities higher than the actual result since the latent heat
of vaporization has been eliminated. The assumption of an empty metallic
line also yields higher velocities because of the relatively large heat capacity
of the vapor as compared to its axial conductivity. Thus, if the temperature
profiles assumed are similar to the actual profiles encountered, this approxi-
mate solution should yield conservative estimations of the lituid vapor inter-
face velocity.

The calculated feed line temperature profiles are shown in figures 4-15
and 4-16 for various line designs and indicate the position of the liquid/vapor
interface relative to the thrust structure at steady-state conditions. This
interface will be positioned near the -2600F. point (its approximate satura-
tion temperature) on the profile. Figure 4-17 shows the transient distribu-
tions for the insulated steel line which indicates that the steady-state is
achieved in about 200 hr.
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Results of line heating show that the temperature profiles assumed are
nearly correct and very little propellant is vaporized after the interface
recedes I ft. from the thrust structure. Figure 4-18 shows the growth rate
of the vapor region for three stainless-steel line systems. For these small
growth rates and the expelýted acceleration forces (less than 10-4 g), the
interface will be stable and the vapor region will force some of the LF2 out
of the line after each firing, if relief capabilities are provided. The omitted
stainless-steel system, the bare line with insulated propellant tanks, had such
a high-radiation heat-transfer rate to the line that the possibility of a vapor
region formation around the LF2 existed, rnsking this approximate solution
invalid. Further investigation was not pursued un this configuration since
this design did not yield feavorable -esults at steady-state condition.

Figure 4-18 compares the solution of the insulated stainless steel line
using an insulated shroud to the theoretical solution of a perfectly insulated
infinite rod (dashed line). These two curves agreed fairly well initially.
Since the effect of radiation is much less for the high conduction rates experi-
enced with the aluminum lines, only the theoretical heating curve is presented
for the aluminum feed lines, (figure 4-18). This shows that even for alumi-
num lines, the velocity 1 ft. from the thrust structure, approximately 7-1/2
f. p. r. is small enough to ensure liquid/vapor interface stability.

The assumption of iiquid/vapor interface movement dae to expanding
vapor is not valid for the LH2 line. This is a result of the small difference
in the density of the LHý vapor, the LH2 and the short length of the line.
Thus, the most conservative estimate is to assume that all of the LH2 left
in the line after each firing is boiled off.

The line pressure will, in general, be above the collapsed tank pressure
providing a pressure difference so that the line could be relieved back to the
tank.. Becaus;e the bulk of LF in the tank is subcooled, the saturation point
always lies within the line. This means that with a tank shutoff valve or pre -
valve, the line will neve r be emptied pas sively (i. e. , by self -pre ssurization).
Furthermore, there will always be some liquid in the line which will not in
any way contribute to excess heat leak into the tank since it will be in thermal
.)quilibrium with the line.

It was previously thought that the amount of LF2 trapped in the line could
be minimized by leading the closure of the prevalve, and indeed this could
reduce by as much as 10 pct, the amount of trapped LF2. However, it is
seen from figure 4-17 that this would not aiter the final condition of the
liquid in the feed line and would not reduce the heat load to the tank (since
it is principally through the feed line proper, not its contents). However,
leading the provalve closed would have the deleterious effect of leaving a
void in the line, which would promote sloshing and unstable fluid behavior
in the line immediately following engine shutdown. It is recommended,
therefore, that no prevalve lead be employed and that both prevalve and
engine valve be shut as nearly simultaneously as possible.

Figure 4- 1, also showp that a LF2 prevalve is not directly required for
thermal reasons (provided the liquid interface is stable). On the LH2 feed
line, a prevalve is required thermally because the line boils dry very quickly
and the prevalve minimizes the propellant boiled off.
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Pressure relief of the line can be accomplished in two ways: (1) by
venting the vapor (thrust structure) end to the tank, or (2) by venting the
liquid (tank) end of the line to the tank. If the vapor end is vented to the tank,
some of the heat input to the line may end up in the tank via the vented vapor.
If the liquid end is vented, the heat into the line stays in the line and does
not get to the tank, providing the liquid vent is sized for maximum vapor
production, and the heating rate is low. The integrated heat input to the
LF2 line is shown in figure 4-19 and is relatively low. With liquid venting,
almost all of this heat will go into warming up the line and vapor with
very little going into boiloff since the liquid is in thermal equilibrium with
the line. The liquid relief check valve, by-passing the prevalve, is sized

0 to accommodate the liquid equivalent of vapor production under a peak nucle-
ate boiling heat flux of 20, 000 B. t. u. p. hr. p. ft. 2 to satisfy the worst case
of initial boiling at the thrust structure valve face. This results in a 1/4-in.-
dia. liquid relief and check valve. Once the initial vapor barrier has formed,
the line heating will preceed as in figure 4-17.

It can be seen from figure 4-17 that, depending on the coast time and
the line pressure, the line can be anywhere from 90 pct. full to less than
10 pct. full. This trapped propellant is a cause for some concern during
propellant settling, if ullage rockets are used for settling as anticipated.
The settling acceleration is about 10-2 g., and thus the feed line Bond
number is about 48, which is marginally unstable. Thus, during settling
the trapped liquid would fall into the warmer end of the pipe and vaporize, A

causing bubbling and geysering in the feed line. It would not help the
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situation to vent the lower end of the feed line, since the head exerted by the
full liquid column under 10-Z g. is only about 0. 1 p. s. i., and the back
pressure from even a large vent fine and check valve would surely exceed
this for the expected vapor flow; that is, the bubbles would rather rise
freely up an open 2-1/2-in. feed line than up a much smaller vent line.
Therefore, it ir recommended that the prevalve be opened during settling
to allow unrestricted vapor egress and provide a full chilled feed line at the

* end of settling. The sensible beat oif the line for the most empty case is
about 100 B. t. u. which would vaporize something over a pound of LF 2 ,
creating nearly 3 cu. t. of vapor.

This problem would not be alleviated by either (1) removing the pre-
valve so that the line may empty itself with an initial pressure surge under
zero-g. coast or (2) actively blowing the line clear of propellant during
coast. Maintaining the line in an empty condition during settling merely
postpoAes the problem until engine start, when the engine must ingest an
entire feed line full of vapor, It is felt that such ingestion would have a
deleterious effect on engine reliability and performance. This would be
more severe for pump-fed engines than for pressure-fed engines. Further,
actively emptying the feed line serves no useful purpose since it requires
that more propellant be put back into the line and thus may increase the
settling time. The problem would not be substantially helped by making the
feed line small ei )ugh for capillary stability during settling, since for the
long coast missions, the engine would again be forced to ingest up to 90 pct.
of the feed line volume of vapor.

c. Recommendations for Feed Line Operation. On the basis of the
above arguments, the resulting conclusions and recommendations for feed
line operation are summarized as follows:

0 A prevalve, although not required thermally, should be incorporated
in the LF, feed line to retain propellant in the line during zero-g.
coast.

* The line should be pressure-relieved at the prevalve with a 1/4-in.-
dia. check valve by by-passing the prevalve.

* The prevalve should be opened during the settling and the settling
time increased to allow the feed line to fill and chill down prior to
engine restart.

0 The line should not be vented at the thrust structure end since the
back pressure required would make such a vent ineffective against
geysering during settling.

* The feed line should not be actively emptied by pressurization
during coast.

* The feed line should not be made smaller for capillary stability
during settling.

* The prevalve closure should not lead the propellant valve closure
but should be closed at the same time.



Figure 4-20 illustrates a recommended conceptual design for a combination
tank prevalve and line pressure relief check valve which would, satisfy the
above recommendations.

(4) Feed Line Restart Weight Penalties. The weight penal actu-
ally incurred by settling the propellants prior to engine operation is pr Marily
a function of the heat storage capacity of the line and the heat necessary to
condense the vapor in the line. The worst condition that can arise is to have•
the line achieve steady-state conditions prior to engine operation. This
constitutes the maximum heat storage condition for the line.

For the LF feed line, the maximum amount of thermal energy stored
by the line and tie vapor is less than 50 pct. of the energy required to bring
the LF 2 that remains in the line at steady-state to its saturated condition.
That is, if LF, from the tank is forced into the line, the wetting of the line
can be accomplished by using only the thermal storage capacity of the liquid
originally in the line and without vapor being forced into the tank. Thus, no
weight penalty for the LF2 line would be expected for refering.

Since the LH2 tank is at its saturated conditions, wetting the line will
cause additional LH2 boiloif. For stainless steel lines, the stored energy
amounts to 10 B. t.u. In addition to wetting losses, the fuel in the line after
each firing is also lost. Therefore, the total penalty for the LH2 line is
0.2 lb. of LH2 boiloff per firing. Figures 4-20, 4-21, 4-22, and 4-23 show
the weight penalty versus time for the various duty cycles for the insulated
stainless-steel LH2 line.

3. Phase ill--Venting. Venting of flight vehicle cryogenic tanks may be
necessary to satisfy four individual requirements:

• To relieve tank pressure during ground loading of the propellants.

* To relieve the tank pressure buildup as it approaches the tank
design pressure, as a result of heating during boost phase or
orbiting flight.

• To act as a safety device in case of over-pressurization during
engine operation.

0 To permit blow-down of the tanks to condition the propellant (reduce
propellant temperature to provide NPSH) prior to engine operation.

The last three conditions, as they apply to orbiting operation, pose par-
ticularly difficult problems for the vent system as they generally involve
venting under zero-g. conditions. Under this environment, efficient venting,
that is venting with negligible liquid lose, requires a reliable ullage location
control system or some type of effective vapor/liquid separator in addition
to the conventional vent and/or relief valve hardware. Any venting, gas or
liquid, represents a loss of propellant or pressurizing gas which is no longer
available for useful work. The purpose of a low-heat leak propellant storage
and feed system is to reduce this loss to the point where the combined vent
loss and thermal protection system weight yield maximum stage performance.

52



PROPELLANT TANK

_ . .C L O S E. _ D P O S lI_ T I O_ .N . _

" PREVALVE ' ,,,

RELIEF VALVE

•FEEDLINE

Figure 4-20. Prevalve Bypass and Feed Line Relief
3.0

r -

2.0 V

0Y A

.0-

5 10 15 20 25

TIME (HR)

Figure 4-21. Boiloff Loss for LH2 Feed Line (24-hr. Duty Cycle)



-�

6 - - - - -

t

a
5 - - - - - -

4s. 4 - - - - -
U-
0 H

zw3 --

z
C

0'

00���20 40 60 80 100 120

Figure 4�22. 80110ff Loss for LH2 Feed Line (120-Hr Missions)

10

-A

4

ILU--J __ _

C.,
* 0

C

S
0'

*,p- �.

150 200 250 300. 350
TIME (HR)

� igure 4-23. Boiloff Loss for LH2 Feed Line (336-Hr Missions)

�54
�- - -� ��----



Two approaches may be t:ax.=n to the venting problem. The first is to
design the system and select the operating conditions so that the system
does not require zero-g. venting. This can be done by structurally design-
ing the tankage to accept the pressure leve? s resulting from the propellant
heating. With this approach, no zero-g.' vi nting is required. The alternate
approach is to design the system selecting operating conditions strictly on
the basis of optimization study conclusions and to design the vent with an
appropriate zero-g. venting system, as required. For this study, the second
approach seemed to be the most universally applicable since the ground rules
involved a rather large range of base point tank pressures. Therefore,
emphasis was placed on a system where zero-g. venting was a requirement,
and an evaluation was initiated of the techniques for achieving venting in a
zero-g. mode. To logically accomplish this, it is necessary to have a
reasonably sound idea of what the venting requirements are for various duty
cycles and tank pressures. If very precise, accuracy were required, it would
have been necessary to delay this work untiL the completion of all the optimiz-
ation effort. This was not practical, however, and it was decided to estab-
lish preliminary venting requirements by generating pressure histories for
a limiting range of tank pressures, the ground duty cycles, and an approxi-
mate overall tank heat input level which would be representative of a low-
heat input stage using HPI. The other phases of the study had progressed
to the point where this heat input level could be assessed with sufficient accu-
racy to identify the general venting requirements and to allow comparisons
of the various zero-g. venting approaches.

a. Preliminary Pressure Histories and Venting Requirements.
Pressure histories were evaluated for the 12 ground rule duty cycles and
pressures of 25, 75, and 250 p. s. i. a. using the Douglas H109 Multistart
Propulsion System Sizing and Optimization computer program (see
appendix A). Pressures were selected to correspond to the anticipated mini-
mum tank pressure with a booster pump (25 p. s. i. a.), the level at which non-
vented tank operation was thought possible (75 p. s. i. a.), and the very
maximum pressure level (250 p. s. i. a). The conditions assumed for the
pressure history computations are summarized in table 4-11. The net
effects of the insulation system, skin surface temperatures, and line heat
shorts yield a net heat flux of approximately 50 B. t. u. p. hr. and 36 B. t. u. p.
hr. to the LH2 and LF 2 tanks, respectively. The actual heat fluxes for the
optimized flight vehicle were not known at this point, but should generally
be below this value, except for optimized short-duration missions. Therefore,
the computed pressure histories can be used to identify those duty cycles for
which venting will be required and the magnitude of the venting rates. The
rcsulting pressure histories are shown in appendix C. For the 36 cases
analyzed, none lost oxidizer and 15 lost fuel as a result of heating and/or
propellant conditioning (tank blowdown) before a burn. These cases are

-,.summarized in table 4-12.

"Litt o ellant is lost a;; a result of coast heating in the pressure-fed
cases, and pro nt losses could be reduced to zero by loading the propel-
lant tanks at a total pr re below the run pressure. In fact, for a given
mission and run pressure, nks could be loaded at a pressure such that
the tank pressure increases to exa he run pressure at the end of coast.



Table 4-11

ASSUMED CONDITIONS FOR PRESSURE HISTORY COMPUTATIONS

Input Duty cycle Pump-fed Pressure-fed

LH2 temperature All 360 R 370 R

LFZ temperature -- 140* R 140" R

Initial ullage percentage -- 5 Pct. 5 Pct.

Ambient He temperature -- 520 0 R 520OR
(repres surization)

Heated He temperature -- 400" R 4000 R

LH 2 tank collapse factor -- 1. 5 1. 5

LF 2 tank collapse factor -1- 1.4 1. 4

LH 2 pump NPSH -- 2 p. s. i.a. --

LF2 pump NPSH -- 5 p. s. i.a. --

LH 2 lineaP -- p. s. i. 3 p. s. i.

LF 2 line AP -- 5 p. s.i. 5 p. s. i.

LH2 tank run pressure A-D 21 p..s.i.a. 120 and 245 p. s. i. a.
E-K 21 p.s.i.a. 70 and 245 p. s.io a.

LF 2 tank run pressure A-D 32 p. s. i. a. 120 and 245 p. s. i. a.
E-K 3Z p. s. i.a. 70 and 245 p. s. i. a.

LH2 tank vent pressure A-D 25 p. s. i.a. 125 and 250 p. s.i.a.
E-K 25 p. s.i.a. 75 and 250 p. s.i.a.

LF 2 tank vent pressure A-D 35 p. s. i. a. 125 and 250 p. s.i.a.
E-K 35 p.s.i.a. 75 and 250 p. s.i.a.

In such a case, there would be neither a venting loss or pre -pressurization
penalty. More realistically, however, the mission will not be defined at the
time of loading, and this ideal situation cannot be guaranteed.

b. Assessment of Liquid Venting Penalties. An analysis was made to
determine the weight penalty for uncontrolled venting of liquid for the study
vehicle duty cycles requiring venting. The analysis was based on venting
100 pct. liquid all the time and is clearly an improbable worst case. The
assumption is justified, however, since the analysis has the objective of
showing (with numbers) the conclusion that liquid venting positively cannot
be tolerated. For five duty cycles where venting of the LHz tank occurred,
the weight penalty based on a ratio of liquid density to vented vapor density
at the vapor partial pressure is surnmarizedin table 4-13.

56

x,,S 
01i



Table 4-12

LH2 LOST BECAUSE OF VENTING (LB.)

Duty Vent Coast Conditioning
cycle pressure loss loss

E 75 0.4 --

250 0.1 --

F Z5 6.0 10.3

G 25 0.9 18.0
75 0.7 --

250 0.6 --

S25 -- 18.7

I 25 41.4 31.1
75 3.6 --

250 2.8 --

J 25 51.4 20.1
75 3.4 --

K 25 57.7 11.6
75 18.6 8.2

L 25 5.8 56.7

Table 4-13

WEIGHT PENALTY FOR LIQUID VENTING

Duty PT(p. s. i. a. ) heatingb. Wconditioning (lb. ) Wtota(l1b. )

cycle T W i(tbo

F 25 2,504 5,234 7,738

H 25 -- 11,622 11,622

J 25 10,880 671 11,551
75 551 -- 551

K 25 15, 350 5,207 20, 557
75 2,919 1,313 4,232

L 25 2,006 22,660 24,666

Since the normal weight of LH2 in the tank is about 900 lb., it is clear
that liquid venting will empty the tank in every case but the fourth one. The
magnitude of the above numbers depends on the assumptions used for the
pressurization system, which in these cases assumed heated (400*R) He.



The numbers are so large, however, that no pressurization system assump-
tion is going to alter the essential conclusion: Liquid venting is unacceptableInd some form of vent control must be utilized.

c. Study of Zero-. Venting Concepts. Having determined that zero-g.
venting cvlth LH2 tank will be required for certain combinations of duty
cycle and tank pressures and that uncontrolled liquid venting is not feasible,
a study and comparison of various zero-g. venting systems was initiated.
This study consisted of selecting certain candidate systems, generating
required performance, and weight data for each concept, and then comparing
then on a weight basis for a fixed set of conditions for the venting require-
ments determined above.

Two basic approaches may be taken to obtain controlled low-g. venting:
fluid phase separation and ullage position control. In the phase separation
approach, some form of separator is used to separate the gas from the
liquid and ideally only the gas phase is vented. For this study, two separa-
tor concepts were selected for evaluation: (1) a mechanical device using
centrifugal force to separate the different density fluids, and (2) a thermo-
dynamic liquid/vapor separator which uses a throttling valve in conjunction
with a heat exchanger using the bulk propellant as the heat sink.

In the case of ull a tion control, the position of the ullage space is
maintained so t is always over the vent valve during venting, thus pre-
cluding t sibility of significant liquid venting. Three individual con-
ce re evaluated for ullage position controls: (1) a surface force or

pillary attraction-type system, (2) an ullage rocket system which provides
a sufficient g force via thrust to the vehicle to settle the liquid propellant, and
(3) a dielectrophoretic system which employs a nonuniform electrical field
to preferentially orient the propellants. In most of these cases, it was
necessary to consider the interaction of the settling system for assuring
liquid phase propellants to the engine during restart from a zero-g. con-
dition. The following sections present the basic data generated for each
approach.

(1) Surface Force Concept. To control the location of propellants
during periods of near zero-g. for purposes of venting or providing propel-
lants at the engine inlets for subsequent restart, concepts involving the use
of capillary forces have been suggested (references 4 and 5). Capillary

'A forces derive from the surface tension or cohesiveness of the liquid and are
relatively very small, becoming important only in the absence of dynamic
fluid forces and gravitational forces. Capillary forces are an inverse func-
tion of the system characteristic dimension, which makes screens attractive
devices for utilization of the capillary forces, since screens can have very
small dimensions, yet still allow propellant flow-through during normal-
gravity operation.

This analysis investigates the potential of screens for appropriate
propellant orientation for zero-g. venting of the stage.
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(a) Capillary Stability. For screens used as capillary devices,
the stability of the liquid/vapor interface supported by the screens is the
governing criteria for sizing of the openings in the screen. In a gravity
field, this stability criterion depends on the Bond number, which is a meas-
ure of the ratio of the gravitational forces to the capillary forces and is
defined as follows: [

2

B =(4-1)
0 i

From reference 5, for two-dimensional screens of opening size Za x 2b

with b greater than a, the interface is stable for small disturbances if

g2 a2 4a2
p - (I + 4-) (4-2)

b

which for b approximately equal to a, gives

p &Ar-<- <r (4-3)
a r 4

SSmall disturbance assumptions are not always appropriate for conditions
in a space vehicle propellant tank where external vibration and internal
sloshing may be present. In an effort to determine the stability, criteria
under external vibration were analyzed dimensionally and extrapolated to
give the following criterion for approximately square openings of dimension 2a:

a-O. 1135 (4-4)
(wA)

where w and x are the externally imposed vibration frequency and amplitude.
Equation 4-4 is plotted in figure 4-24 for LH,, LF 2 , and LN 2 at the most
conservative conditions of e/p, namely, for saturated LH 2 at 50'R, LF 2 at221°R, and LN2 at 203°*P.

For comparison, the spacing based on equation 4-3 for g, and 0. 1 g,
small disturbances are also plotted in figure 4-24. Note that this and sub-sequent criteria are plotted as points since they are not functions of wx. :

For fluids in motion, the measure of interface stability is the Weber
number, which relates the fluid dynamic forces to the capillary forces as
follows:

2
=v Za

w p-- (4-5)

Equation 4-5 is plotted in figure 4-24 for a Weber number of 1, which is
assumed to be the dividing line between velocity-dominated and capillary-
dominated forces. The velocities plotted are 3, 30, and 212 cm. p. s. or
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0. 1, 1, and 7 .fp. s., respectively. Reference 6 describes the sloshing
conditions inside the Saturn S-IV and S-IVB tanks, where the fluid velocity
does not exceed 1 f. p. s. It is felt that sloshing conditions inside the smaller
spherical LF 2 and LH2 tanks would be less severe, so the region of
30 cm. p. s. is chosen as a conservative criterion for the sizing of the screen
openings. It should be noted that this analysis assumes a wetted screen. The
behavior of liquids sloshing with some velocity against a dry screen is not
completely known, as noted below in the conclusions.

Another essential screen design criterion is the ability of the screen to
support later4 pressure differential or head (parallel to the surface of the
screen). The pressure differential which is supported by a wetted screen
is:

Ap=4r= p h g (4-6)

For tanks with a diameter of 6 ft., the maximum h is about 180 cm., but
this would vary, depending on where in the tank the screen was located.
Equation 4-6 is plotted in figure 4-24 for an h of 180 cm. for 0. 1 g . Note
that this range brackets the 30 cm. p. s. velocity line, and it is felt'4hat the
lateral gs e-xternally imposed by the attitude control system would be of the
order of 0.101 g or less. Thus, sizing the screen in this region would
satisfy both the velocity and lateral-head screen sizing criteria.

(b) Screen sizing. Although the screen opening size can be
determined based on the above criteria, the wire size necessary to support
the screen against boost propellant flow pressure drop, the screen's own
weight, and sloshing propellant impact loads must also be determined. A
preliminary analysis showed that all the above loads were essentially insig-
nificant and did not size the screen wire. Instead, the opening size, together
with handling and fabrication limitations, sized the wire. A local screen
supplier, City Wire and Iron Works, Inc., was contacted, and it was found
that extremely fine filter meshes were available in 400 mesh. This is made
of 304 stainless-steel wire 0. 001 in. in diametei'with 0. 0015 in. square
spaces (a = 1. 9 x 10-3 cm.). This spacing desigiq point is plotted in
figure 4-Z4 and falls in the range of 30 cm. p. s. velocity and 0. 1 to 0. 01 g
lateral head acceleration. It is felt that this size scr-en is adequate for the
design requirements of the stage.

(c) Design Parameters. Using a 400 rrýsh screen with0. 0015-in. spaces gives the following velocity for stability with a Weber
"inumber of 1:

LH 2  53.1 qr•T. p.s. 1.77 f.p.s.

LF 2  27.6 c~n. p.s. 0.92 f. p.s.

LN 23.5 cm. p.s. 0.785 f.p.s.

\- 6]
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For a velocity of 30 cm. p. s., the equivalent Weber number is:

SLH2 0.32

LF 2  1.18

LN2  1.63

For I g (with small disturb mces) the Bond number for stability is suitably
small aid is:

LH2 3.28 x 104

LF2  1. 22 x 10-3

LN2  1.68 x 103

The pressure drop through the screen for propellant flow during boost is:

-6LH2  8.7 x 10 p. s.i.

LF2  8.7 x 10' 5 p. s.i.

LN2 7." 1 x I0"-5 p. s.i.

This is quite insignificant and compares as follows to the pressure supported 4

by the screen:
IX2

LH 1.33x 102 p.s.i 0.485 ft. of head

LF2  7 04 x 10-2 p. s.i. 0.13 ft. of head

LN2  2.5 x 10 p.s.i. 0.095 ft. of head

The equivalent lateral g.-load for a 180 cm. head which can be supported
by the screen is:

LH2  0. 0632 go
LF 0. 0208 g'20LN2  0. 0152 g

(d) Conclusions. Screens of requisite fineness are com-
mercially available, are lightweight, and render the capillary force concept
feasible but present a number of unresolved problems, as follows:

* Unknown behavior of moving fluid which encounters a dry screen.

* Keeping the screen wet at all times so that capillary forces are
present; and the problem of heat transfer into the screen with
subsequent drying out of the scre-.n.

* Compatibility of fine screens with high surface-to-weight ratios
with LF 2 .
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(2) Mechanical Vapor-Liquid Separator. A mechanical vapor/
liquid separator has been considered as a method of ensuring all vapor vent-
ing in zero-g. This device is a rotating machine which centrifugally sepa-
rates vapor and liquid by density difference, as shown in figure 4-25. The
device may be self-powered (i. e., expand the vented vapor through a turbine
which powers the separator), or it may be externally powered, for example,
by an electric motor and batteries.

Pesco designed such a separator (see reference 7) to be used on the
Saturn V/S-IVB to meet the following performance requirements:

* Weight: 15 lb.

* Separation efficiency: 100 pct. of inlet mixtures up to 99 pct.
liquid by weight.

* Flow rate: 6 lb. p. sec. of GH 2 at 38 p. s.i. a. and 43R.

* Pressure drop: 2 p. s. i. a. maximum.

Note that the conditions for Saturn include a high-vent rate, and thus a
large vent valve, which favors the use of such rotating machinery. On the
other hand, the allowable pressure drop is very small, which restricts the
design of the turbine.

The results of analysis and testing of this device for the Saturn showed
that separation efficiencies of 100 pct. were not possible, and that there was
insufficient gas energy at high liquid qualities to drive the turbine and effect
separation (in other words, high-quality liquid drowned the turbine). For
the self-powered scparator, the estimated performance was:

"* Weight: 25 lb.

"* Separation efficiency: 90 pct. for inlet qualities of up to 75 pct.
providing the droplet diameters are greater
than 0. 1 in.

I low rate: design.

* Pressure drop: about 3 p. s. i. a. minimum.

It was then proposed to externally power the design for the Saturn to
obtain the required performance (see reference 7). The estimated perform-
ance for an eltctrically powered separator was:

* Weight: 217 lb. (separator-25 lb. ; batteries-165 lb.
miscellaneous electrical equipment-Z7 lb.)

* Separation efficiency: 80 pct. for inlet qualities up to 90 pct.

* Flow rate: design.

• Power required: 0. 9 hp.
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The applicability of such a device, either self or externally powered, to
the RPL study vehicle system /is very questionable for the following reasons:

* The probable steady-state rate for the study vehicle is at least three
orders of magnitude below that for Saturn, which makes the rotating
machinery virtually impossibly small in size.

• It may be possible to use such equipment for high flow-rate blow-
down venting, but the weight penalty would be severe, since the
vehicle blow-down rate is higher than the Saturn steady-state rate.

(3) Thermodynamic Vapor/Liquid Separator. A thermodynamic
process vapor/liquid separator has been described in the literature (refer-
ence 8) and uses the propellant tank pressure potential, the propellant heat
capacity, and a heat exchanger to effect conversion of liquid to vapor
before venting, thus assuring only vapor-phase venting. The operation of
the system is shown in figure 4-26, and is as follows: saturated liquid at
condition A enters the vent system and is expanded to a much lower pressure
and temperature (condition B) through a vent valve or regulator. This two-
phase mixture enters the heat exchanger tubing (which is immersed in the
vapor and liquid in the tank), where heat is transferred to the mixture
because of the temperature difference between the cold mixture in the tube
and the warm liquid and vapor in the tank. This heat is transferred essen-

4 tialry isothermally (path B to C), until the mixture in the tube reaches a
condition C with enthalpf equal to that of saturated vapor at taink conditions
(condition D). This vapor at condition C is then vented from the tank and
vent system through a second regulator that maintains the low pressure in
the heat exchanger tubing.

Ncce that for steady-flow operation, the system composed of the tank
an- vent system always discharges only vapor with enthalpy equal to or
grt arer than that of saturated vapor at tank conditions, regardless of whether
liquid or vapor enters the vent system. Thus, the vent system effectively
separates vapor and liquid, venting only vapor, and is thus called a thermo-
dynamic vapor/liquid separator. It would be more appropriate to call the
system a liquid/vapor converter, since that is the system's real function.
In any event, the system theoretically obviates the problem of inefficient
liquid venting under zero-g. conditions, and will be analyzed below for
applicability to the study vehicle system.

(a) Analvsis. For steady heat leak to the propellant tank

and thus, for steady vent Mow, the requisite heat transfer to the fluid flowing
in the heat exchanger tubing is:

4 v A= H = UrDLAT (4-7)

For the worst case of 100 pct. saturat_., -"quid entering the heat
exchanger tubing then AH must be at least : - and if the expansion shown
in figure 4-26 from A to B is isentropic (the worst case), then additional
enthalpy is required,

vdP
TdS =dH -vd =0 (4-8)
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or
vdP

dH = = (4-9)

and therefore, the maximum AH required is:

S H = Hf + vA-P (-0
I ~f vP(4-10)

where AP is the pressure drop from P to P (path A to B°) and vis evaluated
at(PT + P)/2. For the case where heaTtransfer to the tube from the sur-
rounding vapor is considered, and assuming a concentric cylinder of vapor
of diameter Do, then the heat transfer to the tube is as follows:

Zirk L
* 0 AT (4-11)

and therefore, the overall heat-transfer coefficient (if conduction in the
metal tube is ignored) is given by:

In Do/D 1(4-12)

D 0 + I
0

In order to determine hi, the nature of the flow in the tubing must be
considered. ror the case of cryogenic liquids or vapors, the viscosity is
extremely low, and thus the Reynolds number is high and the flow turbulent
even for extremely low flow rates. Assuming incompressible turbulent flow
in smooth tubes, the friction factor over a range of Reynolds numbers from
2, 000 to 200, 000 (referentce 9) and is given by the following expression:

f = 8 (4-13)

e

The heat transfer in a tube is related to the friction in the tube by the
following Reynolds analogy:

Nu r (4-14)
Se r

*The Darcy-Weisbach form (see equation 4-18).
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where C is an experimentally determined constant to account for Prandtlnumber effects and changes in heat transfer because of the presence of two-
phase flow. Therefore,

h. D P
N.023R 0.8

k.px..r 0.8
.023 R (4-15)

and the overall heat-transfer coefficient can now be written

U in DD 1 (4-16)
D 0 2k0  + Co P k. .023 R 0.8

r 1 e

Substituting equations 4-10 and 4-16 into equation 4-7 results in the
following expression:

yAP (H + DLATHfg j-• ,="[n-Do/D]

0___ CD + 0.2k P k. .023 R

or

[I ~DO/D4 (Hfg + 0 + 0
0  P k. .023 R 0

L =r 1 "e
i AT (4-17)

Thus, we have the result that except as D appears in D /D and the
Reynolds number, the length is independent of the diameter.

To evaluate the diameter, the pressure drop in the heat exchanger tubing
(path B to C in figure 4-26) will be evaluated, and ignoring momentum losses,entrance and exit losses, and so forth, the frictional pressure drop is given
by the following expression:

i P'P= L V2

e f Lp " 2 (4-18)

where 0 is an experimentally determined constant (or function) to account forvariations due to the presence of two-phase flow. For liquids and gases,0= 1. Substituting equation 4-13 and the continuity equation

TD2
w AV V (4-19)
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into equation 4-18 gives

0 .2 42 l2mrP Pe 0. 092 (-e4 VL -IZ

which reduces to

P - P = O. 142 ±L0. •1 8  L
e g P D-.T

or

D4.= 0.142± 0.2 L 1.8 (4-20)
g P p-P

t0. 2
where, for constant diameter tubing, _0 is evaluated at vapor conditions
to give the maximum diameter. P

The weight of the heat exchanger tubing is

Whex = Ptube k7 D L (4-21) ,

substituting equations 4-17 and 4-20 into equation 4-21 gives:

Whex = •ub . 0 1/4.8

(4-22)

VAP lnD 0ID c 5.8/4.8

P k. 0. 023R 0.

T r 1 e

Detailed examination of equation 4-22 is in order. The term

"C
P ki 0.023 R .8r ie

is of interest.

4r
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For cryogenic fluids, C/Pr <_ 1, and ki is fairly small. However, the
Reynolds number is large enough to be turbulent, so the term above is likely
to be quite small compared to

D /D

0

for reasonably large values of Do/D. For example, even for Do/D - 2, and
a vent flow rate of I lb. p. hr., the above-noted term is only about 3 to 4 pct.
of the conductive diameter ratio term. Therefore, for the moment it is
ignored. Further, for all cryogenic fluids (except near the critical point) or
for an isenthalpic process from A to B in figure 4-26, the term Y is very
small compared to Hfg and also will be ignored. Thus

W h0.1420 
0.2 .v1.8 1/4.8

thex - P M:tubeI g p

0$H In Do/D 5.8/4.8
wHfg onD0/

2k 0IAT (4-23)o

Note that the AT in equation 4-23 is the temperature difference from A
to B in figure 4-26 (a conservative assumption based on a fairly small pres-
sure drop in the tube from B to C). This temperature difference is related
to the pressure drop from A to B based on the properties of the fluid, thus;

AT = function AP function (PT P) (4-24)

Therefore, equation 4-23 reduces to:

Whex = Constant ( e 1 function 1/T- (4-25)

Clearly, as P gets larger, the diameter decreases, and the length
increases, and if P gets smaller, the reverse occurs. Therefore, there
must be some value of P at which the weight of the -abing is a minimum.
To determine this P value, the functional relationship between pressure and
temperature must be determined or postulated. Examination of vapor pres-
sure curves for cryogenic propellants shows that over a wide range of con-
ditions (away from the critical point) the pressure and temperature are
related by: t.

T =aP (4-26)
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and equation 4-25 becomes:

Whex e (Cnbtant)[- P- ]pb58/4["8Costa] (4-27)

Examination of the variables in the Constant shows that they are all depend- r?
ent on either PT or Pe which are assumed known, and thus are independent
of P or essentially constant. Differentiating Whex with respect to P and
equating to zero gives:

1 Whex 0 (P beb
ConstanT d Ph)5.58b(PP)P

or

b
2 T pZ-b 5.8b PP=0 (4-28)

1 + 5. 8b 1 + 5. 8b e

Thus, solving for P for any condition of PT and P gives the minimum
weight system, and will give the heat exchanger length, diameter, and weight
based on equations 4-11, 4-14, and 4-16.

7 ,,acJLtions for Specific Applications. For the propel-
lants of interest for the study vehicle. the relationships between vapor pres-
sure and temperature are assumed as [Qllows:

LH2 : T = 2l. 9 P''• (4-29)

LN : T = 96 P0.'1 3 5  (4-30)

LF2 : T = 109 P0. 123 (4-31)

The optimum tube entrance pressure P for minimum weight is plotted as
a function of tank pressure PT with exit pressure Pe as a pariameter for LH2 ,
and LF 2 in figures 4-27, and 4-28. The tank pressures chosen for the study
are those for which venting is most likely to be required, namely: 75 p. s. i. a.
for the pressure-fed case, and 21 p. s. i. a (LH2 tank) and 32 p. s. i. a. (LN?,
LF2 tank) for the pump-fed case (with boost pumps). The choice of exitpressure is more difficult: clearly the lower the exit pressure, the lower
the weight, with the minimum occurring if Pe is set at the triple point pres-
sure. Practically, of course, the exit regulator would be set somewhat
above the triple point so that local low-pressure regions in the regulator
would not cause icing inside the regulator. If the question of testing and
checkout of such low-pressur-e (vacuum) regulators is considered, it may
prove desirable to set the regulator to a value as high as 15 p. s. i. a for ease
of testing. To obtain conservatively high weights for the study vehicle, and
for ease of computation, the exit pressure will be arbitrarily set at
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15 p. s. i. a. for the calculations which follow, even though this severly
penalizes tbe low-pressure LH2 aoy-tcm.

It is felt that a value of the conductive diameter ratio equal to 1
(in Do/D = 0) is of academic interest as the lower limiting value for infinite
heat transfer in the tank, but is of little practical interest. Therefore the
conductive diameter ratios of 2 and 100 have been selected as reasonable
practical limits, and thus the dependence of the heat transfer on the inside
heat transfer coefficient has been ignored. The tubing diameter has been
parameterized to include 0 and it is seen that because of the small power
on 0. the diameter is relatively insensitive to changes in 0. For purposes
of c.-culating the weight of the tubing for the heat exchanger, 0 was arbi-
trarily set at 1. 0, and the weights were basid on aluminum tubing with
0.01 in. wail thickness. This minimum wall thickness provides sufficient
strength up to diameters of nearly I in. for the high-pressure cases.

The tubing length, diameter parameter, and weight as a function of vent
flow rates are plotted in figures 4-29, 4-30, and 4-31 for the high pressure
(75 p. s. i. a) cases, and in figures 4-32, 4-33, and 4-34 !or the low-pressure
cases. The variations in tubing weight as a function of conductive diameter
ratio for a vent .flow rate of 1 lb. p. hr. are shown in figure 4-35 for all
cases.

All previous computations have assumed that the tubi r -a completely
covered by vapor in the propellant tank. If some portion is covered by
liquid, the required heat exchanger length and thus weight are less due to
the increased conductivity of the liquid. Conservative design would be based
on allvapor, unless the tank design was such that some portion of the tube
was positively submerged in liquid. Figui-e 4-36 shows the reduced weight
possible with increasing amounts of liquid covering the tubing for LH2 .

Off-Design Performance. The preceding analysis haj
been based on assumptions of steady-flow, steady-state heat transfer, and
100 pct. saturated liquid entering the heat exchanger tubing and being con-
verted to 100 pct. saturated vapor. The question arises as to the perform-
ance of the system should saturated vapor enter the heat exchanger. For
100 pct. saturated vapor entering the system, the process will be along
path D-C-E in figure 4-26, with E being at a temperature somewhat below
the temperature of the tank. The pressures in the system will be essen-
tially the same, but because of increased temperature, the superheated
vapor at E has a lower density than the saturated vapor at C. This means
the flow rate through the second regulator will be less for fluid at condition
E, and thus, for 100 pct. saturated vapor entering the system, the vent flow
rate will be reduced. However, the enthalpy of the vent flow at condition E
is greater than that at C, and this will compensate for the reduced flow as
follows: the ratio of the existing heat flux obtained with condition E to that
required at condition C is:

qE Hfg I+ HC-E) (4-32)

C Hfg

74
~~_W1

I-



V t

ITI

0 a.

caa

4CC

CL)
m

COU

LOi

CMC

d)

08

so lo V r

UU =iN19N~J

75



K[LL.

CL CL

IIIV

C.,' ' fl : .cc

00CD

Q0

*00 i-wD

C,' c 0

CN 813IV~d833OIOMa

76-III



CDC

UU-,

CL cli

_ U-.

0- co

ClC

CD CD

040

I-c

41

* C.?

S41_

(91) HD13MDNIG



CDo
CDJ

CDC

-- Q lL 4Doj

0 u

U *IB LLI

LL-

C4.

Co?

I ~CD

(4,)HSN-M n

78 C



IT

-CM

= 4

CC

ca C-
r U..

C4 CLcc

tmu

o.-

C':0

cc,

to

CN!) 831JJNVHVd SiitJmia oNianll od'/o



VI-

-j

i C4

- 0-

Sc M

'S C 3

so



- TANK P = 75 PSIA

"". -TAN- P = 21 PSIA (LI-;2 )

= 32 PSIA (LN2 , LF2 )

=1 ]EXITP= 1P5IA

VENT FLOW RATE = I LBIHR

WEIGHT FOR AL TUBING .01 WALL

1000

4 -1
LIQUID NITROGEN

2 LIQUID FLUORINE

.LIQUID HYDROGEN
100

" -LIQUID NITROGEN
6
4 /,

I-I

C.3 LIQUID HYDROGEN /
C)

4/

,1 4 1 .0 4 6 a 10 4 4 a 100C

TUBING WEIGHT (LB)

Figure 4-35. Thermodynamic Separator Tubing Weight as a Function of Conductive Diameter Ratio
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Assuming choked flow of a perfect gas, for the vapor at C and the super-

heated vapor at E, the following e pression holds: k

-7-- (4-33)

WC

and thus:

C- 4 0 + E (4-34)Kc fg

For the LH2 system. at 75 p. s. i. a and 21 p. s. i. a, respectively, the
ratio of equation 4-34 is 1. 059 or 1. 043, which implies that sufficient energy
is vented under any condition of liquid or vapor entrance.

A very real problem is posed by the possibility of restrictive vapor flow
at the first regulator, rather than at the second regulator. If the regulator
orifice is sized for the proper flow rate of high density liquid, it will not
pass the required amount of low-density vapor. The solution to this problem
is found by considering a real, practical vent system. Such a system typi-
cally enploys a vent valve which cracks at vent pressure and reseats at some T
"lower pressure. Such a valve is not normally continuously open (or chatter-
ing), but opens and closes in a cyclic manner. The above problem is solved
by designing the vent valve and system to a valve open time/total time ratio
based on venting 100 pct. vapor at design flow rate. Then, if liquid enters,
the valve open time/total time ratio simply decreases in the ratio of the
vapor-to-liquid densit;. Therefore, the valve when venting liquid at high
flow rate will just not be open as long.

The efficacy of the above solution is strongly dependent on the response
time of the vent system. The true response time of a vent system is a
highly complex function of the design of vent valve, tankage, duty cycle, and
so forth, and is not susceptible to analysis in a general manner. There are,
however, a number of characteristic times associated with the operation of
the thermodynamic separator which provide valid indications of the relative
response of the system. The first of these times is the average stay time
of the vented liquid/vapor in the heat exchanger tubing. This time is given
by the expression:

L L PA L9o D2

-= - -(4-35)

" The shortest stay time corresponds to a valve of P equal to that for vapor,
which is conservative, since the average density for the liquid entrance case
will be somewhat higher because of the liquid present at condition B in
Figure 4-26. The stay time is plotted verus conductive diameter ratio for
a vent flow rate of 1 lb. p. hr. for both high and low pressure for LH2 , and
LF in figures 4-37 and 4-38.
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A more important characteristic time associated with the system is the
time between opening of the vent valve and ullage pressure collapse to the
vent valve repeat preesure. Thts time ib essentially the transient heat-
transter time fron the tube to the tube's region of influence characterized by
the conductive diameter ratio. The model for heat transfer is as follows:
a r%ýgian is initiilly at a constant temperature and is bounded internally by a
cylinder of radius a, which is maintained at some other constant temperature,
(Ta) when time equals zero. Assuming that all heat transfer t,'kes place by
conduction (rio convection or radiation, reasonable for zero-g. and cryogenic
temperatures), the diffusive time constant (R t/a 2 ) is related to the tempera-
ture penetration into the re gon. Reference 11 contains a solution to this
problem, and relates (R t/a ) to the temperature ratio (Tr /Ta) and the con-
ductive diameter ratio (D /D). The temperature ratio required is that
temperature drop which 4ll give a pressure decay to the vent valve reseat
pressure. It is assumed that if this temperature decay occurs in a volume
around the tube that is equal to half tCie volume of influer.,.e described by the
conductive diameter ratio, then this is sufficient to effect the required pres -
sure collapse in the entire volume of influmnce. The pressure difference
between vent valve crack and reseat are assumed at the following typical
values for the purpose of this analysis:

ForPT =75 p. s.i.a., AP 3 p.s.i.a. (4pct.)

PT = 32 p.s.i.a., AP = p.s.i.a. (6.25 pct.)

PT 21 p.s.i.a., AP 1 p.s.i.a. (4.76 pct.)

Based on the appropriate temperature drop to give the above AP, and the
analysis of section 13. 5 of reference 6, values.of Kt/a 2 can be found for
various conductive diameti.r ratios. The conductive transient time t
based on Rt/aia, is plotted as a function of the conductive diameter raction in
the high and low pressure cases for LH2 , and LF 2 in figures 4-37 and 4-38.
It should be noted that the model assumed is a good approximation for the
case of the initial vent, when, after a long coast time without venting, the
tube and its surroundings are in thermal equilibrium. When the vent valve
first opens the tube becomes very cold at t = 0, because of the high inside
heat transfer coefficient. Note that the initial response time of tb system is
the sum of the average stay-time (t.) and the conductive transient time (tc)
and that this is strongly dependent on the conductive diameter ratio. Theresponse time of the system subsequent to the first vent is unknown due to
the extreme complexity of the temperature distribution around the separator

tube, but will be, in general, less than the initial response time. The initial
vent response is the critical case, and realistic vent design will be based on
it.

To evaluate the significance of the response times shown they must be
compared to the time rate of pressure buildup in th" tank. This time rate
of pressure buildup is dependent on details of tankage design, amount of
ullage at time of venting, and vent system design and cannot be evaluated
at this time. However, the possible consequences of this pressure buildup
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time can readily be estimated. In order to cope with a fairly rapid pressure
buildup time, the designer may be forced to design the system to give a low
conductive diameter ratio (see figure 4-37). To physically obtain such a
diameter ratio within a given tar.'½ge geometry, a much greater length of
tubing may be required than is specified by steady-state heat-transfer con-
siderations. Thus, transient conditions may size the heat exchanger and lead
to much greater weight penalties.

Conclusions. The following conclusions may be reached
from the above discussion:

"• For the low vent flow rates anticipated for the study vehicle (of the
order of 0. 2 lb. per hr. ) the parametric weight curves would
indicate heat exchanger weights of 0. 5 lb. to 8 lb. which, in absolute
values are low relative to any venting system. Therefore, the
thermodynamic separator appears to be very promising on this basis.
The presented parametric data will be used in a detailed comparison
study at the end of this phase to establish detailed weight com-
parisons of the various systems.

"* Detail design of the system to obtain the necessary low conductive
diameter ratios strongly affects the sytem performance and weight.

"* Transient systen response appears to be the governing criterion
for practical system application. This criterion will be further
evaluated in the system comparison stage, when vent rates, initial
vent and ullage conditions, tankage design, and duty cycle will be
more concretely specified.

(4) Ullage Rocket Settling. The application of ullage rockets
to settle propellant to the bottom of the tank is relatively straightforward
although some of the design criteria for a system of this type are at present
uncertain. The required settling t'me for this system is a function of the
thrust level applied, the gross weight at the time of settling and the ratio of
tank-to -propellant volume. The relationship of these parameters is illus-
trated by figure 4-39. By using this information and making assumptions
r.garding specific impulse, the relationship between thrust and settling time
can be evaluated with respect to the specific ground rule duty cycles, as
shown in figure 4-40. The time shown represents the total burning time
requi ad to settle propellant for all the burns. Thus, the more burns the
longer the required settling burn time for a given thrust. In examining the
two different two-burn cases, it can be seen that the 80/20 burn case (duty
cycles A, F, and k) require a slightly longer time than the 50/50 burn cases
(duty cycles B and J) because more time is required to settle a small amount
of propellant across the complete tank. Having the required total settling
times, it is then possible to predict the settling weight penalty as a function
of settling thrust for an assumed settling motor specific impulse. (See fig-
ure 4-11.4 In this case 290 sec. I was taken for the settling motor perform-
ance assuming that a storable propehant attitude control system motor would
be used for this purpose. Figure 4-41 assumes that the settling force is
always such that it will produce useful All for the subsequent burn. There-
fore, the penalty is proportional to the difference between main engine and
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ullage motor IsP. For coast venting this assumption may not be true and the
system must be designed on the basis that the effective coast-venting AV is
always in the opposite direction to that required for the next burn. The burn
time and weight penalties for this mode of operation are shown in figures 4-42
and 4-43. The corresponding ullate rocket system weight penalties for re-
pressurization are shown in figure 4-44. In this case, it is again assumed
that the AV for settling during this time are additive to the subsequent burn
AV.

In all of the above presented results, it was assumed that the attitude
control system already on-board the vehicle would be used for settling, and
no additional engine weight was included in the computer weight penalties.

(5) Dielectrophoretic Propellant Orientation. Several years ago
Douglas originally proposed the idea of applying dielectrophoresis to the
orientation of propellants in a low gravity environment. The basic principle
here is that a continuous dielectric fluid existing in a non-uniform electrical
field wil be subjected to a net force in the direction of increasing field
strength. Cryogenics, particularly LHI, are good dielectric fluids, and if
a properly designed electrode configuration is provided inside the propellant
tank and a voltage applied across the system, the resulting forces can be
used to control the position of the contained liquid in low-g environments. A
wide variety of experiments have been conducted by Douglas under Independent

* Research and Development Programs (see references 10, 11, and 12) and
by others (references 13, 14, and 15) to indicate that such a concept is
feasible.

W As discussed in detail in reference 13, the total volume force Fv# on a
dielectric liquid with no discontinuities in an electric field is

P E K+ 1 (E P(-6

v Pe

where pe = electric charge density

E = electric field intensity

= capacity

i K = dielectric constant

P = mass density
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The first term is the force exerted on free chargex , the second term is
the force exerted because of the inhomogeneity of the liquid, and the last
term denotes the dielectrophoretic effect on the body in the non-uniform field.
The following assumptions are made: (1) for dielectric fluids Cp = (K-1)/
(K+Z), where C is a constant fox a particular fluid; (2) for ideal gases the
free cliarge is negligible (pe = 0); and (3) the liquid is homogeneous. The
above equation reduces to Ij.

,. (K-I) (K+Z) VE 2  
(437)

lv 6 V2(-7

Thus the force depends on the square of the field intensity and is in the
direction of increasing strength. The above equation may be expressed in
terms of the effective g. per unit volume of liquid:

a - 0 (K-i) (K+Z) E 2  (4-38)
g 6 g

For two co-axial cylindrical electrodes, with radii r 1 and r 2 , the
voltage distribution, neglecting end effects is:

Vln r/r2( -9).
V(r) = in r/r 2  (439)

Combining the last two equations, the resulting g. level throughout the
liquid is:

a = 0 (K-i) (K+Z) V2

g 3 pg (in r2)2 r3

r1

For example, with radii of ri =0. 1 and r? 0.5 m. and an applied
"* voltage of 10 6 v. the force acting on LHZ varies from 1. 3 5 g. at the inner

cylinder to 0. 1 g. at the outer cylinder.

Actual detailed analytical design of electrode configurations is notpractical with current understanding of the phenomena except for relatively

simple geometries such as concentric cylinders and spheres. Also, factorssuch as arcing, structural design and electrode support must be taken into



account. However, trorn limited analytical calculations and from -rends
observed during various phases of'experimencation under the Douglas IRAD
program on dielectrophoretic (DEP' propellant orientation, two conceptual
electrode configurataouz were desigAed for this particular spherical tank
system. Tha first dtsign consists of an array of seven tubular electrodes
positione4 as shown in figure 4-45 and charged as noted (using a. c. power
causes the polarity tl. alternate). - With an applied voltage of 300, 000 v. in the
LHZ tank, a 3teady downward (tangential) collection acceleration of 10- 3 g
and a radial collecti-on acceleration of 6. 6 x 10"Zg is produced. The voltage
gives a breakdown safety fact-r of seven under worst possible conditions in
LH2 . The total weight of the electrode system for the LH tank was estimated
at 5 lb. assuxning a I -in. -diam. aluminum tube electrode structure.

The power genrtration portion of the DEP system was assumed to be a
high voltage a. c. electrostatic generator, powered by a solar cell
array. Although voltages are high, the current requirements are quite low
since all that is being done is the charging of a capacitor. The largest
aource of energy loss is in the generator motor inefficiency. A power require-
ment of 150w. was estimated which requires about 15 lb. of solar cells,
asiuming 100 lb/kw as the capabilities of an advanced solar cell system.
Various types cf specialized high voltage - low-current generators have been
under stv.dy by Douglas for DEP applications. Present indications are that
a cylindrical rotor-electrostatic type generator for this application could
be produced for about 15 lb. Approximately 10 lb. would also be required
for miscellaneous items such as controls, cabling, and so forth. Table 4-14
lis-ts the estimated weights for a DEP system for the LH2 tank. Since the LFZ
tank eoes not require venting, a system was not sized for the LF tank
although it would be of comparable weight. -

Table 1-14

ESTIMATED WEIGHT BREAKDOWN FOR AN LH2 TANi!
DIELECTROPHORIFTIC PROPELLANT POSITIONING SYSTEM

Component Tubular Electrode Disk Electrode
Design (lb.) Design (lb.)

Electrode system 10 13_

Solar-•cell power supply 15 15

Electrostatic generator 15 15

Miscellaneous (controls, etc.) 10 10

Total _ 50 58

T:

S. . . . . . . . . . . . . . . . . . . . . .
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The second design consists of parallel disks with an axial cylindrical
electrode. Liquid is collected off of the tank walls and into the center of
the tank. The axial electrode induces high body forces in the radial direction
(of the order of I g. near the electrode surface) and the parallel disks pro-
vide average forces of the order of 10-0 g. for voltages of the order of 500 kv,
Aluminized Mylar is assumed for the electrode surface between each of the
toroidal aluminum electrode supports. High-voltage leads are connected to
each disk through bushings provided in the axial electrode. The disk electrode *
system weights are approximated in table 4-14.

The tubular electrode design of figure 4-45 is sufficient for propellant
collection at the bottom of the tank for restart and venting, and provides
slosh wave control at main engine cutoff. In addition, suction dip is con-
trolled by the central electrode. The disk electrode design is more efficient,
however, in the above respects and in addition performs other functions.
The disk electrode configuration collects liquid for engine restart and ullage
gas venting and collects liquid off of the tank wall to potentially minimize
boiloff. Also, slosh wave control and suction dip control are further enhanced
by the baffling effect and viscous dissipation provided by the more extended
electrodes. Both electrode designs aid in alleviating boilover during rapid
venting by causing more rapid vapor bubble coasescence and expulsion from
the body of the liquid.

(6) Venting System Comparison. From the data generated in the pre-
ceding five sections, the various vent systems were compared on a weight
basis. Since the preliminary findings cf tht previous section indicated that
the LF 2 tank did not vent at any of the conditions studied, only LHI tank
venting was considered. A fl=orine vent line and valve system wili be required
to satisfy filling and emergency venting requirements.

The LHZ tank can be vented during low-graviqy coast by using one of two
basic techniques: (1) discrete, high-flow, large-volume ',enting at intervals
during coast, or (Z) continuous, low-flow, small-volurnf, venting at all times
during coast. Discrete venting is considered because of the problem of
efficient vapor/liquid separation during coast. Fo: example, if ullage
rockets are used to effect vapor/liquid separation, it would be desirable to
vent as much as possible as rapidly as possible to minimize the ullage rocket
burn time and weight penalty. It is clear that this high-flow vent technique
might be wasteful for an indeterminate mission since venting might occur just
before a restart command, therebV requiring additional repiessurization.
On the uther hand, if coiinuous vapot/liquid separation can be assured then
continuous venting A sufficient vapor to matci the incoming heat load can be
made vith minimum losses.

Some systems, like dielectrophoretic or surface force systems, provide
both vapor/liquid separation and positive liquid orientation and need no
further propellant sett'ing for i'epressurization and restart. Others like the
mechanical or thermodynamic separators do not provide positive propellant
orientation for r-preaeurization and restart. For these syster , ullage
rockets are assumed to be used for settling of propellants for r.,•start. It
is further assumed that the study vehicle is properly oriented during the
restart sequence, that the thrust of the settling rockets will ,.rovide
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usable roeaturable velocity and, therefore, reduce the settling rocket weight
penalty to tiLe ratio of the respective specific impulses of the ullage engines
and the mair. engine (figure 4-42). Setti~ng times and weights may have to
be increased by some degree if settling anci chilldown of the LF 2 feed Ane is
the criteria. However, the worst missions shown in figures 4-41 and 4-42
are missions H and L which are 19 burn rnissions. The coast time between
burns is short enough that the LF? feed line wilL alw;ays be nearly full, and

* thus the extra settling time required %'lJ be small. The penalties for
settling and repressurization must be added to the penalties for those tech-
niques which do not have positive liquid orientation.

(a) Discrete Venting. A mechanical vapor/liquid separator
has been described above a'nd provides continuous vapor/liquid separation
of a sort'but is considered under discrete venting because the vent flow rate
required for efficient operation of such a device is much higher than the
continuous vent flow rate of the study vehicle. Assuming a separator designed
to the Saturn requirements, such as, 6 lb. p. sec. of LH-, the self-powered
separator has a claimed efficiency of 90 pct. at qualities up to 75 pct. If
such quality is encountered while venting the study vehicle, at least 39 lb.
of excess LHz could be vented caused by the inefficiency of the machine.
This penalty must be added to the 25 lb. weight of the separator hardware,
The externally powered separator with a claimed efficiency of 80 pct. at
qualities up to 90 pct. would suffer a waste propellant penalty of at least
32 lb. in addition to the enormous fixed weight of 215 lb. In addition,
settling and repressurization penalties must be added giving an overall
weight breakdown as shown in table 4-15.

Ullage rockets for settling during discrete coast venting were evaluated
for the study vehicle (figure 4-44). During coast, it was assumed that the
vehicle was randomly oriented and thus a full weight-penelty based on the
ullage rockets specific impulses must be assessed. It was initially thought

that the conditioning venting could be performed during the propellant
settling phase and thus take advantage of the reduced penalty provided by
obtaining usable thrust from the ullage rockets as described- above. It was
found, however, that the vent times required to obtain complete conditioning
for some missions were so lng that they 1ppeared to seriously compromise
the requirements for short reaction times. It was determined that for most
missions minimum reaction time and minimum settling time occurred if
the majority of the propellant conditioning venting occurred during coast.
Therefore, the total venting requirements (both coast heating and condition-
ing) were divided into the number of vents which gave the minimum total
time (sei~ing plus venting) and thus the minimum ullage rocket weight penalty.

- Because most of thaese vents occurred during coast, it was assumed, con-
servatively, tlat all venting occ-irred during coast and that this venting

* incurred the full ullage rocket weight penalty. Using the ullage rocket
weight penalties for the various missiona as shown in figure 4-44, the total
weight penalties for the worst mission is shown in table 4-15.
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Table 4 -15

VENTING SYSTEM WEIGHT PENALTY COMPARISON
(worst mission at settling thrust of 64 lb. 1)

Ullage Rocket Penalty

Fixed Propellant
Weight Settling Repres surization Penalty Total

_ _ _ _ _ _ _ _ _ _ _ _ _ _(lb.) _ _

Mechanical 'vapor/
- liquid separator:

*Self-powered 25 11.5 1 39 76.5

SElectric -powe red Z17 11.5 1 32 261.5

Ullage rockets 57 11.5 1 0 69. 51

Surface force 2 0b 0 1 unknown 20+

DEP 47.5 11.5 1 0 60

Thermnovapor/ 8.5 11.51
liquid separatorI

4a aThrust based on Maneuvering Satellite System ACS pitch-yaw engines-
4 at16 lb. thrust.

El bBased on Maneuvering Satellite System study results.

-Ac
Ilncludes 0. 7 lb. for rejgilator - 3. 3 lb. for heat exchanger -4. 5 lb. for
structure, for actual de.E,ign of 75 p. s. i. a. system.

ZVI



(b) Continuous Venting. Surface force devices have been
studied as a means of positive liquid orientation in the tank and to provide
vapor/liquid separation for venting. It was found that 400 mesh screens would
retain liquid under the most severe expected disturbances. However, such
a screen would only retain such liquid as was trapped below it at shutdown.
In order to retain all liquid in the tank the screen would have to be located
at precisely the vapor/liquid interface at shutdown. If the interface was

4 below the screen, the screen might be dry and might not hold the liquid at
rebound. If the interface was above the screen, some amount of liquid would
be free to float off the screen and possibly be vented. The indetermninacy of
the mission (along with normal propellant usage tolerances) makes such pre -
cise location of the screen Impossible. As shown in the Rocketdyne Maneu-
vering Satellite System study, use of a screen for H? propellant retention
for res, -t is completely feasible, but retention of all liquid to allow all
vapor venting is not the same thing and is clearly impractical. The weight
of the Maneuvering Satellite System study surface force system is shown
only for comparison in table 4-15. Since the system will not work effectively
for venting, an unknown propellant weight penalty is also identified.

A thermodynamic vapor/liquid separa.'or was sized for the study vehicle
vent-rate and tank configuration. The vent rate assumed was based on
venting continuously an amount equivalent to the most severe heat load en-
countered. The worst mission in this report was the 5-day 19 burn case
which gave a vent rate of 0. 4Z5 lb. p. hr. This vent rate is more than
adequate for all other venting missions.

The separator heat exchanger tubing length, diameter, and weight are
shown in figures 4-46, 4-47, and 4-48, respectively, for minimum weight
systems based on tank geometry. The curves shown are for the 75 p. s. i. a.
and 21 p, s. i. a. systems with exit pressures of 15 p.s. i. a. and 5 p.s. i. a.
It is felt that for actual systems, pE.rticularly for the 21 p. s. i. a. tank pres-
sure, an exit pressure of 5 p. s. i. a. should be used.

Propellant settling and repressurization penalty must be assigned to
this system along with the basic system weight as shown in table 4-15.
Note that an additional propellant penalty is also included. This is baced on
the fact that tolerance in the regulator will allow some excess propellant
to be vented. The estimate of one pound is extremely conservative; the
actual will probably be much less. For the thermodynamic vapor/liquid
separator, as is the case for all lo Flow continuous systems, an additional
vent valve must be provided for loading and for emergency pressure relief.
This vent valve will be set to vent at a pressure higher than the primary
system vent pressure.

(c) Conclusions From ta.ble 4-15, it can be seen that of the
systems which will be effective in controlling vapor/liquid separation, only
two have low-weight penalties: (1) the thermodynamic vapor/liquid separator
and (2) the DEP system. The study vehicle is a high-performance space
vehicle with very low vent reqairements - optimum conditions for having a

A competitive thermodynamic separator system. On the other hand, the low
vehicle weight makes the fairly large "ixed weight of the DEP system look
unattract'vc. The DEP system comes into its own with large ,-ehicles and/or
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E l- LIQUID HYDROGEN TANK

I i-.,.EXIT 
P = 15 PSIA

4 .--- EXIT P = 5 PSIAI
W = .425 LB/HR
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Figure 4-47. Heat Exchanger Diameter as a Function of Conductive Diameter Ratio
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TANK GEOMETRY PERFORMANCE
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large vent rates. In the final analysis, the actual difference between the two
concepts is the penalty assessed for settling and repressurization. It is pos-
sible that the optimum solution to the problem of venting and liqud orientation
may be a combination of the Rocketdv.-. surface force system for liquid
orientation and the thermodynamic vapor/liquid separalor for venting. How-
ever, based on he ground rules adopted for this study, the thermodynamic
vapor/liqutid separator is selected as optimum for lowest weight penalty with
positive control for vehicle venting.

(d) Preliminary Design of Recommended Concepts, Design of
an actual thermodynamic vapor/liquid separator installation for the LH2 tank
was completed and was based on obtainable tubing dimensions and a minimum
weight support system. The installation is shown in figure 4-49 and consists
basically of an extruded aluminum center support column, 0. 063-in. alu-
minum support wires attached to brackets weldel to the tank wall, and a heat
exchanger consisting of 3/16-in. dia. 0. 022-in. chick aluminum tubing (the
thinnest roll obtainable commercially), 215 ft. long, uniformly spaced in
concentric rings. The tubing weight for the heat exchanger is 3. 3 lb. and is
suitable for the 75 p. s. i. a. system for down to 8 pct. liquid covering the
tubing. The support system weight is 4. 5 lb. giving a total system weight
(installed) of 8. 5 lb. as shown in table 4-15. The system shown would be
installed from the tank bottom upward with the tubing easily formed by hand
laid in, and tied down. Since all components (except bolts) are aluminum,
the differential expansion problem at cryogenic temperatures is obviated.
Final system hookup is to tube fittings connected to the vent valve and
regualator mounted on the LH2 tank manhole.

An alternate to this design concept would be to locate the heat exchanger
on the outside of the tank wall in direct contact with the wall. However, there
was not sufficient time to properly explore this approach and this would not
alter the basic choice in the type of venting system to be used. This is being
further studied under a Douglas IRAD program

(e) Cooling of the LF 2 Tank with Vented H2 . From the prelim-
inary results, it was concluded that the LF 2 tank did not require venting under
any of the conditions studied. However, there were conditions where the LF 2
tank did almost vent and if heat leaks are in reality higher than anticipated or
if design conditions are slightly exceeded, it is possible that the LF 2 tank
imay vent.

Venting of the LF 2 tank is undesirable for two reasons: (1) venting of
LF 2 vapor with its high density may incur a substantial weight penalty, and
(2) the vented vapor is highly toxic and corrosive, which could lead to addi-

. tional problems for the structure. Elimination of LF 2 venting is facilitated
by two circumstances: (1) LF 2 is typically stored in LN2 and is thus loaded
in a subcooled condition (rather than as saturated liquid-like 112), and
(2) LF 2 has a much higher boiling point than LH2 and tl us generally has less
heat leak to the tank. These circumstances mean that, typically, the LF 2
tank will require venting after the LH2 tank.
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It bhs been proposed that the cold LH? vent line be routed through the
LF2 tznk so that the vented LHZ can absorb heat from the LF 2 and thus
eliminate or substantially delay venting of the LF 2 tank. Routing the LH2
vent line and freezing of LF 2 to the LH2 vent line poses significant problems.

(1) Analysis. It was assumed that the dominant mode of heat
transfer in zero-g. was conduction through the LF 2 inthe tank to the vent line,
since it was felt that the forced convection heat transfer coefficien' : the
"LLH from the vent line would be relatively large. It was further asumed
that the LF 2 tank was spherical and that the cylindrical LH2 vent line made
a single straight pass through the center of the tank. Preliminary analysis
had indicated that a single pass may be all that is required, and this assump-
tion eliminates the complexity of analyzing a complicated heat exchang-!r.
The diameter of the vent tabe would be a variable, and even if a single pass
of tubing did n6& emovd-.•-,-F-aatgfVrate equal to that entering the tank, it
would remove sufficient heat so that venting of the vehicle LF• tank would
be eliminated. The heat flux from a sphere to an internal cylinder, assuming
constant temperature difference and conductivity, is

(Rz rlZ) 1/2

q = 87 kAT (4-41)
dx

where R is the tank radius and r 1 , the vent tube radius. The above equation
was integrated graphically for heat transfer to a variable diameter cylinder
of solid F? at 96°R (constant) from a tank wall at saturation temperature.
The conductivity was assumed to be the average conductivity based on the
fractions of liquid and vapor in the tank. This is a reasonable assumption
for randomly distrib-ited vapor and liquid in the tank considering integration j
over the entire tank volume.

The growth of the solid F 2 layer around the vent tube was appro-'ima,.,ly
computed based on the transient conduction from an internal cylinder (ref-.
e rence 16). The diffusive time constant for penetration of a line of 96°R
temperature into the tube surroundings was computed based on a constant
tube temperature equal to LH- saturation temperature at tank conditions.
.This assumption is justified as follows: the vented LH2 temperature will
rise by 26°R for a heat flux of 3b b. t. u. p. hr. (nominal heat le~ak into '1,e
fluorine tank) ana , ius the average will be in error by 13"R. However, this
assume. that the vented LH2 would be initially at saturation temperature
when actually it will be much colder due to expansion through the vent valve.
In fact, if the vented LH2 was expanded from 75 p. s. i. a. tank pressure to
15 p. s. i. a. in the vent line, it would drop in temperature by 13° R, enough
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to compensate for th'e temperature rise. The thermal diffusivity of solid F 2
was based on a thermal conductivity of 0. 01 b. t. u. p. hr. -ft. °R, a density of
81. 1 lb. p. ft. 3, and a specific heat of 0. 32 b. t. u. p. lb. 'R. The solid dif-
fusivity was an order of magnitude less than that of the liquid and two orders
of magnitude less than thaL of the vapor, thus time-controlling. For purposes
of this approximate analysis, the heat of fusion of solid F2 was ignored, and
the instantaneous heat flux through the solid F 2 coating was computed based
on the instantaneous coating thickness.

The apprcximate maximum heat flux into the vent line versus time after
venting H2 is plotted for solod F 2 conduction controlling, and for vapor/liquid
F2 conduction controlling for vent line diameters of 1/4 in., 1 in., and 3 in.,
in figures 4-50, 4-51, and 4-5Z, respectively. The appro-cimate weight of
solid FZ frozen to the Hz vent liae versus time after venting HZ is plotted in
figure 4-53. All computations were based on a spherical Fz tank with a
diameter of 75 in.

(2) Conclusions

* Figure 4-50 shows that a single-pass vent line of 1/4-in. dia. will
probably remove sufficient heat even at low liquid fractions to
eliminate any requirement for venting the study vehicle F 2 tank;
however, detailed analysis using the actual venting requirements
for the study vehicle should be made for a -omplete evaluation.

0 Figure 4-53 shows that the weight of frozen F2 increases rapidly
with vent tube diameter and time; this weight penalty may be the
controlling consideration. Note that even for time periods as short
as 10 6 /hr., that the 1-in. and 3-in. vent lines are virtually elim-
inated from further consideration.

* It is felt that the hazards of F 2 ice formation and leakage risk make
this technique a last-resort solution to the problem of F 2 tank
venting but with proper development such an approach is feasible
and deserves further study, particularly if longer duration missions
are desired.

(f) Comparison of Final and Preliminary Venting Requirements.
To this point, the venting study has been conducted on the bas of the prelim-
inary venting estimates as reported earlier in this do-ument. These were
based on a'i assumed constant heat input. After completion of the insulation
optimization and the pressurization system optimization, a more accurate
definition of the venting requirements was available. The primary difference
between the final and preliminary values results from the follawing:

. The heat input through the optimum insulation varies depending upon
the mission duration and the tank pressure level since the insula-
tion thickness varies.

* The heat input to the propellant from the pressurizing gas varies
with the inlet gas temperature, the duty cycle, and, to a certain
extent, the type of pressurizing gas.
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Table 4-16 lists the final venting requirements which evolved after the
optimization for those duty cycles where significant venting occurred. The
vaiues shown within the parenthesis in table 4-16 are reference values from
the preliminary analysis. These are not directly comparable because inlet
gas temperatures and tank pressures are slightly different, but the values
are in the same oe'der. As was originally anticipated, the final venting
requirements are considerably lower than the preliminary estimates, and
"some of the duty cycles which originally required venting did not vent in the I
final analysis. Duty cycles K and J are still the most critical with respect
to venting. The pump-fed case for duty cycle J also requires considerable
venting. All 14-day single burn missions required a slight amount of venting
even for the LF 2 tank which is a departure from the original findings,

However, the LFZ tank venting is very small and could be eliminated by
adding a slight amount of additional insulation. Table 4-16 also indicates the
influenbe of inlet gas temperature on venting. High inlet gas temperatures
generally lead to increased venting.

The reduction in venting over the original estimates is primarily a
result of reduced heat flow with the optimized insulation. This is illustrated
by table 4-17, which shows the heat flux through the optimized insulation
system as compared to the originally assumed values. The final heat input
is well below the assumed values particularly for the LH2 tank.

These reductions in venting requirements should not significantly affect
the previous conclusions made regarding the venting system.

Table 4-16

OPTIMIZED VENTING REQUIREMENTS

Venting Propellant Loss (Lb.)

All He He(LFZ), GH?,(LH 2 )

Cycle Pt Tig LH2 LFz LH? LFZ

I burn 235 300 1.3 (2.8) 0. 2 (0) 1.3 0.
(1) 800 1.3 0. Z 1.3 0

1, zoo 1.3 0.2 1.3 0

100 300 1.5 (3.6) 0. a (0) 1.5 0
800 1.5 0.2 1. 5 0

. I, Zoo 1. 5 0.2 1 .5 0

41 300 b (72.5) (0) 1. 2 0
800 1.2 0

1, zoo 1. -0.11
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Table 4-16 (cont)

OPTIMIZED VENTING REQUIREMENTS

Venting Propellant Loss (Lb.)

All He He(LF?),GH2 (LH-2 )

Cycle Pt Tig LH 2  LF 2  LH 2  LF 2

Z burn 235 300 0 '(0) 0 (0) 0 0
(80/20 800 5.7 0 a a

K) 1,200 63,0 0 a a

100 300 0 (26. 8) 0 (0) 0 0
800 8.6 0 28 0I1,200 32. 0 0 a a

41 300 b (69.3) (0) Z5. 5 0
800 48.4 0

1,200o 61.1 0ll2 burn 41 300 b (71. 5) (0) 14. 8 0
(50/50 800 22.3 0

J) 1,200o 27.8 0

A1 19burn 100 300 0 2. 6 4.3 Z. 6
(L) 800 1.4 0 12.7 0

1,200o 5.3 0 30.5 0

41 300 b (62.5) (0) 10.0 2.6
800 24. 0 0

,j b fdcaes1,200 33.5 0

aritica temperature of LHZ was exceeded

Pumpfed asesnot optimized for He on LI 2

Table 4-17

COMPARISON OF OPTIMIZED AND ESTIMATED HEAT F.LJUXES a

FOR 14-DAY MISSION (Shroud-Mounted Dimplar)

IHeat Load (B. t. u. / hr.)

LH2  LF2

Original estimate 50 36

Optimized values for pump-fed system 18. 3 27. 6

Optimized values for pressure-fed system 30. 3 27.6

a Does not include pressurant gas heat input._______
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4. Phase IV--Vehicle Thermal Control. Once orbit has been attained, heat
transfer to a space vehicle occurs through the mechanism of thermal radia-
tion. Therefore, it is possible to reduce the heat flow into the interior of the
vehicle by using special surface coatings which have favorable thermal prop-
erties, particularly emissivity and absorptivity. A considerable amount of
work has been done in evaluating these material characteristics and studying
how they are affected by the space environment. The OSO space experiments
are the most notable in which promising coatings were evaluated under orbiting
conditions. Data from these experiments were used in this study to determine
heat inputs and surface temperature histories for the specific conditions to be
evaluated.

Two distinct tasks were undertaken in this phase: (1) the optimum sur-
face coating was determined by evaluating vehicle heat inputs for a variety
of coatings as a function of time in orbit, and (2) temperature histories were
evaluated for the best of the candidate coatings.

a. Coating Evaluation. At the outset of the study, the surface property
and property degradation data of reference 17 were available. Additional
results from OSO-II data were requested and received from the Ames Researc0
Center (reference 18), completing the accumulation of available data.

To determine the optimum surface coatings, a simple model of the
orbiting vehicle was analyzed. The vehicle was assumed to be cylinder
with flat ends with its longitudinal axis aligned parallel to the. velocity vector.
A 260 n. mni. altitude orbit was considered with an orientation that would yield
approximately 66 rnin. of exposure to the sun and 28 min. of shadow time.

Figure 4-54 depicts the orbit geometry utilized in the thermal analysis.
The specification of the orbit in relation to positions on the Earth's surface
depends on the frame of reference selected; however, for the purpose of
analyzing the thermal history of the vehicle in a circular orbit, the angle
between the normal to the orbit plane and the Earth-sun line uniquely specifies
the orbit. This angle was determined to be 38. 5° on the basis of the specified
66 min. of sunlight and 28 min. of shadow per orbit.

The initial vehicle position in orbit was arbitrarily taken as the point
directly over the terminator prior to entry into the shadow. As indicated in
figure 4-54, the rotation of the vehicle about its axis has been considered.

The vehicle analyzed consisted of two compartments, one containing LHY
and the other LFZ, The total steady-state heat transfer to the vehicle inte-
rior throughout one orbit was calculated for several surface coating conditions.
The results of the analysis are presented in figure 4-55 for a number of prom-
ising surface coatings. It is readily apparent that the zircon in KSi 4 coating
is the most favorable for all mission durations.

b. Determination of Temperature Histories. Surface temperatures
were computed by a Douglas orbital heating computer program (JD56), using
the zircon in potassium silicate coating. In addition to the conditions already
specified, the forward end of the vehicle (payload end) was maintained at 400F.
The aluminum propellant tanks were assumed insulated with high-performance
insulation.
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Figure 4-54. Geometry Definition
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Conduction paths from the tanks to the s~idewalls and the aft end simulated
steel piping. Also, glass fiber supports from the tanks to the sidewalls were

simulated. The calculated surfare temperatures revealed that the effect ofconduction parallel to the vehicle surface was small. The longitudinal varia-

tion in sidewall temperatures was generally less than 10°F. Hence, only
the sidewall temperatures at the center of the vehicle are presented in fig-
ure 4-56 and 4-57.

END OF ONE ORBIT

I

\ I
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Figure 4-56. Circumferential Variation in Skin Temperature
Steady-state cycling of the surface temperatures was achieved after four

orbits. In figure 4-56, the circumferential variation in sidewvall temperatures
is shown at the beginning and end of one orbit. In figure 4-57 the temperature
histories throughout a comp]ete Lvo-orbit cycle are presented for three equally
spaced sidewall positions, together with the vehicle end temperatures.

5. Phase V--Propellant Utilization. Propellant utilization, referred to here
as P.1t. , is defined as the ratio of propellant consumed in flight (if the engine
is allowed to burn to a propellant depletion) to the total usable propellant
loaded. This is an important value since it is a measure of the total impulse
available for imparting vehicle velocity. For this reason, the P. U. system
is optimized for maximum performance on all rocket propulsion systems.

Determination of the P. U. for a rather broadly defined study vehicle is
difficult since the results are highly dependent on the assumptions used in the
analysis. For an actual vehicle, the P. U. analysis would be based on actual
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experimental engine coefficients, a well defined mission including previous
-*,elemetered mission data, and a well calibrated vehicle system. Under such
conditions there would be a high confidence level that a particular P. U. would

S~be achieved. For the purposes of this analysis, assumptions were made for
S~the pertinent experimental variables described above, and the Propellant
- Utilization Monte Carlo Program (F807) war, used to simulate the numerous

flights required to achieve a high confidence level. Thus, the P. U. values
obtained are representative of the P. U. which would be realized after a num-
ber of missions and vehicles have been flown (and thus some of the bugs elim-
inated and some experience gained) and is -probably somewhat higher than the
P. U. to be expected on the initial flights. The assumptions made for the P. U.
system analysis are intended to be as realistic as possible and thus result in
representative values for the expected P. U.

Two types of P. U. systems are in current use: (1) an open-loop system,
and (2) a closed-loop system. Both systems can produce accuracies of 99 pct.
or better for properly calibrated propulsion systems, and the choice of one
or the other is determined by the requirements of the specific system.

a. Open-Loop P. U. Systemn. An open-loop system is inexpensive,
reliable,-and does not require black boxes or flight hardware. To attain thios
simplicity and reliability, it relies entirely on system predictability prior to
flight, and no control of propellant utilization is possible after vehicle liftoff.

The open-loop system has been successfully demonstrated on the Thorvehicle. A guarantee of 99 pct. was established and the present P.U. average

is 99. 75 pct. (Whether the open-loop system would look as good with two
cryogenics on Thor is questionable. ) By comparison, the Saturn vehicle with
its closed-loop system has a P. U. average of approximately 99. 995 pct.

The accuracy of the open-loop system lies in the ability to predict the
`V'ý amount of propellarts required to perform a given mission and the ability to

load them accurately. The prediction of the propellants used in flight depends
on the accuracy of the tag engine mixture ratio furnished by the engine manu-
facturer and the accuracy of the influence coefficients that determine the
changes in mixture ratio that occur in flight as the operating conditions change.
These coefficients become more and more a~curate as flight experience isgained. For this study, coefficients were used which had been obtained from
Bell for a HZ/Fm engine of the 0, 000-lb. thrust class. These coefficients
had been used previously for the Delta II study and are shown in table 4-18.

The accuracy of loading the propellants depends on the instrumentation
used to measure the specified quantities and the accuracy of the tank
calibrations.

It would seem that the predicted propellants should be loaded so that, if

everything operated normally, the engine would run out of each propellant atexactly the same time. Thicis not necessarily true, because of unpredictable
variations and tolerances in the propulsion system operation conditions.
Threre e, variations in open-loop propellant utilization depend on variations
in tag mixture ratio, engine influence coefficients, propellant loading, and
system operating conditions.
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Table 4-18

DEVIATIONS USED FOR DETERMINING FUEL BIAS
(E. M.R. 13:1)

Percent Ac tual

Pump-fed (hI)

Oxidizer loading 0.5 59 lb.

Fuel loading: 1.3Z 12 lb.

- Propellant loading 0. 5 pct.

* Fuel venting 1. 2 pct.

Mixture ratio: 1.48 0.193

"* Inlet conditions '!. 25 pct.

"* Engine tag values 0. 15 pct.

"* Duty cycle 0. 73 pct.

Pressure-fed (1or)

Oxidizer loading 0.5 59 lb.

Fuel loading: 0.77 7 lb.

* Propellant loading 0. 5 pct.

* Fuel venting 0. 55 pct.

Mixture ratio: 3.11 0.405

"* Inlet conditions 1. 25 pct.

"* Engine tag values 0. 15 pct.

"* Duty cycle 2. 83 pct.

Propellants

LH 2-908 lb.

LF 2 -11, 800 lb.

Engine Influence Coefficients

AWf/APf inlet = 0. 067 pct./p. s. i.

AWf/ATf inlet = -1. 0 pct. /*R.

AW /AP inlet = 0. 033 pct. /p. s. i.

AW /AT inlet = -0. 3 pct. /R.

0 0
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Previous P. U. analyses have shown that with a system mixture ratio
(0/F) of greater than 1. 0. the open-loop P. U. can be improved by loading
extra fuel (called a fuel bias). With a mixture ratio of 13, 1 lb. of fuel will
combust with 13 lb. of oxidizer, or 10 lb. of fuel bias will absorb an error
of 130 lb. in oxidizer usage. For this reason, a fuel bias can be used to
absorb random errors in oxidizer usage and achieve higher propellant
utilization.

Since the variations in the open-loop loadings are random in nature and
not interrelated, the determination of the proper fuel bias and the P. U.
probability cannot be handled by normal mathematical analysis. For this
reason, a statistical Monte Carlo program (F807) was used to determine the
optimum fuel bias and associated P. U. probability. This program has been
successfully used for identical purposes on the Thor first-stage pump-fed
engine and the Delta second-stage pressure-fed engine. Basically, the pro-
gram consists of a os.t of equations defining P. U. in terms of mixture ratio,
propellant loading, ard burn time. One sigma variations are assigned to the
variables in the equations and the program set to randomly pick a set cf
values for each run or flight. By repeating this process approximately 5, 000
times, a P. U. probability distribution can be generated for each fuel bias.

The results for this study are shown in figures 4-58 and 4-59 and for a
pump-fed system and a Z50 p. s. i. pressure-fed system. The deviations used
in each case are tabulated in table 4-18. An examination of the curves sub-
stantiates thefact that anopen-loop system is at its best with a high mixture
ratio. Anincrease infuelbias absorbs all tbeerror in tb•oxidizer side and
leaves only the additional error of a few pounds of fuel bias that do not affect the
P. U. to any great extent as the fuel bias is increased.

The deviations (table 4-18) used in setting up the Monte Carlo program
strongly influence the results and must be discussed, particularly those that
are peculiar to this system; namely, fuel venting effects and variations, duty
cycle, and throttling variations. Other deviations, such as propellant loading
deviation and initial loaded pressure and temperature deviations, were taken
from Thor and Saturn data as standard percentage values.

Fuel venting is dependent on the type of pressurization system assumed,
the mission, and the system pressure. For this analysis, a heated helium
pressurization and ambient helium repressurization system were assumed.
Under these assumptions, only a few missions vented the fuel tank; princi-
pally the low-pressure pump-fed systems. At no time did the oxidizer tank
vent. The heat load to the fuel, and thus the amount vented, depends on the
assumed vehicle wall temperature, and the magnitude of the heat shorts;
this is one of the major system unknowns. Thus, the most conservative
possible assumptions in vent rate were used. One of the most severe venting
cases is mission K (80/20 burn with 14-day coast) for the low-pressure (pump-
fed) case. A number of runs were made with the Douglas computer program
H109, Multi-start Propulsion System Sizing Program, for this mission to
determine the effect of venting or extreme changes in vehicle wall tempera-
tures, system run, and vent pressure. The results are shown in table 4-19.
The extreme wall temperature changes were selected to reflect the maximum
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heat load variation expected, rather than actual wall temperature variation
expected. The maximum deviation, from nominal were chosen as 3r varia-
tions and accounted for in the fuel loading variations, since the nominal
amount of vented fuel would have to be added to the open-loop fuel loading.

Table 4-19

H VAPOR VENTED
(80/20 Run-14-day Duty Cycle)

Wall Temperature (*R)

Vent Condition
Pressure Pressure 350 400 450

20 52.6Z 71.45 95.23

24 21 51.55 70.32 94.50

22 50.4Z 69.12 93.16

20 52.47 70.55 94.69
25 21 51.15 69.96 93.45

22 49.85 68.58 92.68

20 51.67 70.48 94.69
26 21 51.09 69.38 93.20

22 49.84 68.55 92.58

Since the duty cycles are so varied, the fuel vented can range from zero
to the amount shown in table 4-19. This is a source of error in the open-
loop system which has but a small effect on P. U. probability. This is be -
cause that extra fuel, added for venting, which is actually not vented, just
acts as additional fuel bias. This effect is shown in figures 4-60 and 4-61.

In the pressure-fed engine system, the venting is reduced to a very
small quantity in the 7 5-p. s. i. system and to none in the 250-p. s. i. system.
This is reflected in the smaller sigma fuel-loading deviation shown for the
pressure-fed system. No venting occurs on the oxidizer side because of the
subcooled condition of the fluorine. Therefore, the only effect from heat
transfer is a variation in oxidizer temperature which in turn affects mixture
ratio. Thie effect is covered under duty cycle variations below. The tem-
perature rise that normally occurs at the end of flight due to tank stratifi-
cat,. 3, is not significant because the majority of duty cycles burn only part
of the propellant each time with zero-g., cc st, and destratification between
burns.

The biggest variable in the prediction of open-loop propellant utilization
is the mixture ratio shift that occurs due to the variety of missions or duty
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cycles that may be assigned to the vehicle. It is assumed that the mission
assignment is unknown, which means that an open-loop loading must cover
all possible duty cycles at the highest possible P. U. level. The effect of
this variety of missions is to make possible a large variation in propellant
inlet temperature and pressure conditions which produce corresponding
shifts in mixture ratio. '4DE-

For the pump-fed case, the inlet pressure changes are small on the fuel
side, and from 0 to 15 p. s. i. on the oxidizer side. However, the influence
coefficients are so small that the inlet pressure effect on mixture ratio is
comparatively small for both oxidizer and fuel. The temperature effects
are quite significant. The oxidizer temperature spread is 120 and the fuel
temperature spread is 2°. The spread of only Z' in fuel temperature is
explained by the fact that the fuel is conditioned to provide N. P. S. H. prior
to each burn in the pump-fed case. This is fortunate from a P. U. standpoint,
since it results in a fairly small excursion in engine mixture ratio (E. M. R.)
(see figure 4-62).

In the pressure,-itd case, the oxidizer temperature spread is 20° and the
fuel temperature spread is Z0'. This results in a fairly large change in
E. M. R. (see figure 4-62) since the influence coefficient for fuel temperature
effect on mixture ratio is 3. 5 times that shown for the oxidizer temperature
effect on mixture ratio. Fortunately, the coefficients are of opposite sign.
The flat portion of the 250-p. s. i. E. M. R. curve (figure 4-62) is caused by
the fact that the burn cycles are clustered at the beginning and end of the
duty cycle and relatively hot pressuring gas is being added to condition for
each burn. The large spread in mixture ratio for the pressure-fed cases
causes the 1-o variation in mixture ratio to be 2. 1 times as great for the
pressure-fed case as the pump-fed case in the Monte Carlo program. This
results in the 90 pct. probability curve being approximately 0. 2 pct. worse in

P. U. for the pressure-fed system (figure 4-58 and 4-59).

Selection of an actual fuel bias for the system is somewhat arbitrary in
that a number of biases in a certain range can be selected which will not
result in changing the P. U. probability markedly. However, the fuel bias
value of 30 lb. was picked so that a large variation in fuel vented would not
drop the 90 pct. probability (pump-fed case) below the 99. 1 pct,. P. U. level.
The pump-fed case was used since it had the greatest possible variation in
fuel vented. The amounts of fuel to be added to the fuel loadings were 55 lb.
for the pump-fed case and 15 lb. for the pressure-fed case.

The effect of throttling was found to be minor and masked by other duty
cycle and mission variations. Limited data for the RL-10 engine showed that
the engine regained its nominal mixture ratio at the throttled condition after
approximately Z sec. of operation. This would result in extremely minor
shifts in mixture ratio averaged over the overall burn period and would not

change the results of this analysis.

In summary, the results of the open-loop propellant utilization survey
indicate that a pump-fed system could attain a maximum P. U. of 99. 5 pct.
with a 30-lb. fuel bias at a 90 pct. confidence level, and that a pressure-fed
system could attain a P. U. of 99. 3 pct. under the same conditions but with a
25-lb. fuel bias.
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If the system is to be mission independent, then the P. U. , shown in
table 4-23, could be obtained with the appropriate fuel bias.

a b. Closed-Loop P. U. System. The above section discussed the
open-loop system which predicted the amount of fuel to be loaded for a given
oxidizer load and whose accuracy was based entirely on the validity of this
prediction and the accuracy with which these propellants could be loaded.

The closed-loop system, on the other hand, does not need as exact a fuel
loading, since it monitors in-flight mixture ratios and changes the engine
flow rates in order to use the entire propellant load. If the initial loading
is fairly accurate, the system operates at nearly nominal mixture ratio and
the only penalty is the weight, cost, and potential reliability decrease of the
closed-loop P. U. sy.tem. Several closed-loop P. U. systems are in opera-
tion at the present time with very high accuracies. The system on Saturn
has, so far, provided a P. U. of 99. 995 pct. and the Acoustica system,
designed for a maneuvering satellite, claims the same 99. 995 pct. accuracy.

Although this kind of accuracy cannot be matched by an open-loop system,
it should be noted that the peculiar requirements of the study vehicle, with
itz variety of duty cycles, actually lowers the closed-loop P. U. available
from a pump-fed system as much as 0. 8 pct. This makes the overall P. U.
available slightly less than that shown for an open-loop system. The reason
for the drop in P. U. available for the closed-loop system is because the long
coast periods between burns result in fairly large amounts of fuel being
vented, which cannot bc compensated for in the remaining burn time available.
This situation was noted during two duty cycles, the 50/50 burn and the 80/20 £
burn 14-day missions. j

With a closed-loop P. U. system capable of operating at off-mixture
ratios of 10 pct. or even 15 pct. , above nominal mixture ratios, it was found
that the control could operate at maximum mixture ratio continuously and
still not be able to burn the oxidizer equivalent of ti'e fuel that had been
vented. More important, it was found that the engine was forced to operate
at a mixture ratio of 14. 3 (10 pct. system) or 14. 95 (15 pct. system) for the
duration of the second burn period in each case, at reduced efficiency levels.

With no bias whatsoever and a nominal amount of fuel vented before the
second burn period, it was found that unacceptable amounts of oxidizer would
be left in the tanks (table 4-20). However, without knowing the characteristics
of the closed-loop control, it was assumed that fuel could be added in excess
of that required for a 13:1 mixture ratio and the control biased so that it did
not see this fuel at any time in flight. This unseen fuel would offset the fuel
vented, and the only penalties would be the off-mixture ratio operation of the
engine and any bias fuel residual that might result.

An actual fuel bias of 64 lb. was finally established for a closed-loop
system with a 10 pct. off-mixture ratio operating range as follows:

A basic fuel bias of 52 lb. was found for the 50/50 and 80/20 cases
which would give a minimum fuel residual (figure 4-63) with nominal
vent quantities of 69 and 71. 5 lb. of fuel.
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Table 4-20

EFFECT OF FUEL BIAS ON CLOSED-LOOP PUMP-FED SYSTEM

Duty Fuel Vented Residual Oxidizer
Cycle (lb.) M. R. (+10 pct.) Bias (lb.) (lb.)

80/20 69 (nominal) 14. 3 0 744
(14 days) 81.4 (1.65a) 14.3 0 922

50/50 71. 5 (nominal) 14. 3 0 431
(14 days) 83.9 (1.65a) 14.3 0 608

80/20 69.0 14.3 52 0
(14 days) 81.4 14.3 52 178

50/50 71.5 14. 3 52 23 (fuel)
(14 days) 83.9 14.3 52 9. 6 (fuel)

80/ZO 69.0 14.3 64 12 (fuel)
(14 days) 81.4 14.3 64 0 (fuel)

50/50 71. 5 14.3 b4 34. 5 (fuel)
(14 days) 83.9 14.3 64 22. 1 (fuel)

• Variations in nominal vent quantities with 90 pct. probability limits
were taken from the H109 program (*1Z. 4 lb. ).

* A new fuel bias was established to cover the uncertainty in quantities
of fuel that would be vented.

The criteria used for establishing this bias was that the minimum
fuel bias of 52 lb. would be the, lower 90 pct. probability limit for
the highest vent condition established in the second item above.
This point was chosen so that no oxidizer residuals would be ob-
tained (at a 90 pct. probability level).

* Using the 64-lb. fuel bias, fuel residuals were obtained for the

nominal 50/50 and 80/20 cases and these values statisti.cally added
with all the other duty cycles which had 64-lb. residuals. This
resulted in an actual fuel residual very close to 64 lb. for all
missions since the P. U. control burns everything except the fuel
bias.
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Once the average flight residual was established, the other penalty
assessed the system w'.o the amount of time at which the P. U. system would
be operating at a ma'ihmum off-mixture ratio condition. The performance
of the engine was assumed as shown in figure 4-64 on the basis of NASA
experimental data and an assumed efficiency. Note that the performance
drops off as mixture ratio increases. This is in accordance with experimen-
tally observed effects and is generally attributed to increasing disassociation
and ionization effects. Although the r•erformance shown is for a chamber
pressure of 50 p.s.i. a., the trend is identical for other chamber pressures.
Therefore, operation at higher than nominal mixture ratio results in decreased
Isp which is convertible- to a vehicle AV loss or equivalent weight penalty.
Using the off-mixture ratio rise shown in table 4-21 and the performance
decrease shown in figure 4-64, the velocity loss due to operation at high
mixture ratio for each duty cycle was established. This number was then
converted to a percentage P. U. equivalent.

In summary, the effects of (I) the closed-loop system weight, (2) the
bias fuel residual to help offset fuel venting, and (3) the penalty of off-mixture
ratio operation (+10 pct. ) to burn excess oxidizer resulted in an average
closed-loop system P. U. of 98.65 pct. (table 4-22). This applies to a 1/Z
pct. basic P. U. system at a 90 pct. probability level under pump-fed condi-
tions. Basic systems of 1 pct. and 2 pct. would be correspondingly worse.

On a comparison basis, this is slightly less than an open-loop pump-fed
system where a 99. 1 pct. P. U. was established. Apparently, the reason
for this is that the closed-loop system is operating at an off-mixture ratio
condition for a significant part of several missions, while the open-loop
system is not. This offsets the advantage of the closed-loop system which
burns to a zero propellant condition when given sufficient time.

If a closed-loop system with a 15 pct. off-mixture ratio control is used,
the P. U. drops slightly to 98.56 pct. under the same conditions since the Isp
is lower at the 15 pct. off-mixture ratio condition (table 4-ZZ).

On the other hand, the closed -loop system on a pressure-fed system
appears to offer substantial improvement over the open-loop system. This
results from the fact that (1) very little venting occurs with the pressure-fed
system to cause problems such as those discussed above, and (Z) the closed-
loop P. U. control will hold the mixture ratio at 13:1 even though the engine
pump inlet temperature and pressure buildups with time are such that they
tend to shift the mixture ratio continually to higher values (see figure 4-62).

This shift in E. M. R. that occurs with duty cycle variations amounts to
an average velocity loss of approximately 74 f. p. s. for the open-loop system
or a relative improvement in P. U. for the closed-loop 75-p. s. i. system of
0. 29 pct. With a 2 50-p. s. i. engine operating level, the improvement is even
greater (0. 456 pct.) since the velocity loss is approximately 120 f. p. s. for
an open-loop system. This effect is independent of propellant utilization
since the comparison is made on the same amount of propellants burned and
only depends on mixture ratio shifts caused by changes in inlet temperature
and pressure in the open-loop system.
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2 Table 4-21

CLOSED-LOOP PUMP-FED SYSTEM
(10 pct. off E. M. R.)

Duty Vent Loss Fraction AV Loss
cycle (lb.) Off E. M. R. Time AV (f. p.s. (f. p.S.)

A0 0 0 X 0

B 0 0 0 0

C 0 0 0 0

D 0 0 0 0

E 0 0 0 0

F (80/20) 16. 3 0. 90 of second 48. 59 43. 7
burn

G (1) 19.0 0.21i 170.07 34.0

H 1(19) 18.6 0.20 170.07 34.0

1 (1) 72.3 0.79 170.07 134.0

J (50/50) 71.5 All of second 105.00 105.0

burn (0. 50)

K (80/20) 69.0 All of second 48.59 48.59
burn (0. ZO)

L (19) 62. 5 0.49 170.07 83. 20

Total 482.49

Average =40 f. p. s.
(for 12 duty cycles)

Assurning a normal distribution,

a-=43. 8 f.p. s.

At 90 pct. probability level,

AV 112 f. p. s. or 0. 42 pct. P. U. equivalent.
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Table 4-22

CLOSED-LOOP PROPELLANT UTILIZATION
S (90 pct. Confidence Level)

AV (f. p. s.) P.U. (pct.)

I. Pump-fed engine (10 pct. M. R. control

and 64-1b. fuel bias)

A. Basic system (1/Z pct.) 99. 725

B. Weight penalty (21 lb.) 28 -0. 165

C. Operation at +10 pct. off M. R.
(Isp shift of -5 sec.) 112 -0.425

D. Residual fuel (64 lb.) (I. 65o-
variation in venting) -0. 503

Total 98.65

11. Pump-fed engine (15 pct. M. R. control

and 57. 5 lb. fuel bias)

A. Basic system (1iZ pct.) 99. 725

B. Weight penalty (A( lb. ) 28 -0. 165

C. Operation at 15 pct. off M. R.
(Isp shift of -8 sec. ) 145 -0. 542

D. Residual fuel (57 lb.) (I. 65u-
variation in venting) -0. 450

Total 98. 56

III. Praesure-fed engine (75-psi system,

10 pct. M. R. control and 22 -1b. bias

A. Basic system (1/2 pct.) 99. 725

B. Weight penalty (21 lb.) 28 -0. 165

C. Operation at 10 pct. off M. R.
(duty cycle K) 26 -0,10

D. Residual fuel (22 lb.) -0. 173

Total 99. 29

IV. Pressure-fed engine (250-p. s. i. system,

"1T0 pct. or 15 pct. M. R. control, no bias)

A. Basic system (1/2 pct.) 99. 725

B. Weight penalty (21 lb.) 28 -0. 165

Total 99.56
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In several cases, it appears that the 75-p. s. i. pressure-fed system is
marginal: it may or may not vent; while the 250-p. s. i. pressure-fed sys-
tem shows no sign of venting. Duty cycle K for the 75-p. s. i. pressure-fed
system shows 27 lb. of fuel vented before its second burn. Using the same
procedure as outlined previously for calculating a fuel bias, the final result
is a drop in P. U. of 0. 27 pct. on an overall basis (table 4-22). While this is
not a large penalty in P. U., it indicates that predictions of the amounts of
fuel vented can become quite significant and should not be overlooked in the
final selection of a feed system.

c. Conclusions. The overall comparison between the open-loop and
closed-loop P.U. Bystems is shown in table 4-23. This table shows P. U.
based on a bias so that optimum P. U. is obtained from an indeterminate
mission. With this bias, the P. U. obtainable for each duty cycle is shown.
It can be seen that the open-loop system is generally superior to a closed-
loop system for low-pressure pump-fed engine systems. At 75 p. s. i., the
open- and closed-loop systems are comparable; at high pressure, the closed
loop is superior. This is principally caused by the fact that venting and
mission indeterminacy severely penalize the closed-loop P. U. system.

6. Phase VI - Tank Insulation and Support.

a. Tank Insulation. To adequately store cryogenic propellants on board
an orbiting spacecraft for periods greatly exceeding several hours, a high
performance thermal insulation system is mandatory. During orbital opera-
tions, the primary means of heat transfer to the vehicle is through radiation
derived either directly from the sun or reflected back from the Earth. There-
fore, it has been found that an insulation system composed of a number of
parallel reflective sheets contained in a vacuum has the theoretical capability
of reducing the radiant input to the propellant tanks to an extremely low level.
However, if conduction is permitted to occur between the sheets, either
through direct sheet contact or through a significant amount of gas being
present between the layers, the thermal performance of the insulation system
can be greatly degraded. These factors combine to make this basic con-
cept difficult to apply to a real system both with respect to fabrication and to
make space insulation compatible with ground-hold and boost phase operation
which occur in a finite pressure environment where heat transfer occurs by
convection rather than radiation.

Within the past few years, a considerable amount of analytical and ex-
perimental work has been attempted to evolve a real insulation system based
on the multiple reflector concept. Most of this work is summarized in refer-
ences 19 through 24. Much of this work is still in progress, and as yet no
consensus hls been reached as to the optimum approach to this problem. It
is now clear, however, that such a system can be made with the thermal,
structural, and weight characteristics necessary to ensure extended durotion
space storage of LH 2 , LF 2 , and LO 2 propellants.

The work conducted and under way in this area has been reviewed
in detail. During June, 1965, visits were made to NASA-LeRC,
Arthur D. Little, and NASA-MSFC to obtain the latest information on current
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programs. There is an almost endless variety of detailed approaches that
can be taken to envolve the required insulation system. However, when
considering fundamental differences and not detail variations, the basic
choices are relatively few for the type of vehicle under consideration. This
is illustrated by figure 4-65. This figure shows that two choices exist for
the basic space insulation material; a Mylar, or other similar non-metallic
film, or a metal foil such as aluminum. If the mylar film is selected, a
metallizing process must be applied on one or both sides. This is generally
an electrically deposited aluminum (gold and silver are also being studied).
The metallized Mylar is lighter, stronger, aud less susceptible to tearing
than metal foil. Thus, Mylar is presently preferred.

It is next necessary to select the approach for separating the reflection
layer. There would seem to be three approaches with the metallized film:
(1) crinkling of the film which provides for contact only over a limited area;
(2) providing a controlled permanent set in the material, which also results
in a limited contact area; and (3) use of a low-conductivity separator such as
a continuous paper spacer, netting material, glass fiber stripping, and so
forth. Approaches (I) and (2) are similar except that setting is more rigid
and controlled than crinkling. With the metal foil, an insulator separator
must be used. Crinkling or setting should provide lower heat conduction and
less weight, but the insulator tends to be more predictable and less suscep-
tible to thermal degradation by crushing.

The next decision is to select the approach for adapting the space insul-
ation system to atmospheric operation. The greatest departure in concepts
is noticeable here; the following four basic selections are available: (a)
a purged interstage in which helium is used to saturate the insulation with a
noncondensable gas; (b) purged substrate in which a layer of low conductivity
material, such as fiberglass mat, is placed between the tank wall and the
space insulation and is purged with a low flow of helium; (c) a low-
conductivity sealed insulation between the tank wall and the space insulation;
and (d) an evacuated bag in which the entire insulation system is encased in
a flexible bag and evacuated prior to loading the propellant. All of the space
insulation systems are compatible with these four concepts except the
crinkled mylar system which is probably not applicabl to the evacuated bag
concept.

Concept (a) is the simplest and lightest in weight, but the problem exists
of getting purge gas initially into the system and quickly out again once the
vehicle is in space. It is also somewhat inefficient as an insulation system
during operation in the atmosphere. The purged substrate (b) is more com-
plex, generally relatively heavy, and the problem of introducing purge gas
still exists. Approach (c) is a good ground-hold insulation system but is
heavy and has many sealing problems. The sealed bag (d) also has serious
sealing problems and requires a basic insulation which is not damaged by
the crushing external pressure of I atm. Evacuating the bag is also a
problem.

Work is underway on several specific systems. The Lockheed effort

for LeRC uses a IB3b system (utilizing the notation of figure 4-65), that is,
a double aluminized mylar with a paper spacer and a purged fiber glass mat
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substrate. The National Aeronautics and Space Administration, George C.
Marshall Space Flight Center- is working on a IAZc system and a IAZa system.
Douglas IRADhas primarily concentrated in the past on a IAZa system.
Current Arthur D. Little thinking is toward a I" a system.

(1) Review and Comparison of Candidate HPI Systems. Table 4-Z4
in a compilation ofP dt.Teeaa are not complete as they are con-

2 ~~__Ie data. These_______ _ dat

stantly being updated -- both from IRAD testing at Douglas and from outside
sources. The sources of the data presented are: (1) aluminum foil with a
glass fiber space -- Linde Company; (2) Mylar aluminized on both sides with
dexiglass spacer N Lockheed Missiles and Space; (3) Mylar aluminized on

both sides with a nylon netting spacer -- Arthur D. Little Company; (4) Mylar
alurirazed on one side with a crinkling technique as a spacer -- Arthur D.
Little Company; (5) Mylar aluminized on both sides with a dimpling technique
as the spacer -- Douglas. Because of the difficulties and sensitivities
involved in testing HPI, the comparison of conductivities of the different
groups should be viewed with caution. The conductivities are best used as
an intragroupd comparison.

Three basic types of HPI have been selected for consideration: (i)
aluminized Mylar separated by crinkling ()ylar) aluminized Mylar
separatedby a very low conductivity material (system IB3); and (3) alumi-
nized Mylar separated by layers of aluminized mylar which have been preset
or dimpled to maintain gaseous diffusion paths and structural integrity
(system CAI). The Linde insulation system is not being considered because
(as thermal shorting of the insulation becomes too critical; (b) the outer
aluminum layer is prone to vibration damage: (c) outgassing of purge gas is
difficult, and (d) the system generally tends to be heavy relative to the other a
candidates, as indicated by table 4-r4. Using test results from the various

sources, one can compare the insulating effectiveness for typical examples
cf each of the three systems.

For sysem IAZ, test results at Douglas indicate a heat flux, q, of 0.M37
B.t.u.p. ft. -hr. for a 50-layer section of insulation (1-in. thick). Assuming
that radiation is the only mode of heat transfer, we have

where n is the number of layers, TdH is the hot-side temperature of the
insulation, T is the cold-side temperature, and c is a measure of the heat
transferred pcer unit area for a sheet. Using the above results, which were
obtained with LN as the cryogen and aAT of 3ctiF across the insulatlon, it

was determined ?hat c was equal to 2. 26 x 10-' B. t. u. p. °R4.

For System IB3, results from a test performed at Lockheed (sponsored
by NASA-Lewis) indicate 0.-3 B. t. u.op. ftisa -hr. over 30 pairs (aluminized
Mylar and Dexiglass) of insulation layers. The test was performed with LII

A
obandwt Nas the cryogen and a AT of 360"F across the insulation. ti dtr indtha

c for this system is 1.13 x 10- B.t.u.p. OR4

~iI
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For system IA1, IRAD tests at Douglas have shown that the heat flow for
a typical configuration of 36 sheets of insulation is 0. Z6 B. t. u. p. ft. -hr.
The test used LN z as the cryogen and had T across the insulation of 395 OF.
This gave a c of I. 14 x 10 B. t. u. p. R00. If one also considers the relative
weights of the systems, the following results are obtained: if the weight of a
1-ft. square section of 1/4-mill aluminized Mylar equals 1, the weight per
sheet of system IAZ is 1; the weight per sheet of system IB3 is 3; and the
weight per sheet of system IAI is 2.

Taking the products of the c values an.d th relaUve weights, we can get
a meaningful measure of performance of the insulation on a weight Wsis. For
system IA?, we get 2. 26 x 10"1 0 ;.6or systemr IB3 we get 3.39 x 10- ; and
for system IAI we get Z. 28 x 10-1 . This implies that the system using an
insulator spacer is about 50 pct. heavier than the other two systems which are
approximately equal; this difference in performance is not significant because
the Lockheed system was not tested in the same apparatus used for the
Douglas Dimplar and NRC-2 tests. However, system IAl uses 1/2 mill
rather than 1/4 mill Mylar sheets; therefore, it may be that 1/4 mill sheets
can be used with little loss in performance.

(Z) Insulation Location. The normal approach to installing
multilayer insulation has been to apply the insulation directly to the cryogenic
tankage. However, early in the program, it was reasoned that this was not
the only possible location and that an insulation system located around the
structural shell or at least removed some distance from the cryogenic tanks
may have certain advantages.- The pros and cons for shroud versus tank
mounting are listed in table 4-25.

Quantitative descriptions of the items in table 4-Z5 are contained in the
following discussion. The presented numerical results are based on pre-
liminary models which may differ from item to item. Thus, the important
result is the relative performance of the two systems, S (HPI on shroud) ani
T (HPI on tank), rather than the absolute magnitude of the separate results.

(a) Supporting Arguments.

P1 -- Ease of Compression-Free Application. Most
of the heat transferred through a blanket of-iPI in a typical installation
reeults from solid conduction. To illustrate this, consider the following
examples:

Dimplar -- Calorimeter Data. Tests in Douglas
materials laboratories were conducted under a current IRAD program to
evaluate a typical installation using dimpled Mylar insulatuon. A typical
result was the following:

T (hot wall temperature) = 530°R
T (cold wall temperature)= 140OR
n (number of HPI layers)= 19
t (HPI slab thickness) = 1 in.
q (heat flux) = 0.57 B. t. u./hr.-ft.2
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Table 4-25

EVALUATION OF PLACEMENT OF HIGH-PERFORMANCE
INSULATION ON THE SHROUD INTERIOR

Pro Con

P1. Ease of compression-free Cl. Increased area to insulate.
application.

C2. HPI subjected to aerodynamic
P2. Low shorting of insulation by heating.

supporting structure.
C3. Increased ground hold and

P3. Performance gain when HPI boost boiloff.
does not touch cold tank wall.

C4. Untried system.
P4. Multitemperature skin insula-

ted optimumly.

PS. Potential for leak detection.

P6. Little insulation required on
penetrations.

P7. Ease of tank maintenance.

For an ideal radiation shield of the same material, the heat flux is
given by

q =-;T T4)_ 0. 0035 (4 - T c). o 08qr n(A- h -c = n c xI0-

for doubly alum.lnized Mylar sheets with emissivity = 0. 04. Thus
q =0.14B. t.u.

r ft. h•r.

Comparing this value to above measured heat flux we find that the con-
ductive component is

qc = 0. 57 - 0.14 = 0.43

Therefore the conductive component amounts to approximately 80 pct.
of the total heat flux.

LMSC Tests of HPI System with Paper Spacers. Tests at
LMSC, reported in references 21 and 22, result in the following data taken
for an installation on a tank of an aluminum-coated (double) Mylar HPI using
Dexiglass spacers:
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T =140 OR
cn = 30.

t 1/Z in.

4 = 0.30 B. t.u.p. /hr. -ft.

here the conductive component amounts to about 70 pct. of the total heat flux.

In contrast to the preceding values, the conductive component to the heat
flux must go to zero far a contact pressure of zero between the sheets. The
following is, therefore, apparent:

0 Transmitted flux will depend strongly on the insulation compression,

0 Current typical good installations are highly degraded because of
contact between layers of insulation.

A certain amount of compression is invariably associkted with wrapping
insulation around a real tank or a support. Due to a topological incongruency,
additional compression arises when a planar layer of HPI is z f 'od to a
spherical surface. Both problems are essentially removed when insulating
the inside of the shroud. Such a system should not build up tension in the
insulation (producing compression) because of the significantly different
application technique. Furthermore, the shroud surfaces will be truncated
cones or cylinders which present no topological, difficulties such as arise
with a spherical surface. 8

As seen by the calculations in the above examples, a compression-free
installation could improve the insulating properties of an HPI blanket by
about a factor of 3 (thus requiring 2/3 less insulation for the same heat-leak).
The actual performance gain would be a strong function of the precise HPI
application method.

At this point in time, the Douglas IRAD calorimeter tests were consis-
tently showing Dimplar to be about twice as heavy as NR C-2 in conventional
installations. However, it was expected that the spiral wrapping technique
used on the calorimeter was degrading the thermal performance, particularly
for Dimplar, because of the following:

* The flat reflectors in Dimplar do not give, resulting in a possible
high state of compression.

* Lateral conduction effects are magnified because of Dimplar's 41
greater thickness (conduction cross-section) and fewer shorts
(conduction length).

Thereforr. special calorimeter test was made to demonstrate the per-
formance caý £ I-,es of a compression free installation as would be expected
with the shrouc! -mounted technique. This test involved placing spacers at
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either end of the calorimeter so that the insulation would be set off the cold
wall. Each insulation sheet was individually, installed over the supports and
was cut to form a single butt joint running the full length of the cylinderical
calorimeter. Each sheet was placed so that the joints of successive sheets
were staggered 60 in. apart. No attempt was made to separate individual
sheets but care was taken not to compress the lay-up. Each sheet was sup-
ported by looped threads hooked to rigid spoke supports. The results of the
tension-free Dimplar test are given in table 4-26. For comparison., the
results of the previous 'best performing NRC-2 and Dimplar IRAD tests are
given. The Dimplar used was 0. 5-mul doubly aluminized Mylar with a deep
set. As can be seen, the tension-free mounting reduced the heat flux by
more than a factor of 2.

PZ -- Shorting of Insulation by Supporting Structure. It has
been shown in reference 25 that the high lateral conductivity in an BPI slab
helps channel heat through penetrations in the insulation (support members
or pipes) into the propellant tanks. The effect can be significant. For in-
stallations with about 100 HPI layers, the result of penetrations through
0. 01 pct. of the insulated area is a factor of 10 increase in the heat transfer
to the tank (reference 20). The model used for this computation was checked
against experimental results from Arthur D. Little, Inc. (reference 26). In
the ADL tests, an insulated tank was degraded with a Cu penetration and the
temperature profile in the HPI was measured. Using the experimental
profiles, the heat current from the HPI to the short was fovnd; reference Z6
reports the result to be 0. 44 B. t. u. p. /hr. The method of reference 25 was
applied to this example and the predicted result was 0. 38 13. t. u. p. /hr.

When the HPI is mounted on the sh:oud, the situation is altered in two
ways. First, many penetrations used to hold the HPI in place no longer offer
conduction paths to the tank because they are only connected to the shroud.
The effect is to raise the temperature of the cool layers of HPI in the vicinity
of the short and to radiate some additional energy to the tank. This process
of heat transfer is far less efficient than direct conduction. Second, pipes
and tank supports now remain cool near the tank (see P6). Conduction of
heat through these penetrations is very low because the hot areas are about
ten times further from the cryogen than for the configuration with HPI on the
tank.

Thus, by moving the insulation to the shroud, the severe degradation
from coupling between thermal shorts and the insulation may be greatly
decreased.

P3 -- Performance Gain When HPI Does Not Touch Cold
Tank Walls. Whether a system of ideal radiation barriers were placed near
or far from the propellant tank would not affect heat transfer. However,
real HPI systems have substantial conductive components (about 75 pct.).
Because of the nonlinearity of radiation heat transfer coupled with a conduc-
tive component, a performance gain can be obtained by moving the HPI from
the tanks. To illustrate this effect, assume that heat transfer through HPI
is 100 pct. conductive (this assumption simplifies the algebra). The systems
to be looked at are shown in figure 4-66. Consider the LHZ tank for the
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Table 4-26

HIGH -PERFORMANCE INSULATION

CALORIMETER TESTS (IRAD)

Number Insulation BoofHetlu
of thickness 3

Insulation system layers (in.) (ft. /min.) (B. t.u. p. /hr. -ft. 2

Shroud/mounted 9 smooth 0. 9 + 0. 1 0.00110 0.249
Dimplar (0. 5 mil) 8 dimpled-

Dimplar (0. 5 mil) 10 smooth 1. 0 0. 0022 0. 506
Continuous spiral 9 dimpled

NRC-2 (.0.2 5 mil)
Continuous spiral s0 1. 0 0. 00066 0. 157

NRC-2 (0. 25 mil)
Continuous spiral 50 1. 0 0. 00072 0. 166

current mission witg Tc = 36 0 R, T = 355 0 R, HPI thickness =1. 6 in. (40
layers), k = 8 x 10- B. t. u. /ft. -oltP-hr. These values are typical based on
current laboratory data and preliminary optimization for the 210-orbit
mission (14 days). The heat flux at steady-state condition is: .

System t

q Fe(T4 T4) 12k (
= F H (T t)~ (t - T (4-46)

or 0. 0035 (160 -T 4x 1O )6 x10-4( 36

Solving for Tt gives

T t 3240R, qt = 0. 173 B. t. u. /ft. 2-hr. (4-47)

System s

q s 0. 0035 T x 1-86O 0 (355 -T S)

Solving for T gives

Ti 220 R, q5  0. 08 1 B. t. u. /ft. -hr.

ris

146



,I

Moving the insulation to the shro.id has, in this simple example, reduced
the net heat transfer by one-half. Figure 4-67 displays computer-produced
data for the case where the radiative component of the HPI is included.
Values of k , the conductive 2ontribution to the effective conductivity, varyfrom 6 to 8cX 10" B. t. u. /ft. -°R-hr. for current good Dimplar installations.
The radiative component was included in a term of the form

Fa (T4- T 4)
n c

The percentage reduction in required insulation weight per unit area
caused by simply moving the HPI from contact with the tank is proportional
to the distance between the two curves on figure 4-67. In the range
of k values of interest, the savings are 45 pct. (for the LHz tank) and 25 pct.
(for the LF 2 tank). This performance increase is about the same as found
experimentally (reference 27).

P4 -- Multicomponent Skin Insulated Optimumly. The
configuration of the study vehicle with 17PI on the shroud is shown schema-
tically in figure 4-68. The insulation would be cut to the appropriate shape
to fit along the conical sides or the disk-shaped (or cone-shaped) ends. The
application method that would be used would allow application of layers of
HPI along the particular surface insulated as required. For instance, the
number of HPI layers along the top cone above the LF, tank need not be the
same as the number along the vehicle sides. Furthermore, the mean tem-
peratures of the various surfaces are quite different; thus, the optimum
configuration would almost certainly involve different numbers of HPI layers
at different positions arcund the vehicle.

SHROUD TANK
SYSTEM t

HPI ON TANK

HPI
g

TH Tt c

TH Ts Tc

SH - -SROUD TANK
SYSTEM S

HPI ON SHROUD

g

Figure 4-66. Simple Model to Evaluate Effect of Insulation Placement
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When the HPI is attached to the tank, it is impractical to insulate certain
portions of the tank surface with more layers than others. Furthermore, an
accurate analytic model of such a system is currently impossible. Because
the insulation can be tailored when placed on the shroud, a more satisfactory
performance optimization is possible. The weight savings can be large. Anumerical example is shown later in this section where the net effect of area

increase on the optimum configuration is calculated.

P5 -- Potentials for Leak Detection. With HPI on a tank,
leaking propellant vapor wil Wbuid up behind the insulation, eventually de-
grading the thermal performance of the HPI over a large area while slowing
down the leak rate. Thus, the discovery of the leak is indirect, that is,
through a slow increase in boiloff. A leak during laboratory testing will
cause wasted effort, expense, and time before it wiould be discovered. Also,
a leak existing iti the flight hardware would most likely be undetected during
ground hold and could result in mission failure.

On the other hand, with the insulation on the shroud, a single monitoring
pressure probe in each shrouded compartment could register tank leakage.

Furthermore, the region of the leak could be found by inspection of the bare
tank walls. Also, if a leak occurred during ground hold of the flight hard-
ware, a mass spectrograph probe could detect it.

P6 b- Little Insulation Required on Penetrations. When
the HPI is on the tank, all penetrations must thiemselves be insuIated. If
they were not, the radiative eqpilibrium between the penetrations, the
shroud, and the insulated tank would cause the penetrating pipe or support
to be nearly as hot as the shroud to within a few inches from the tank. The
heat conducted into the tank through the support under these conditions would
be too great to tolerate. Thus, the radiant heating of the support must be
eliminated by using HPI.

When the HPI is placed on the shroud, the field of radiant energy sur-
rounding the support is weak. Thus the penetration requires no insulation

to remain cool. Results are presented in section 4 (see figure 4-68) that
Sshow typical heating to the tanks from uninsulated supports. This heating is

unimportant for this consideration and is only a few percent of the total.

Because the penetrations need not be insulated for the case of HPI on
the shroud, the weight of that insulation is saved. Furthermore, the attach-
mert of the tank to its supports and plumbing can be accomplished more

easily.

P7 -- Ease of Tank Maintenance. Because plumbing and
support connections to the tank are bare when the -HPI is on the shroud, the
tank can be removed from the shroud. Movement of the tanks can also be
accomplished with minimum of risk of damage to the HPI, because most of
the HPI can remain in place on the shroud walls.
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(b) Opposing Arguments.

Cl -- Increased Area to Insulate. The total shroud area
plus the top, middle, and bottom disks (figure 4-b8) have a total surface area
of 603 ft.2 . The t~tal surface area of the tanks, the pipes, and supports
amounts to 348 ft. . It would, therefore, appear that almost double the in-
sulation weight on the shroud would be necessary to give the same system
performance, neglecting items P1, P2, and P3 above, as that obtained with
HPI on the tank. This conjecture is correct (ignoring Pl, P2, and P3), but
the doubled-weight system is no longer optimum. In this section, item P4
and the area increase will be considered to estimate the net weight penalty
associated with insulating the shroud. Figure 4-68 identifies the insulation
thicknesses and the wall areas to be used in the calculation. The surface
areas shown are

2 2
A = 123 ft. A = 207 ft.

a d
Ab = 185 ft. 2Ae = 207 ft.2

2 2

A = 88 ft. 2  Af = 49 ft.
cf

For these calculations, a pure radiation transfer equation is used with
a view factor chosen to fit the existing calorimeter data on Dimplar, viz.
(with T in 100 0R's)

8.55x 10-4 (T4 4 B. t. u. (449)
ft. orbit

(an orbit is 96 min.)

Temperature distributions were obtained from the data of section 4.
The data of figure 4-57 can be represented with reasonable accuracy by the
relation

T (100°R) = 3.25 + 1. 25 sine) (4-50)

where 9 is the angular distance around the vehicle's cylindrical surface.
The appropriate mean temperature to be used with the heat transfer law of
equation 4-49 is found by averaging over the surface as follows:

•4 1 4z

27rf

"= (1 + 0.89 sin 2 0+ 0.0Z2 sin 49) dO (4-51)

= 110 (1+0,,445+0.0087) = 160
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I

or = 3.55 (100°R)

System t -- Insulation on Tank. Approximately 30 pct. of
the LH2 tank sees the bottom of the stage .\yhile about 20 pct. of the LF 2 tank
sees the payload. The net heat transfer td the two tanks from equation 4-49
is (for LF 2 Ind LH2 , respectively):

q 25.5 B.t.u. 27.9 B.t.u. (4-52)a --5--
a br~ orbitj

The boiloff equivalent for the most severe mission (210 orbits) is
_30.9 bWb 30.4

W a b = I b 3 Ib (4-53)

Also the insulation weight is given by

Wa Wb0 lb. 10b lb. (4-54)

Selection of the optimum insulation thickness (by minimizing W + a +
W' + W") yields + W+

a = b = 1.7 in: Total weight = 70 lb. (4-55)

System s -- Insulation on Shroud. The HPI layer separating
the L and LF tank compartments does not enter into the optimization as
heat leaks acrois that layer result in zero change in the net stored heat in
the vehicle. That layer is chosen just thick enough to keep the LF2 from
freezing (only a few sheets is sufficient).

The total weight penalty (insulation plus boiloff) for this case is given by

4.3 +7. 6 +8+8.7
W t =- + + + +4. lc + 9.Zd + 2.62f + 9.5e (4-56)

Minimization of Wt yields for the various insulation thicknesses is:

c = 0.0in., d=0.9in., f 1.9in., e 1.0in. (4-57)

and the total weight is 51.8 lb.

If 0. 25-mil flat sheets were used, this weight is further reduced to 44. 9
lb. This compared to a Wt of 70 lb. for tank-mounted Dimplar.

Similar estimates for NRC-2 on the tank using an optimistic T 4 variation
in 4 assumption, give a W of 48.4 lb. Therefore shroud-mounted Dimplar
and tank-mounted NRC-2 slhould be quite comparable on an overall weight
basis.
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C2 -- HPI Subjected to Aerodynamic Heating. During boost,the shroud skin temperatures cou'ld reach 500-t1 ; however, "7 lar fails
structurally around 200°F Thus, px..cautions must be taken to avoid melt-
ing'of the insulation. LMSC data (reference 28) indicates that Mylar can
withstand temperatures up to 300OF for brief pe-iods. Therefore, if the HPI
is not in too good a thermal contact with the sb.oud, it may resist the environ-
mental heating. An alternate possibility is to use an aluminum-coated
plastic other than Mylar for the first sheet of HPI that can resist the high
temperature experienced. Such a material is not currently used for insula- 41
tion. The boost heating calculation reported in section 4 indicates that
shroud temperatures are, in fact, below the level at which this becomes a
problem.

C3 -- Increased Ground Hold and Boost Boiloff. With a
He-purged shroud, high boilofi rates are experienced until after the evacua-
ting ascent into orbit. The weight penalties have been calculated in section4 for the configuration with HPI on a tank. Figure 4-69 shows that, for a
typical 300-hr. coast, the weight penalty associated with He purging varies
nearly linearly from 0 to 40 pct. of the total weight penalty as the time from
tank fill to He-evacuation varies from 0 to 30 min. The actual time to He
evacuation is probably less than 10 mrin., so that the actual weight penalty is
less than 10 pct. (on the order of 10 lb.).

04--

02 -I =....
0~~~ ~ ~ ~ i to l 0 0to2 0

Figure 4-69. Comparison of Pure He Purge and Foam Substrate with Optimum Space Insulation
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The heat transfer through the pr .ged, sr~,-uded volume occurs in two
m-odes (1) gasecus conduction inside che HR: .'.%er and (2) gaseous convection
outside the WPI layer. The effect of moving tl-e NPI to the shroud is to make
the conduction region cooler. The net eiff-t is to increass the heat tr~nsfer;
supporting calculations are below.

A hard-sphere model of the conducting helium is sufficient for these
computations. Then, thermial conductivity is proportional to the square root
of the temperature, that is:

k C (4-58)

where C, is a constant.

The theory of free convection at cryogenic temperatures is not well
defined. An estimate of the effect of temperature variation is found through
correlations of room- tempe rature data, for example:

h c?(Gr)n (r"D/)19/D (4-59)

where h heat-transfer coefficient

C 2 constant
Gr =Grash V number (L P g AT/

L length of gap

P density 0 -
=p coefficient of expansion ( K)

JA Viscosity

D =widith of gas filled gap

Pr Prandtl number (C /k C)

C.~ specific beat

n about 1/ 3

(See reference 29)

The temperature dependence of h as p.esented LLi equation 4-59 is

h = C3 IJ (4-60)

With the insulation on the tank, the mean, HPI tempcraturB (T i~was

about i100OR and tne shroud (T.A was about 4000 W. At steady state, equations
4-48 and 1-50 combine to gl-ve'

AT (Xrom' shroud to H-PI) Cji (4-61!

AT (in EPI-) "
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Thus, interchanging T 1 and Ta by moving the HI to the shroud is con-
sistent with unchanged temperature differences across the two regions.
Therefore, the net increase in hea'- transfer caused by insulating the shroud
instead of the tank is just proportional to the increase in the mean conducti-
vity, that is:

T_ =2 (4-62)

qt

or the net ground hold and ascent weight penalty is doubled.

C4 -- Untried System. Although attempts have been made
to discover and evaluate the pros and cons of the new configuration, the sys-
tem is untried. The considerations of the previous sections may have over-
locked important aspects of the problem. The final justification or censure
of placing the HPI on the shroud must wait until the method is attempted.

(3) Basic High-Performance Insulation Thermal Analysis. To
p!: operly evaluate and compare the performance various multilayer insu-
lation types, it. was necessary to develop an improved analytical approach
for predicting basic insulation thermal performance. Such an analysis must
take into account the following characteristic parameters:

* Boundary temperatures.

* Number of layers of insulation.

. Insulation packing density Ilayers per in.)

* Shield emissivities.

* Ratio of contact area of solid conduction to solid conduction
cross-section area.

* Ratio of contact area to surface area.

* Insulation configuration parameters as illustrated in figure 4-70.

(a) Governing Equations. Consider the section of HPI shown
below. This section of insulation is characterized by the fact that plain flat
reflecting layers are separated by nonplanar reflecting layers.

Section of High- Performance Insulation
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POZ {IF CYLINDRICAL ISLTO
2OE IF SPHERICAL

CRYOGENIC TANK

11 r

I ~ Figure 4-70. Generalized Configuration of Insulation

I The separating sheets being somewhat regular enables (1) the engineer
to make a reasonably good estimate of the surface contact between adjacent
sheets and (2) a uniform heat flux ov,3r the surface to be established.

LAI The problem under analysis is that of steady-.state heat transfer through
a section. of insulation made up of n + I plain sheets separated by n nonplanar

Ll sheets. The sketch below shows three adjacent sheets of insulation.

Expanded View of Insulation
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Two modes of heat transfer bet vzen adjacent sheets illustrated above
are radiation and conduction. The radiation heat transfer between the sheets
is:

4rad)i = (T2, i - T 3  (4-63)

or assuming

(TI4i_ T 2, i4 (T2,i - T3, i 4

trad)i (T T3, 4) (4-64)

where 1

1 + 1) )+X 1)

* -

X-1

X A 1 , i

3, i

and A is one-half the surface area of the indicated sheet of insulation.

1
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The model shown below was co-istructed to determine the conduction heat
transfer,

Conductance and Contact Conductance (One-Dimensional Model)

I The equation governing the conduction problem is the steady-state heat
V equation,

d T 0 (4-65)

dx

The boundary conditions are,

atx=O, T =T (0), q *1T ,i. T 2i 0

I at xf T 2  ~T2  () q = h A,. 3 [T 2  T3

where AA- is the contact area and h is the contact conductance.
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6. . __________________.___,______._______

The solution to equation 4-65 is,

T2,i = C1x+ C2 (4-66)

Applying the boundary conditions, equation 4-66 becomes,

T 2 , Tzi (0) Tz2, i (0) - T 2, (-67)

because a steady-state heat flow condition exists, the following relationship
holds,

2kA'
A l 1 i- 2,i 0) A h3 "', ~f -'r3, i - [T2, 10) - TZ'ju]

-. A [ _ . .(4-68)

where K is the conductivity of the spacing material and A is the conduction
path cross-section area. Equation 4-68 can be solved for T 0 and Tx=
in terms of T 1 ,i and T3, V. If we assume Alh = A3h3 we ge=

"(I + Aihl) T1  + T
T2, i(0) = (A~X i i 3,i (4-69)
,i2+ 11

2

(1 + Aih3)T3,i T1, i +4-70)

T2 i(') = A*h*
Z+ 11

An effective conductivity is used when necessary to consider the conduction
through both the sheet material and any metallic coating which is present.

1
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Therefore, the ataady-state heat transfer between the top and bottom
sheet is:

4 A 1  (T 4 T + Rhl (4-71)
T l,i T3,i T437)

I- Ax

+ i I

2 + "

where R is the ratio of contact area to total area.

At steady-state for n layers, we will have

T , T-, i = 1, 2 ........ n (4-72)

and

A A+ 1  iA2 , .... n (4-73)

Across the void (between the insulation and the hot or cold wall), we have

(T1 4 T 4 (-4
1 A-n+1 3, n n+l4) (4-74)

where Tn+i = Thot wall orTcold wall

Taking stock of all the equations and the unknowns, we have:

* From equations 4-71, 4-73, and 4-74 there are Zn+l unknowns and
n equations.

* Equation 4-72 specifies (n-i) unknowns.

Therefore, we have (n+?.) unknowns and (n) equations. To completely
solve a problem, two unknowns must be specified. These unknowns will
normally be T and Tn; the hot wall and cold wall temperatures.

1 -+l

The procedure used to fully solve equations 4-71, 4-72, 4-73, and 4-74
is to repeatedly guess at the value of c1 (which determines the insulation
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temperature profile) in equation 4-71 until the guess is consistent with
equation 4-74. When a consistent resu', is obtained, the correct solution
has been achieved.

(b) Experimental Correlation. Because of the naturc of multi-
layer high performance insulation, it is impossible to accurately determine
all of the input parameters which are required by the program. Because of
this fact, one of the experimental parameters (the ratio of contact area of
solid conduction to the solid conduction cross-section area) for each of three
candidate insulation systern.s was determined by making the program output
match experimental results.

(c) Sample Results. For a Dimplar insulation system, a heat
flux to the cryogenic tank wall of 0. 26 B. t. u. /ft. -hr. was obtained using a
calorimbter for the following insulation system:

Number of smooth sheets ; 19 K
Number of dimpled sheets -18

Thot side 535°R

Tcold side= 140°R

Insulation placement is as shown in figure 4-70 with Power = 1, r 1 =,L

2 in. , r 2  2.5 in. , and r = 3.8 in.
3

An identical heat flax was obtained with the same insula~ior system
placed directly at the LN, tank wall; that is, Power = 1, r, = 2 in., r? =

Z in., and r 3 = 3.3 in.

The input properties which could be determined by inspection were as
follows:

* 18 layers.
* Hot-side temperature of 535 0 R.
"* Cold-side temperature of 140*R.
"* Effective emmissivity (X) of 0. 04.
"* Length of conduction path (j) of 0. 01667 ft.
"* Contact conductance (h) of 100 B. t. u. /ft. Z - hr. - OR.
* Ratio of c ntact area to surface area of 0. 0009.
* Material conductivity a function of temperature.
" * Configur,-tion parameters as shown in figure 4-70.

4 The computer program was then used to obtain the heat flux at the LN2
tank wall as a function of the ratio of solid conduction area to conduction
cross-section area. The results from that program indicate that the ratio
sought was 166 (figure 4-71).

Values of 3, 100 for NRC-2 and 436 for the Mylar-paper-spacer system
were determined for the other systems from the curves of figure 4-72, and
4-73.
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Figure 4-7'. Ratio of Contact Area to Conduction Cross-Section Area for Dimplar Insulation
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Figure 4-72. Ratio of Contact Area to Conduction Cross-Section Area for NRC-2 Insulation
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Figure 4-73. Ratio of contact Area to Conduction Cross-Section Area
for Mylar and Paper Spacer Insulation
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(d) Thermal Performance of the Three Candidate Insulation

Systems. Once the input parameters for the three insulation systems have
been determined, the performance of various amount of the insulation sub-
jected to various temperature differences remains to be determined. This
has been done for the study vehicle configuration.

Figures 4-74 through 4-76 present the heat flux to the LH2 tank (36°R)
as a function of the number of sheets of insulation and the hot- side tempera-
ture for ahroud mounting of the Dimplar, NRC- 2, and Mylar-paper- spacer
systems, respectively. Figures 4-77 through 4-79 present similar data for
the LF 2 tank (140°R). It should be noted that the heat flux plotted is the flux into
the cryogenic tank and not through the insulation. Thus, the curves take into
account the geometry shape factors for the study vehicle configuration.

Figures 4-80 thrugh 4-85 show similar data for tank mounting.

(e) Development of Insulation Correlation Equation. Once the
parametric data for insulation performance as summarized in figures 4-74
through 4-85 were obtained, the next task was to reduce these results into a
general correlation equation which could be used to facilitate rapid tradeoff
and optimization system studies using the H109 computer program.

By manipulating the insulation performance data, it was found that the
insulation heat flux could be expressed by the general equation

S= ( 4 - 7 5 )
n

where 4 heat flux at the cryogen tank wall in B. t. u. /ft. 2 - hr.
T -200

+ e + £ (4-77)

"- = g (a constant)

n = number of layers of insulation, and

TH= hot wall of temperature (0 R).

The correlation factors for the three candidate insulation systems were
evolved through analysis of basic data available from a number of sources.ThL- factors for the aluminized Mylar-paper- spacer system were evaluated
from Lockheed/NASA-LeRC published data. NRC..2 and Dimplar data being
evolved under the Douglas IRAD program were used to establish the factors
for these systems.
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Table 4-27 contains sets of coefficients for the correlation equation
corresponiding to the insulation system, the cryogen tank (LH 2 or LF 2 ), and
the insulation location (tank or shroud).

Example: Determine the heat flux at the LH2 tank wall for 21 layers of
Dimnplar with TH = 400"R and shroud-mounted insulation.

Substituting in equations 4-75, 4-76, and 4-77:

[0403 /00 - 002 400 - 20

(4-78)

1.177

0. 1247(10) 1.08q (- 1 0. 9 87 ..... = 0.0745 B.t.u./ft. 2 hr.

Equation 4-75 was coded into the overall system optimization program,
H-109, and the coefficient values were inserted as each insulation eystem was
studied.

To illustrate the overall validity of correlation equation 4-75, with
the insulation computer program, computations were made using each ap-

proach for shroud-mounted Dimplar on the LF2, tan~k with a hot-side temrperature
of 300"*R. The number of insulation sheets was varied from 10 to 70; the
results are shown in figure 4-86. The agreement is excellent.
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Figure 4-86. Comparison of Correlation Equation and Computer Results

(f) Insulation System Weight Factors. Basic weight
information for the candidate systems was collected and is summarized in
table 4-28. Also shown are the design factors for insulation areas as
determined from the study vehicle configuration, an estimated factor for
insulation overlap, and a factor for insulation attachment weight. This last
value was based on the use of a thread and button-type attachment system
and is proportional to the area to be insulated. It was assumed that the re-
quired attachment weight per sq. ft. of area to be insulated was the same for
either tank or shroud mounting. The area to be insulated for the shroud-
mounted case was based on the configuration shown in figure 2-1. This
insulation configuration assumes that areas are provided for mounting certain
components between the shroud or structural shell and the insulation where
the environmental temperature is not severely low.

(4) Ground-Hold and Boost Heating Provisions. To this point,
the reported work has concentrated on space environmental performance of
the insulation system. However, the stage must be capable of performing
under ground-hold and boost-phase operation and this can have a profound
effect on the insulation system design.
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Table 4-28

INSULATION WEIGHT FACTORS

Basic material weight

1/4 MIL singly-aluminized Mylar (NRC-2) 0.01 fb.lt. -layer

1/4 MIL double -aluminized Mylar 0. 0019

1/Z MIL doubly- aluminiz ed Mylar 0. 0037

1/2 MIL doubly-aluminized Mylar dimpled 0. 00396

[paper 4pacer 0.0035

Basic system weight

INRC-2 0. 00 18 lb. /ft. 2-la,'er
2

Aluminized Mylar with spacer 0. 0054 lb. /ft. -pair

Dimplar 0. 0059 ib. /ft. -pair

Design factors

Installation weight 0. 03 lb. /ft.

Overlap weight factor 12 pct.

I Design areas

Insulation area (uncorrected) LH LF

Tank mounted18ft12f.

Shroud oriented 268.5 203

~~;; ~Typical calculation: (20 pairs Dimplar 50~0 ft.) +00 2

WT (.05)(0 50)(.1)+0 (500)=
66 + 15. 0=81

* t~-180
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During ground-hold operation, the cryogenic tanks can be tapped off from
the ground. For the purposes of this study, it was assumed that this could be I
continued up to the time of liftoff so that actual propellant loss because of
ground heating could be maintained very low. However, to avoid the hazards
of air liquification within the stage, purging of the interstage with N 2 and/or
He is required. He alone may be used because it dnes not condense at either
1,F2 or LH 2 temperatures. However, purging an entire interstage may
require a considerable ,amount of He. N!? may be used for primary purging"with a foam substrate which is either evacuated or purged with He to limit t
the foamed area to a temperature no lower than the condensation temperature.
of N2 (140*R). Such a purged substrate system is described in References 21
and 22. In this case, the less expensive and more plentiful GN 2 is used for K
primary purging, but the wc'ght of the substrate and its associated manifolding
must be added to the stage inert weight. An evacuated and sealed substrate
may also be used, but at the present state of technology such a system is not
near reality. Obtaining a reliable sealed bag or other type of sealed substrate 9"
bag is the basic problem.

As part of this contract, a technology review trip was made to industrial
and government centers working on problems related to this contract. The
above conclusion regarding the sealed substrate was upheld--at least at this
point in time--but there was a strong divergence of opinion regarding the type
of purge. To permit a more rational assessment of the approach to bc taken
with respect to purging, approximate calculations were macle comparing a
&,ood cryopumped substrate using N 2 purge to a pure He interstage purge
system. Using the model as shown in figure 4-87,

SGASEOUS
TAK••NITROGEN .

II

PUR HELIUM IUG FA SBTRT

AG 11k.
hP ----- - -- --

HEIU

h

Figure 4-87. Model for Ground-Hold Analyzer

181

j' 7'



the steady-state heat flux, q, may be excpressed as.,

-Bt- AT (4-78)
Ft hr x

Values fo-I the three insulating elements, the foam, thv. high performance
insulation (HPI), and the interstage space, can be obtained from:

qo(140- 38)(l2) (4-79)

q .kHPI (To- 3 8 ) (12) (4-80)
h

q.v k
qt it (540-T.) (12) (4-81)

For representative conditions: k =0. 02
f

kHP 0. 06 (He) =0. 015 (GN 2 )

k. 0.4 (He) = 0.11 (GN I (free convection)

The above equations thcn becornc: q foa (4-82)

q~p 72 (To -38) e=0.18 D-ZN4 hh 24 (4-83)
q~ ~ 4.1.0- 3 (5 4O-To)

int 0'He )11 2 14-84)

These can be put in terms of weights (WI), assuming that all heat goes
into boiloff by dividing q by the heat of vaporization, 192. 7 B. t. u. lb.

Weo 2 (4-85)

h.72 (T 19) 0 8(To-. 5 3 )N

182

- - 7.2 W



we 4.8 (Z.8-To) 1. 2(2. 8-TO) (4-e7)
int H

where To is 192.7 0 R.

For steady-state conditions equations 4-85, 4-86, and 4-87 are equal.

For the He system, equations 4-83 and 4-86 ca.n be solved for To:

18.7h + . 197L

6.67h + L

and from equation 4-85,

W .72 (18. 7h+. 197L)- ..197 12.4 lbh
gh (F6.67h + L ) -67h + L h

Coast boiloff weight loss, W1 is:c kHPI

W - evac(540-38)
c 192. 7h

The conductivity of evacuated HPI is in the order of 8 X 10 B. t. u. ft. -hr. 0 F.

Thus: It 502 (8 X 105) 2. 5 X 10.3 lb.
W1 = 192. 7h ft. - hr.

c

The HPI weight is about 0. 09h lb.

If tg is the ground-hold time and tc is the coast time, the total weight
penalty for the pure He purge system is:

12. 4t + 5 X 10.3 tc+ 0.09h(lb)
W'e"6. 67h + 1 T -2

he ft.2

...- Using a similar approach for the N 2 purge system:

-3
2, 73t 2.5 X 10 t 0.09h

W' " + C+ +PO +I lb
N2 2:)77h+

The results obtained with these equations are shown in figure 4-69.
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41.
Computations were made for the total weight penalty versus ground-hold

time where the weight penalty included boiloff and foam insulation weight, In
addition to the conventional foam (p =0. 8, k - 0. 02), a .nypothetical foam with
improved properties of p = 0. 4 and k 0. 01 was also evaluated. Figure 4-69
(A) shows that with no coast considered, the pure He purge is lighter than
either foam material with short hold times. The same trend is even more
apparent when a 300-hr. coast is considered, Therefore, on this basis, a
pure He purge system was assumed for the remainder of this study, although
the difference in boost phase boiloff by using He as opposed to nitrogen was
evaluated,

Early in the Douglas HPI IRAD program, the general feasibility of a He-
purged NRC-2 insulation for ground-hold application was demonstrated using
a 300 gal. LH2 test tank in the Douglas Hydrogen Research Facility. The
test apparatus and gross boiloff results are illustrated in figure 4-88, The
tank was equipped with a cylindrical annulus into which an NRC-Z insulation
was placed. Provisions were also incorporated to provide a dry ambient
temperature He purge entering at the top and exiting through a bottom "mani-
fold. The annulus was purged until less than a 2 pct. 0 content was sensed

I in the purge exhaust after which time the tank was fille-with LH2 . Through
temperature and liquid level seasons, the LH2 boiloff was estimated as
shown in the curve of figure 4-88.

The data was also interpreted to yield mean effection thermal conductiv-
ity values with the following results:

3 _B. t. u.
* With a He flow of 200 ft /h, and no HPI, k = .38 f.poh.°R.

3* With a He flow of 200 ft /h. and 10 layers of NRC-2, k = 0. 27.

3
0 With a He flow of 200 ft ih. and 30 layers of NRC-2, k = 0. 074.

These values indicate that with little or no insulation, the heat transfer
is slightly less than would be anticipated with a free convection analysis,
With the insulation filling the annulus, as would be the caie with 30 layers,
the insulation acts to break up convection, and the process is close to a
conduction process with a conductivity very near that of HFe.

The recorded temperature differences are also of interest. With a
wet tank wall (37°R) the outer annulus jacket temperature variced from
-280°F to -170°F for aATacross the purge of from 125 to 2250. If one
applies directly, the results of figure 4-28 to the study flight vehicle, the
ground-hold boiloff can be estimated in the following manner:

Maximum slope of the 10 layer curve = 0. 20ft 
3

lb.
= 0. 88 1b.
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2O. 88_____b
Boiloff per effective ft. of tank area 88 8- 0. 019 lb

mnin. -ft.

The study vehicle LH2 tank area 185 ft. 2

Boiloff for study vehicle 0. 019x 185 = 3. 54 lb. /min.

= 212 lb. /hr.

This value is more accurately computed below.

Heat transfer into the propellant tanks during ground hold and boost has
been calculated with the aid of the Douglas JDZZ computer program. This
was accomplished for both He- and NZ-purged systems. Internal heat trans-
fer from the skin to the tanks was included, These heat-transfer coefficients
were obtained by modifying the coefficients obtained during a rapid pump-
down of the Douglas 36-in. sphere HPI test apparatus as part of the Douglas
MRAD effort.

The experimental apparatus from which the heat-transfer coefficients
were obtained was somewhat different than the present system. The experi-
mental apparatus has (1) a smaller thickness of insulation, (2) insulation on
the tank, and (3) a slightly slower trajectory. A correction for insulation
thickness was made by breaking the heat-transfer coefficient into a conduction
and a convection component and then changing the conduction component. To
be sure of obtaining conservative results, the resistance caused by conven-
tion from the skin to the insulation was neglected. An increase in the heat
transfer coefficient by a factor of 2 was assumed to be the effect of moving
the insulation from the tank to the ihroud. The faster trajectory of the case
being presently analyzed was corrected for by matching the coefficients when
the free molecular flow regime bacame important. The shape of the time-

heat-transfer coefficient curve was kept the same. The heat-transfer co-
effiients used are shown in figure 4-89.

Ground-hold heat transfer was calculated using the coefficients at time
zero. The hcat-transfer rates were then converted to boiloff rates for the
H) and to temperature-increase rates for the F? since the LF is loaded in a
subcooled state. These results are summarized in table 4-29. The H2 being
boiled off will be made up in the topping operation. The F 2 temperature
increases appear large; however, it is loaded at a temperature of about 80°F
below the tank pressure saturation temperature. It will take about 15 hours
before F 2 evaporation would begin with a He- purged system. The ground-
hold steady-state skin temperature value near the H2 tank for a helium purge
is -105°F. This corresponds quite well to a value of -1600F found during
the Douglas IRAD ground-hold testing. This latter temperature is lower
because of forced convection currents set up between the insulation and the
outer skin due to relatively high purge gas flow rates.
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Table 4-Z9

GROUND-HOLD PROPELLANT HEATING

Heating Rate Boiloff rate Temperature

Propellant Purge Gas B. t. u. /hr. lb. /hr. °F/hr.

LH2  He 37,800 197 --

LH2 NZ 9,500 49.5 --

LFZ He 21,600 5.08
LF2 NZ 5,500 1.29

Boost heating was analyzed aasuming a typical Titan III-C trajectory
The results are presented in figures 4-90 and 4-91. Figure 4-90 gives the
skin temperature history near the H2 tank, and the F2 tank. As can be seen,
the highest temperature (560F), that near the F 2 tank for a N2 purge, is still
considerably below the danger point for structural failure of aluminized Mylar.
The small bumps and dips are caused by places in the trajectory when the
aerodynamic heating rate falls below the interior heat-loss rate. An addi-
tional computer run was made neglecting internal heat transfer, and a maxi-
mum temperature of 140°F was reached (still quite low). Figure 4-91 shows
the total heat into the LH2 . These final heat values correspond to boiloffs of
9. 6 lb. for He purge and 3. 9 for NZ purge.

The extra weight of H2 boiloff for a He purge (5. 7 lb. ) is considerably
less than the weight of a foam substrate required for a N2 purge system,
thus further substantiating the earlier selection of an all- e interstage purge
for ground-hold and boost thermal protection. Figure 4-91 also shows LFa.
total heating. These correspond to temperature increases of 0. 246°F and
0. 10F for He and NZ purges, respectively.

(5) Multilayer Insulation Depressurization. As a vehicle rises
through the atmosphere, the ambient pressure drops. This creates two
problems with typical HPI systems. The first problem is simply that gasrs
which are inside the insulation blanket must escape; otherwise, the blanket
may billow or balloon, and perhaps tear away from its suppc t. Even ignor-
ing physical damage, blankets that are very carefully arranged on the tank
may become so disarrayed that the insulation system no longer functions
efficiently. The insulation system must be designed to let these gases
escape rapidly. The term depressurization is used to denote this process.

The second problem is keyed to the fact that multilaminar HPI systems
must be evacuated to achieve high performance. More specifically, the
pressure within the insulation should be 10-4 torr or less to achieve the full
potential of the HPI system. The importance of maintaining or achieving a
low pressure within the insulation is shown in figure 4-92 where the effective
thermal conductivity of NRC-Z is plotted as a function of the internal gas
pressure. The insulation system must be designed to achieve a pressure of
10-3 torr or less, as early as possible. The ideal, but probably unobtain-
able, case would be for the pressure within the insulation to equal, at all
times, the pressure outside the insulation.

IBI
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The combined effects of degas3ing and depressurization are lumped into
the term decomprepsion. The line between depressurization and degassing is
drawn at about 10- torr. Depressurization is primarily concerned with
forces that are exerted on the insulation sheets because of pressure differ-
ences. And 10" •torr is about the lowest pressure which will produce a
significant force nn the insulation blanket. In addition, 10-1 torr is the
beginning of tie low-pressure region where the thermal conductivity of
HPI becomes dependent on ambient pressure.

For most insulations, a pressure of 10-1 to 10-4 torr means that the
gases in the insulation are in free molecular flow. The mean free path of
the molecules is longer than the space in between the sheets. The gases act
not as a uniform fluid, but rather as a collection of individual molecules
which recochet back and forth between the insulation layers. As a result,
the movement of gases within the insulation is essentially a diffusion process
rather than a macroscopic or continuum flow. For pressures greater than
10-1, the gases in the insulation behave as a continuous medium. They
respond to pressure differences as a homogeneous fluid rather than is char-
acteristic of the depressurization problem, while free molecular flow or
diffusion is characteristic of degassing. The designer must consider this
fact in picking an insulation system design.

4 0ý

4-C,

STH _ 540°R

UI
T 162R T

Ix10.4  
' lx O.3  I ×10 -xO 1  4 x 101

PRESSURE WITHIN INSULATION (mm-Hg)

Figure 4-92. Effects of Pressure on NRC-2 High-Performance Insulation Thermal Performance
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This particular problem has been under study by Douglas in its IRAD for

4, HPI. Experiments have been underway using a degassing/depressurization

test device containing a representative sample of an insulation blanket (with

a joint) which is subjected to a controlled decompression schedule. Figu•re

4-93 illustrates the configuration of this device. Figure 4-94 shows a typical

test result for a 50-layer NRC-a blanket wi~th a 1. 5 in. overlap joint design

using sets of 5 layers in an overlap. 
-

V.,•

Figure 4-93. De ompression Test Apparatus
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If the data are accepted literally, the results are discouraging. After
several hoursq, the pressure uxder the insulation is still about 5 X 10 torr
for both joint c.nfigurations. Yet the pressure outside the ins,'lation reached
10-4 torr in about 20 min. An insulation pressure this high corresponds to a
thermal conductivity 4 to 10 times higher than desired.

Three considerations tend to ease this situation. First, the data are not
yet completely above question. The transient response of both ion and ther-
mopile gages has not been completely defined by experiment, although this is
planned. Cage and tubing *, olume may be influencing transient response.
Outgassing within the gage and tubi.ng could also introduce errors.

Second, the pressure is measured underneath the insulation blanket and
might be considerably lower, 1 or 1 laminae away from the wall. If only a
few sheets are degraded by high gas pressures, the situation is not hopeless.
Poor performance on 5 out of 50 sheets would go almost unnoticed.

Third, the joint configuration used is just about the worst one imaginable
from a decompression standpoint. It seems possible, if not unavoidable, to
develop a joint design of comparable thermal performance and much better
degas sing characteristics.

Recent tests reported by Anderson and Merlet (reference 25) support the
idea that, for one or more of the above reasons, the picture of insulation
degassing is much brighter than is painted from the data presented here. The
reference tests showed that a reasonable insulation system can achieve
vacuum performance in about 2 hours after the ambient pressure has dropped
below 10-4 torr. While this may fall short of that desired, it does give
promise that with careful design the goal can be reached.

An analytical treatment of the insulation outgassing was also performed
assuming a free molecular flow diffusion process withint the insulation blan-
kets. The result of the study was the equation

dP DPd (.)2t DP (4-90)

where P is pressure, t is the HPI thickness, r is time, and D the effective
diffusion coefficient, This equation should predict the transient pressure
within HPI.

Equation 4-90 is compared with the experimental data in figure 4-94.
Because of the assumptions involved in deriving equation 4-90, it will only
be valid f r the free molecular flow portion of the evacuation which begins at
about 10- torr. It is, therefore expected that the equation will only match
the measured curve in its slope(dP). The steady-state slopes do matc]i 35 pct.

It was determined from this equation that the process of diffusion is very
slow as long as the layers of HPI overlap, however, it was also detern-ined
that the rate of diffusion is greatly increased if a small gap (instead Gf, over-
lap) exists between the HPI sheets. Table 4-30 presents the effect on evap-
tion time of various overlap and gap sizes for different density (sheets per in.)
HPI systems. In the table, a negative overlap value is actually a gap. The
dimplar shows a better theoretical venting capability because of its more
rigid pre-set crinkle pattern which permits the gas flow passages to stay
intact.

1,94
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An analytical investigation was made into determining the effect of per-forating the layers of insulation. Perforating the layers of insulation willsomewhat impair the ideal insulatinC capability of the HPI section. However,it may be that with a proper choice of hole size and spacing the increase in
diffusion will outweigh the loss of insulating capability.

Assuming a circular perforation of radius rj, with a spacing of I in. oncenters, a simple sketch will show that with a I in. on center spacing thereare four holes in e~very w in. 2 of insulating material area. The ratio of per-
forated to total surface area is given by

4 r

perforated area 1 4 r (4-91)
total area- Z 1

T1erefore, in a given length, L, of insulating material there will be
4 L r1- sq. in. of open (perforated) area per in. width. Because of thelinearity of the equations one can superimpose the diffusion through the per-
forations on the diffusion that would occur without the perforations. Thecalculation of the diffusion coefficient resulting from the perforations follows:

D = l/Z *X c

4Where effective distance travelledno. of collsions

Za 2
-=a8 ar,

L

4L r1

total distance travelled(velocity) (no. of collisions) (4-92)

-. LaLI 4 r1 4

"1 41

c-•= 
4

.'. D = 1/2
8 4

or D =8acjr-
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Using the results above, calculations have been made to determine
the effect of perforations on the time to evacuation for a section of
multilayer insulation. The calculationb where made using a 20-sheet
model with 3 in. of overlap as a base zind then assuming perforations
of different size (perforation spacing is I in. on centers). Table 4-31
presents the results of the calculations.

Table 4-31

EFFECT OF PERFORATIONS ON EVACUATION TIME

Time to Time to
Evacuate Evacuate

Diameter D D Without With
of B P Perforations Perforations

Perforation Base System Perforations DB + Dp (sec.) (sec.)
(in.) (c.p.s. 2) (c. p. s.) (c p. s. 2 )

4

-4 -44
1 l.195x10 0.707x10- 1.912x10" 34,800 21,800

-64-

1 4 3 5,1 3 3,01.195x0"4 1.13x10-3 1.25x10- 34,800 3,320

-3-7
"1"5 1. 195xi10-4 1. 81 x 10- 3 1. 82 x 10"z 34, 800 228

I 1.195xi0"4 0.29 0.29 34,800 15

Perforations and gaps in the insulation will tend to degrade the thermal
performance. This then is an area where outgassing and thermal char-
acteristics may have to be traded off.

At present, this problem cannot be resolved satisfactorally until more
basic testing, such as is now under way within the Douglas IRAD program,
can be completed and evaluated in order to sort out the instrumentation
problems from the actual outgassing phenomena, and to clearly establish
the trade off factors between outgassing and thermal performance.
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(6) Insulation Attachment and Support. Insulation attachment
and support concepts have been evolved and identified through Douglas multi-
layer insulation YRAD program and a review of the current state of develop-
ment in this area. Several attachment methods and materials have been
selected as applicable for use with the three candidate insulation systems
being considered in this program. These are also applicable in general
regardless of where the HPI is located. The proposed fastening methods and
materials are.

(a) Glass Fiber Threads. This method utilizes a fastening
material of low thermal conductivity and high strength. When an insulation
blanket is prefabricated, strands of threads are passed through the sublayers
of sheets and knotted so that knots remain between the sublayers to aid in
preventing compaction of the blanket.

(b) Nylon Studs and Buttons. This fastening method is pro-
bably not as efficient thermally as threads, but is mechanically positive in
that it supports the insulation in any vehicle attitude. In this method, the
studs are bonded to the tank or structural wall. The insulation is pierced
and pushed onto the studs. The buttons are then secured to the ends of the
studs to retain the insulation.

(c) Adhesive Tapes. Scotch 850 (Mylar with adhesive);
Mystic 7000 (single faced silicone); and Mystic 7100 (double-faced silicone).
These tapes are comparatively low in conductivity and are easy to apply.
Small strips may be used at splices or joints to attach one sheet to another
or to the mounting surface.

(d) Netting. A net type material that encloses the entire
insulation. These are illustrated in figure 4-95.

Information on the practical aspects of installing multilayer insulation is
not generally available because of the limited usage and experience with this
type of insulation. Much of the information related to multilaver insulation
application has been developed and accumulated by the insulation material
suppliers treated as proprietary information. Most applications to date have
been experimental in nature and, except for several programs, the details of
insulation attachment and support are not available in the published literature.
Of the attachment methods which are described in available published reports
of related programs, many were developed to suit different insulation systems
and are not directly applicable or cannot be used with confidence in this pro-
gram. Therefore, it is necessary to depend primarily on information from
two sources.

0 Insulation material suppliers' knowledge and recommendations,
based on their test results and experience. This source of informa-
tion normally is not available until a firm interest is expressed in
purchasing their material and services.

* The Douglas program to research and develop multilayer insula-
tion techniques. This wo.rk has been reoriented to provide specific

198



OF TAPES

STRUCTURE

A. TAPE

____NYONYLN THREAD

STRUCTURE

B. THREAD AND BUTTONBODN8

CAP

TEFLON STUD-SLEEVE

STRUXTURE \METAL STUD

C. STUDS

SST RUCTUREV

NET

D. N ET

Figure 4-95. Insulation Attachment Methods

199 i

Iý, It-v



II

information for the contract program and to inveatigate new insula-
tion materials such as dinplar.

Insulation attachment configurations are being investigated under the
Douglas multilayer insulation research program. The glass fiber thread and
button system for assembling insulation blankets and attaching them to a
mounting surface with Velcro fasteners is being incorporated on panel speci-
mens for testing in the 4-in. calorimeter. The basic specimen without
attachments was tested previously to determine insulating effectiveness with
a single seam joint. These tests have not been completed, however.

Lacking hard experimental data, an analysis was performed to predict
the heat ieak through the insulation resulting from penetrating the insulatior
as in the case of a support stud or thread used to attach and support the
insulation. The following assumptions were made:

* All the heat conducted through the penetration reaches the cryogenic
tank..

* The effect of the penetration will be damped out in the HPI at a char-
acteristic distance of 2 in.

* All the HPI within the damping distance of the penetration is at a
constant temperature, T.

The heat balance for the problem can be stated as,

0 = 4conducted -Aqradiated (4-93)

qconducted = k(TH T 1)1 Aconduction (4-94)

A radiated e radiation (4-95)

eeradiation (4-96
kMTiK - T 1) A conduction = ' (T,14 _T e 4) A radiation (4-96)

Sis the length of the short and T is the temperature of the inner cold face
of the insulation. e

Equation 4-96 expresses that all the energy coming through the penetra-
tion is radiated away by the 14P] within the characteristic damping distance.
Equation 4-96 can be solved for T' and the resulting heat input to the cryogen
tank can then be calculated from either equation 4-94 or 4-95.

(7) Application of Analysis to a Teflon Stud. The following
values were used in equation 4-96 to determine the value of-T' for a teflon
stud to support the insulation:

2WI
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TH =4000 R. ( = 0.03

T =230°R. = 0. 1714 x 108 B. t. u. p. hr. 2 -hr. -*R.

= 1.25 in. ktfl = 0. 14 B.t.u.p. hr. -ft. - R.

The teflon stud is 1/4 in. in diameter. Therefore,

2 2
A (r(1/8) ft

conduction = 1-4 (4- 97

radiation = (2) ft2

144

Equation 4-95 becomes,
T' T'4

102 (4- T8 (4-98)

and

T' 322°R. (4-99)

The heat leak to the cryogen tank is

0.14 (400 - 3Z2) r(1/8) = 0. 036 B. t. u. /hr. /stud (4-100)

1.25/12 144

(8) Application of Analysis to a Nylon-Threaded Button. The
only quantities which change from the teflon stud applications are,

knylon- 0. 145 B.t.u.p. hr.-fit.-R (4-101)

and with the radius of the thread 0.02 in.2
A irr r(0. 01)(
Aconduction =I--4-4 1441 (4- 102)

Equation 4-95 becomes, 4

0.0068 (4 T' T= 28 (4-103)

and T' 230*R.

The heat leak to the cryogen tank is )
0. 145 (400 - 230) 7r(0.01

q - 144 0. 0067 B..t. u. /hr. /button.

1.25
144- (4-104)

201



Therefore, the heat leak per attachment point for the stud is 0. 036/0. 006Z
5. 8 or nearly six times the value for the thread and button. The total heat
leak attributed to the attachments can be expressed as:

ia=q' Ai+,Dq,Iq

where ginisthe attachment placement density, (attachment/ft. ),A. is the
insulation area, 0 is the fractkonal increase in basic insulation head leak,

and qi is the heat leak througit the insulation without attachments. Unfortun-
ately there is no completely rational method for determining qiaor 0. They
will, of course, vary with the type of insulation and its placement. Thread
and button attachments with a spacing of about one attachment per ft. 2 of
surface have been successfully used with a tank-mounted Mylar paper spacer
system (reference Z3). With this system, 0 would probably be very small
and possibly even negligible. With NRC-2, where compression is of major
concern, 0 could be quite significant. For shroud-mounted NRC-2 or
Dimplar, the stud represents a much more positive support since it will
not sag as would a thread. Thus a lower value of ri could be used and the
degree of compression could be greatly reduced resulting is low values or 0.

For a tank-mounted insulation assuming a thread and button system
and no compression effects, the value of q ia for the LH? tank would be-

0. 0062(l) (185)+0 1. 14 b. t.u./hr.

For a stud attachment with shroud mounting with r1 value of 0. 5, qia
would be:

0. 036(0. 5) (268. 5)+0 - 4. 8 b. t. u. /hr.

These two values would probably be closer for NRC-2 or Dimplar since
0 would have a higher finite value for the thread and button than for the stud.
Also Douglas experience indicates that a lower stud spacing than 0. 5 is
probably adequate. However, with the knowledge now on hand, it is not
possible to make rational selection as to insulation attachment.

An assessment of taping and netting techniques for insulation attach-
ment is even more nebulous. However, as a primary insulation and support
technique, these approaches seem to be less positive than either the thread
and button or stud approach which actually provides a mechanical attachment
at discrete points and does not rely totally on bond or glue strengths. Taping
would be quite useful however for localized support and where patching is
required.

b. Tank Support Study. For the class of vehicle under study, the
cryogenic propellant tanks must be supported within the relatively warm
structural shell in such a manner as to carry efficiently all anticipated loads
on the tanks and transfer as little heat as possible from the structural shell
to the tankage. This latter consideration is extemely important since heat
shorting through the support system can greatly nullify the heat-transfer
reduction potentials of the high performance insulation.
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A brief, but intensive, survey of related programs covering the design,
analysis, and testing of cryogenic tank supports was conducted (reference 27
through 30). Examination of these systems, together with knowledge gained
from Douglas independent research, indicated that they did not appear to
comply sufficiently with a number of features which are desirable in a ther-
mal/structural design of this type including:

* Use of a structural material whether metallic or non-metallic, to
obtain the lowest feasible thermal conductivity-to-strength ratio.

* Elimination of support member loading because of thermal con-
traction or pressurization of the tank.

These tank support features, of course, are supplementary to the basic
structural and thermal functions of providing adequate structural support
with minimum weight and low-heat leak.

To satisfy these design requirements, it was deemed appropriate to
investigate a broad spectrum of possible tank support concepts and configura-
tions. The previously mentioned survey of the present state of development
of space vehicle cryogenic storage tanks revealed that, although several
promising concepts are currently being considered, there is no generally
accepted and proven configuration for a tank support system that is directly
applicable to the study vehicle. Therefore, an independent design analysis
was initiated to evolve a tank support concept that would potentially satisfy
all the requirements of the system under consideration. This was ten com-
pared with respect to weight and thermal performance with other tank sup-
port concepts which were identified as promising from the noted survey.

Weight analysis of the LHZ tank shown that the total weight to be sup-
ported varies significantly with tank internal pressure as indicated below.

Pressure, p.s.i.a. Total Weight, Lb.

250 2,005
200 1,919
150 1,834

60 1,716

The above weights take into account the basic tank, the propellant,
internal pressurant and their support, pressurant gas, and tank-mounted
components. Similar numbers for the LF2 tank are shown below.

Pressure, p. s. i. a. Total Weight, Lb.

Z50 12, 426
200 12, 381
150 12, 334

60 12, 275
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In the case of the LF2 tank, the propellant weight constitutes the major
portion of the load, therefore, the effects of tank pressure on support system
loading is very small, Thus, the LF 2 tank support system was studied for
only the maximum pressure (250 p. s. i. a.). It should also be noted that the
weight to be supported for the LF 2 tank is about six times greater than in the
case of the LH2 tank. Tank weights were based on the use of 2014-T6 alum-
inum using the properties of the corresponding LHz or LF 2 cryogenic
temperatures.

In designing the support system, the load conditions specified in table
4-32 were used. In addition a forward acting load of 2g was assumed for
tank springback at engine cutoff. These result in the actual design loads
shown in table 4-32.

Table 4- 32

TANKAGE SYSTEM DESIGN SUPPORT LOADS
(250 p. s. i. a. pressure)

LH2  LF2

Aft load (5g.) 10, 250 lb. 62, 500 lb.

Forward
(springback) 4,100 25,000

Side (1. 5g.-) 3,070 18,700

~J

The general approach taken toward structural design in the analysis
phase of this program is to employ limited design analysis and weight
estimation methods. This approach facilitates the determination of the
weight and heat leak values for a range of design variables, which are
required for the forthcoming optimization task. Since this program is not
directly concerned with the actual detailed structural design of a flight
vehicle, but rather with such aspects as the effect of the tank support heat
leak on propellant storability and v-hicle weight, complete detail design
and weight calculation procedures are not essential.

(1) Selection of Candidate Support Systems. For the particular
application under study, two possible basic approaches may be taken to tank
support design: continuous and point support. With continuous support the
tank is attached to a conical type structure around a full 3600 circumferential
plane. With point support the tank is supported at a number of discrete

-/ points. The application of a continuous conical support system for a similar
~ application has been given detailed study (reference 22) and was therefore

selected as one possible canidate system. Under a recent USAF/RPL
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contract, AF04(611)-10745, a six-point support system using glass fiber
columns was designed in some detail for a very similar vehicle and was
therefore selected as the second candidate support system. These basic
design approaches were adapted as necessary to this particular application,
and are pictured in figures 4-96 and 4-97.

A third system applying the point support concept was specifically de-
signed for this application. This employs a nine-rod tension support network
terminating at three points on the tank.

The basic relation for heat transfer by conduction through a constant
area during a unit time is given by the equation:

kA
q E(Tl - T)

To minimize the heat conducted through the tank support, it is advantageous
to minimize the cross -sectional area, A, of the support members, and use
members of rather long length, L. This suggests the use of tension rather
than compression members, and a system of members which will be loaded
in tension to react tank inertia loads and moments in any direction. With
these basic guidelines in mind, a geometrical arrangement became apparent
which required the least number of structural members. Thus, the nine-rod
tank support configuration indicated by the sketch in figure 4-98 was conceived
as a tentative design for the study vehicle.

This system provides for attachment to the tank wall at a minimum of
three points, located slightly below the tank equator, and spaced 1200 apart.
Three rods attach at each point and are oriented approximately as indicated
"in the sketch. The three upper rods serve primarily to react the major
loading condition of 5-g. downward due to axial thrust during launch. A
reNt.rf,.e or upward axial load such as would occur at boost cutoff is not
reaoted by the upper rods, but by the six lower rods which are angled down
for this purpose. A transverse or side load in any direction is reacted by
two or three of the lower rods which are most nearly parallel to the direction
of loading. The upper rods are also loaded in tension by a side load, so that
they work in combination with the lower rods to resist translational movement
of the tank. If a loading condition induces a moment, or torque, in the tank,
it is reacted by tension in two or more of the nine rods. None of the support
members are required to react a load in compression nor will they be ad-
versely affected by a small applied deflection tending to impose a compression
load in them. The magnitude of moments created by side loads can be mini-

- mized by locating the center of gravity of the tank (when full) close to the
plane of the tank attachment points. This can be controlled on the LHZ tank
by judicious placement of the internal pressurant tanks in the lower part of
the LH2 tank. :

The geometry of the nine -rod support zsc om was also established to
accommodate overall inward and outward d.. _ction of the tank wall caused

*by temperature variations and internal pressure changes. The three mem-
bers at each tank attach point are oriented so that they are approximately
tangential to the tank surface. As the tank attach points move radially inward
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Figure 4-96. Continuous Conical Tank Support
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/VEHICLE OUTERLIQUID HYDR0GEN TANK STRUCTURAL SHROUD

UPPER SUPPORT
ROD (3)
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PRESSJJRANT BOTTLE
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LOWER SUPPORT ROD

BOTTOM VIEW

Figure 4-98. Nine-Rod Tension Member Support System
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or outward, normal to the axis of the rods, the amount of deflection in the
axial direction which would tend to change the length of the rod and induce a
load is very small. By making slight adjustments to the initial geometry to
suit the amount of radial deflection, it should be possible to effectively eli-
minate the problem of tank support loading caused by thermal contraction or
tank pressurization.

The cross-sectional area required for the tank support for a given
* material tends to be reduced by utilizing a system of tension members. The

tension member can be designed to withstand the maximum load at a con-
siderably higher stress level than a compression member, which must be
limited to a lower working stress to preclude failure by column buckling or
local crippling. Compression members are frequently designed as tubes in
order to obtain a high stiffness-to-weight ratio. The stiffness required to
prevent instability failure leads to larger diameter tubes with thinner walls
and, in the extreme case, the design wall thickness can become less than
the minimum possible gage for certain materials and fabrication processes.
Additional material and weight results from the use of such members. An-
other characteristic of hollow supports is that internal radiation can occur
along the length of the member. It is not desirable to use tubular members
to support cryogenic storage tanks if their design incurs extraneous cross-
sectional area and weight, and unless the additional heat which is transmitted
by radiation inside the hollow member can be effectively blocked. Tension
members, on the other hand, can be solid throughout with a rectangular or
circular cross-sectional shape of minimum area.

One apparent disadvantage of a tank support design having a small number
of attachment points on the tank is the effect of the large concentrated loads
imposed in the tank wall. The tank wall must be reinforced with pads or
stiffeners to distribute the loads through the tank structure. It appears that
very little analysis has been done in this area (important to considerations
of support structures and vehicle weight). Analysis of this problem is being
undertaken in separate Douglas programs. The tank wall reinforcement
weight is presently being accounted for by use of weight factor estimates.

The nine-rod tension support system is considered to utilize either
titanium or glass fiber material for the rod members. Fabricating the rods
from glass fibers or tape appears to be a method for obtaining a thermal
conductivity-to-strength ratio so low as to make glass fiber a more attrac-
tive material for this application than titanium or stainless steel. The
selection of the materials is also dependent to some degree on whether the
insulation is located on the inside of the shroud or directly on the tanks.
Weight analysis of the LH2 tank shows that the total weight to be supported
varies with tank internal pressure as indicated previously.

The support member design ultimate tension member system, and the
required cross-sectional areas for four materials of interest are listed in
Table 4-33. The cross-section shape can be rectangular, square, or
circular. The support member overall lengths are 34. 5 in. for the upper
members and 48 in. for the lower members. The tank support working

am
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stress was established as 20 pct. of the material ultimate tensile
strength to allow a reserve of strength for initial preloading, support
member thermal contraction, and launch vibration loading.

The weights of the three candidate support systems are shown in
table 4-34, and plotted as a function of tank pressure for the LHZ tank
in figure 4-99. The LFZ system weights are noL plotted since they are
such a weak function of tank pressure as discussed previously. From
figure 4-99, it can be seen that the weight superiority of the nine-rod
tension system is directly dependent upon the use of glass fiber mater-
ials. Under these conditions it is lighter than the other two approaches.

(2) Tank Support Heat Transfer Analysis. A thermal analysis of
the various tank support concepts was next undertaken. For the nine-rod
system, four different materials were considered including glass fiber, steel,
titanium and aluminum. The insulation was assumed to be on the shroud and
all heat conducted past the insulation was assumed to find its way into the H 2
tank. A 2-in. glass fiber block was assumed attached between the shroud and
all metallic supports. Surface emissivity of the support roda was varied.
The results are presented in figure 4-100. These curves show that the
higher conductivity materials will allow more heat input to the propel-
lant even for low-surface emissivities. It is also observed that the
effect of surface emissivity is not significant except for low values and
the effect decreases with increasing support conductivity. From the
figure, it is seen that an insulated, solid glass fiber support will give
the least heat transfer. This support system gives a minimum heat
flux of 0. 0113 b. t. u. /hr. per upper support or a total of 0. 082 b. t. u.
hr. through all nine supports. However, for uninsulated, uncoated glass
fiber, the heat input is about six times higher, and the total heat input
during the 330-hr. mission would be about 162 b. t. u. The net LHZ
boiloff is slightly below I lb., which is almost negligible. If desired,

thir. pound could be saved by coating the glass fiber with aluminum or
gold. With even a moderately good emissivity coating, the total heat
flux could be held to 0. 36 b. t. u. /hr. to the LH 2 tank.

The continuous conical support for the LH 2 tank was next analyzed
assuming a perfectly insulated titanium structure. This resulted in a heat
transfer of 7. 6 b. t. u. /hr, Preliminary computations were also made on a
glass fiber conical structure which yielded a heat transfer of 1. 0 b. t. u. /hr.

The six-point tubular glass fiber column system illustrated in figure 4-97
was next analyzed. This configuration was estimated to result in a heat leak
of 0. 62 b. t. u. /hr. which included radiation down the center of the hollow
tubes. If this radiation were neglected or could be entirely blocked, the
heat transmission could be reduced to 0. 2 b. t. u. /hr. Blocking of the tuberadiation could possibly be reduced by stuffing the tube with NRC -2 insulation.

(3) Tank Support Comparison. Table 4-35 compares the weight
and heat-transfer characteristics for the three candidate support systemns
for the LH2 tank. From this it can be seen that the nine rod glass fiber
tension system has an edge both with respect to weight and heat flow resist-
ance. Therefore, on this basis, the nine-rod system was selected for use
in the remainder of the study.
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Table 4-35

COMPARISON OF TANX SUPPORT CONCEPTS
(LHz Tank: PT =250p.s,i.a.)

Weight Heat Flux
(lb.) (b. t. u./hr.)

Nominal Minimum
Nine-rod glass fiber tension system 43.1 0.36 0. 082

Continuous titanium conical system 47. 5 7. 8 1. 0

Six-point tubular strut system 50. 3 0.62 0. 2

0.7
FIBERGLASS

0.6 WARM TEMPERATOIE 10OF

COLD TEMPERATURE = 423 0F 4ALMTLI SPPORT HAVE A
0.5 2-IN. FIBERGLASS BLOCK ON THE

STEEL WARM END.
a. INSULATION IS AITACHED TO THE 4

S0.4 -_ _ -WARM WALL.

S0.3

0.2
TITANIUM

"ALUMINUM

S0 0.1 0.2 0.3 0.4S~HEAT FLUX (BTU/HR)

Figure 4-100. Heat Transfer Through LH2 Tension Support Rods (Equal Strength)
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It was also reasoned that this would be the preferred support system for

the LF- tank, For the same criteria this results in a heat flux of 0. 352
b. t. u. &hr. nominal.

Early in the course of this study, other more unconventional tank support
ideas were given brief consideration. One of these was the idea of using a
stacked washer structural concept. In this approach the tank support struc-
ture would be made up of a large number of washer or wafer type elements
which would carry in compression the high loads during boost operation.
During the low-g. environment in coast, the load would be relieved and
thermal contact resistance between the wafers would demonstrate very low
heat transmission. However, the available thermal performance data on
such a concept is meager and scattered and did not permit a realistic
analysis. Designing a real system utilizing such a principle also involves
practical problems.

The idea of a support which physically disengaged during orbit was also
considered but discarded because of the design and reliability problems
posed by having to couple and uncouple with a large number of burns where
fast response of the stage is important. However, as seen from the above
finding, the heating penalties attributable to the tank support system using
rather conventional approaches are not large relative to the other sources
of heat transfer.

c. Insulation System Optimization. Having all the basic insulation data
now accumulated, the insulation was optimized for the overall system. This
was accomplished by running the H109 computer program (see appendix A)
according to the approach outlined in appendix C. The required number of
reflectors or layers was optimized for a specific mission, tank pressure,
insulation type and insulation location using the resulting usable propellant
weight as the criteria for system performance. The general approach is
illustrated below: The insulation optimization was performed assuming a
nine glass fiber rod tension support system, insulated steel feed a.nd vent
lines, and a heated helium pressurization system with an inlet gas tempera-
ture of 400°R. All other conditions are as defined in appendix C. Since
preliminary analyses indicated that the two-burn (80/Z0) mission was the
most critical from a heating standpoint, this was used throughout.

The optimum number of sheets for both the LH2 and LF 2 tanks were
determined. This involved generating par&metric curves of usable propel-
lant weight versus insulation layers for the LH 2 tank with layers of insulation
for the LFz tank as an independent parameter. Typical examples are shown
in figure 4-101. Such curves were generated for each set of conditions.
From such curves the optimum LH 2 tank insulation for a given number of
insulation layers on the LF 2 tank could be determined. Using these values,
additional runs were made with the H109 program to generate the usable
propellant weight as a function of number of insulation layers for the LF 2
tank as shown in figure 4-102. This figure then defines the optimums for
both tanks.

The overall optimization results, in term of usable propellant and the
number of layers, are presented in tables 4-36 and 4-37, respectively.
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Fairly complete spectrums were run for NRG-2 and Dimplar, but the
Mylar-paper-spacer system was evaluated only for tank mounting. Optimiza-
tions were also run for selected conditions using an optimum booster pump.

The results shown in table 4-36 are enlightening. As would be expected,
usable propellant increases as tank pre!:sure and mission time decrease. In
comparing the insulation systems capa'bilities for the same conditions, it can
be seen that all are surprisingly close .- particularly the Dimplar and NRC-2.
The difference in usable propellant between Dimplar and the MPS system is
about 27 and 390 lb. for a 1- and 14-day mission, respectively, with Dimplar
showing the best performance. The same differences between shroud-
mounted Dimplar and NRC-2 are about 2 and 14 lb. with Dimplar again show-
ing the best performance. The differences between tank and shroud mounting
are also slight, ranging from about 7 to 20 lb., with shroud mounting being
superior with Dimplar, and tank mounting being superior with NRC-?.
Differences of 10 lb. or less are probably less than the accuracy band of the
computer program. The following conclusions can thus be drawn:

* In terms of usable propellant weight, Dimplar and NRC-Z are
comparable and both of these are significantly superior to the MPS
system.

* In terms of usable propellant weight, shroud and tank mounting are
comparable with shroud installation having a slight advantage with
Dimplar and tank mounting having a slight advantage with NRC-2.

Table 4-37 shows that the number of reflector sheets increases as one

goes from Dimplar to NRC-2 to the MPS system and as one goes from shroud
to tank mounting. The greater the number of required sheets, the higher the
cost to fabricate and the more severe the degassing problem; therefore, on
this basis a shroud-oriented Dimplar system shoulc? be preferred. Thus,
from the results shown and the previously documented discussions of pros
and cons, the shroud-oriented Dimplar would seem to have maximum poten-
tial as the insulation system for this particular application.
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7. Phase VII- -Pressurization System. The pressurization subsystem is an
important part of any propulsion system, whether the basic feed system is of
the all-pressure type or the pump-fed type. The required pressurant, the
gas storage and distribution facilities, and heating and control provision, as
a whole, generally represent a significant portion of the stage weight. Inter-
mittent multiburn duty cycles are generally required for the missions under
investigation in this program. These cycles make t•h3, essurization more
complex than with simple single-burn velocity stagtfs. Multiburn implies
in orbit, starting with partially empty tanks. If this burn occurs at a time
between tank pressure collapse and tank pressure buildup as a result of
orbital heating, pressurant for pre-pressurization of the tank prior to burn
must be supplied over and above that normally required for expulsion. The
engine is not operating during this prepressurization period and, therefore,
if heating of the pressurant is required, it must come from some independent
source.

For loaig duration space missions with a cryogenic LF 2 /LH2 propulsion
system, the heat load to the propellants must be minimized. In a multiburn
rm±ission, nearly all of the heat added to the pressurization gas will ultimately
end up in the propellant for all burns except the very last. When using
highly insulated tankage, this heat can be significant, relative to the total
propellant heat load. Therefore, optimization of the pressurant inlet gas
temperatures in this type of vehicle must be conducted with respect to over-
all stage performance.

4
This phase of the program was conducted in the following steps:

* Pressurization System Screening Study- -A list of possible candidate
pressurization systems was prepared and a weight analysis was
conducted on each for an assumed inlet gas temperature and tank
pressure, using a simplified analytical method. These were then
compared on the basis of total pressurization system weight as a
function of the level of work required from the system. The most
promising subsystems could be identified from this comparison.

"* Pressurant Requirements Analysis Program--A new computerized
analysis was developed to predict the pressurant requirements for
re pressurization and expulsion pressurization conside ring heat and
mass transfer to and from the ullage, and as a function of the
critical variables of the system.

"* Determination of Pressurant Requirement- -Using the analysis
"developed in the second step and the general systems selected in
the first step, the pressurant requirements were evaluated for each
duty cycle and ground-rule tank pressure. This was done for a
spectrum of inlet gas temperatures and for both He and GHI
pressurants.

"* Pressurant Gas and Inlet Gas Temperature Optimization- -Using the
accumulated information, the optimum pressurants and gas inlet
temperatures were evaluated in terms of maximum overall stage
performance.
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a. Pressurization System Preliminary Weight Screening Study. Hun-
dreds of different pressurization systems could be proposed for any given
class of systems. However, after reviewing many possibilities, 12 individ-
ual systems were selected for study. These encomp2,ss primarily different
types and combinations of heat sources and He or GH 2 pressurants. These
are listed in table 4-38, and the schematic diagrams are shown in fig-
ure 4-103.

Configuration I illustrates a typical cryogenic pressurizatioai system
providing the maximum simplicity consistent with acceptable performance.
Heated He is employed to maintain tank pressure during propellant expulsion.
The helium is stored in high-pressure bottles submerged in the hydrogen
tank to take advantage of the high-density storage and increased bottle
strength at cryogenic temperatures. The increase in specific volunme
required for efficient pressurization is accomplished by passing the cold
helium through a heat exchanger attached to the nozzle skirt. A constant
pressurant temperature is maintained through a temperature switch/solenoid-
valve combination, which allows the proper amount of cold helium to bypass
the heat exchanger. Repressurization of both propellant tanks with ambient
stored helium, however, is an inherently inefficient way to repressurize
because of the high-weight penalties associated with warm, low-density gas
storage. Therefore, several approaches for reducing the weight of the
repressurization system were selected for evaluation. All of these
approaches use heated gas for repressurization. These schemes are dis-
cussed in the following paragraphs.

The use of heated gas for repressurization introduces the need for
an auxiliary energy source since engine heat is generally not available.
Configuration 2 illustrates one energy source which is independent of engine
ope ration.

The He used for repressurizing the H2 tank is stored in the LH2
tank and raised to the desired temperature in the auxiliary combustion
chamber heat exchanger. The energy for heating the He is provided by the
hypergolic ignition of gaseous F 2 and H2 in the chamber. These gases are
combusted stoichiometrically and diluted with He, which is stored in the F 2
gas bottle. The resultant combustion products (He + HF) are used to repres-
surize the oxidizer tank. The He reduces the combustion temperature to a
tolerable level, in addition to providing the bulk of the low-density gas neces-
sary for efficient pressurization. The HF will usually condense and freeze
after contact with LF 2 ; however, HF is present only in small quantities and
may not be a problem. Following repressurization and engine ignition, the
cold He flow is diverted to tne engine -mounted heat exchanger, where the
temperature is raised to the desired level for expulsion of both propellant
tanks.

Storage of the helium and the reactive gases in the low-density
ambient condition is, as previously mentioned, inherently inefficient. An
approach to increasing the storage density of the repressurization gases is
shown in configuration 3. In this system, both of the propellant tanks are
repressurized with cold-stored He by a gas generator, which is independent
of the main engine. The required energy for heating the repressurization
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helium is obtained from the combustion of LF 2 and LH2 in the gas generator.
The gas generator propellants are supplied by the main tank propellants,
which are fed to the gas generator by the propellant tank head. While this
gas generator feed system is relatively simple, there are several potential
problemzs which should be investigated during development. The na~are of a
tank head feed system requires gas generator operation under varying pro-
pellant inlet conditions. The fuel and oxidizer inlet pressures increase, at
different rates, as the main propellant tanks are repressurized, resulting in
gas generator propellant flow rate and mixture ratio variations. Therefore,
the resulting heat transfer to the helium changes as the tanks are being
repressurized.

The absence of the inert He in the combuction chamber imposes a
limitation on the combustion temperature, thus requir'ng a fuel-rich mixture.
The nature of the combustion products may represent a problem area. Con-
ceivably, the resultant thrust can be utilized for propellant settling during
repressurization. Once the engine is operating, an engine-mounted heat
exchanger is used to heat the He for propellant expulsion.

An alternate approach to configuration 3 is illustrated in configura-
tion 4. In this system, the LH2 /LF 2 gas generator supplies the heat for both
the repressurization and expulsion functions. By combining the heat source
for these functions, the need for an engine-mounted heat s.xchanger is elimi-

4 nated, as well as the additional complexity of switching between heat sources.

It may be postulated that if a ge.s generator can be opezated on
existing tank head, then the same function could be designed into the main

combustion chamber for less weight penalty. This idea is presented in con-
figuration 5. Pressurizat.ion of both propellant tanks during expulsion Is

accomplished by heating cold-stored He in the engine-mo-.,ced heat exchanger
as described for configurations i, 2, and 3. If the main thrust chamber is to
assume the functions of the gas generator of configuration 4, it will be
required to ignite at low tank pressures and sistain combustion under the
same adverse inlet conditions described for the gas generator. During the
period of reduced thrust operation, while repressurization is being per-
formed, it is unlikely that sufficient heat would be available at the nozzle
exit for heating the cold He. Both the heat-transfer problem and the prob-
lems associated with low-pressure operation could be overcome by employing
a pre-chamber with its own propellant valves and injector. The pre-rhamber
would house the repressurization heat exchanger and would provide 1"Ir low-

- level combustion. Propellant flow would be switched to the main injector
upon reaching the required main engine operating pressure in the propellant
tanks.

Although cold-stored heated He is a relatively efficient way to
pressurize, the use of vaporized LH? results in a lighter system for fuel
tank pressurization because of its low molecular weight. The followtng
paragraphs concentrate on systems utilizing vaporized H2 for pressurization
of the fuel tank.
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Pump-fed, regeneratively cooled engines offer a convenient source
of high-pressure gaseous H2 . The hot gas can be bled from tVe regenerative
section, upstream of the injector, at varying temperatures, depending on the
"location of the port. Thus, separate pressurant storage tanks, gas genera-
tor, and heat exchanger are eliminated from the fuel pressurization system.
Configuration 6 illustrates such a system. Engine bleed H2 is used to pres-
surize the fuel tank during expulsion, while the oxidizer tank is pressurized
with He, stored cold and heated in the nozzle heat exchanger. For repres-
surization, a gas generator, which operates on the main propellants
(LHZ/LF2), provides the energy required to heat the cold-stored Fie. As in
configurations 3 and 4, the gas generator must o'nerate fuel-rich to reduce
combustion temperatures and must be capable of sustained combustion under
the variable conditions experienced during repressurization.

The application of an energy source, suggested by Rocketdyne,
which would circumvent these generator problems, is illustrated in configu-
ration 7. This system (Tridyne) depends upon the stoichiometric combustion
of gaseous H2 and O2 in a catalytic reactor. The two reactant gases are
stored along with the He pressurant, in a single bottle. When released from
the bottle, the gas mixture flows through the regulator and into the catalyst
bed, where the Hý and 02 are reacted to form HZO. The heat of reaction is
absorbed by the He in the H2/O2 mixture. The reactor efflux (H 20 + He) is
passed over a heat exchanger coil, which is conducting He stored in the LH2  J
tank. The LH2 stored cold helium is raised to the desired temperature for
repressurization of the fuel tank and the Tridyne exhaust products are cooled
for repressurizing the oxidizer tank. The water vapor in the reactor efflux
may react with the LF 2 upon entering the oxidizer tank forming HF and 02.
However, only a small amount of water vapor enters the LHZ tank, and it is
hoped that this should not. pose problems. The HF and 02 formed by the
reaction may condense and freeze in the LF2 environment resulting in basic
problems during ca-g in-operation. Heated He rather than Tridyne is used
to repressurize the LF 2 tank during thrusting to avoid possible clogging of
the tank outlet. The system shown is pump-fed, thus engine bleed GH 2 is
available for pressurization of the fuel tank during expulsion. The cold-
stored He is heated in the nozzle heat exchanger for expulsion-pressurization
--of the oxidizer tank.

Pressure-fed engine systems cannot provide a source of high-
oressure GH 2 for fuel tank pressurization. If gaseous H? if to be used, it

becomes necessary to provide a LH. vaporization system. G:nfiguration 8
describes such a concept. Since LI 2 at tank pressure cannot be vaporized
to maintain its own presst..e, an auxiliary tank is submerged in the LHZ tank
and is pressurized with cold He. The use of warm pressurant is precluded
by the rapid pressure collapse, which would occur under the conditions.
During expulsion the auxiliary L9.- is passed tharough the nozzle heat
exchanger where it is vaporized for fuel tank pressurization. Temperature
control is maintained through a solenoid valve, coupled to a temperature
sensor, which allows the required amount of liquid to bypass th-. heat
exchanger.
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Pressurization of the oxidizer tank is accomplished with cold-
stored He, heated in a nozzle heat exchangor as described for prior configu-
rations. The repressurizing medium for both main tanks is 14e, which is
stored cold and .,eated in the gas generator/heat exchanger. The gas gener-
ator operates oti the main tank propellanta and is exhausted overboard.

It is conceivable that, under certain conditions, the we'ight of the
auxiliary LH2. sys,.cm may be reduced through the' us of a cylindrical tank,
as shown in configuration 9. The moui.ting of spherical pressure bottles
within propellant tanks results in increased system weight. In addition to the
weight of mounting brackets, allowances must be made in bottle and tank
thickness to withstand the additional stresses introduct:d by the mounting. If
a cylindrical tank, fabricated from high-strength seamless tubing, were
installed to take advantage of the existing dollar plates at the tank poles, a
significant weight saving may be realized. The major factor, which may
make this design highly competitive, is the ability to use warm gas to pres-
surize the cylindrical tank. If properly sized, the propellant level in the
auxiliary tank would regress at about the same rate as the level in the main
tank. Since the ullage of the auxiliary tank is now surrounded by a warm gas
environment, there is no temperature gradient to cool the ullage gases as
would be the case if the auxiliary tank was submerged in LHF. It should be
noted that these weight savings may be partially offset by the structurally
inefficient nature oi the cylindrical pressure vessel. Future tradeoff studies
should be made to evaluate the merits of this approach. The expulsion-
pressurization techniques employed in configuration 9 are similar to those of
configuration 8 in that nozzle-heated H? and He are used to pressurize the
fuel and oxidizer tanks, respectively. The auxiliary LHZ tank, however, is

-ow pressurized and repressurized with ambient He. Ambient He is also
used to repressurize the main fuel and oxidizer tanks. With only minor sys-
tem changes, heated He could be used to expel the auxiliary LH2 for more
efficiency.

Configuration 10 represents an advanced version of configuration 9,
which incorporates heated gas repressurization. Cold-stored He is heated
for both repressurization and expulsion-pressurization of the oxidizer tank
and the auxiliary fuel tank. The main fuel tank is pressurized and repres-
surized with vaporized H2 from the auxiliary LH2 tank. In this design, the
energy for all pressurant heating, during both expulsion and repressurization,
is supplied by a LF./LHZ gas generator operating fuel rich and erhausting
overboard.

A design which could potentially improve the efficiency of the
bipropellant gas generator approach is presented in configuration 11. Auxil-
iary propellant tanks, operating at a pressure higher than the maximum main
tank pressure supply the fuel and oxidizer to the gas generator. The auxiliary[
"tanks are required as the gas generator exhaust is to be used to pressurize
and repressurize the main oxidizer tank and thereby must b- available at a
higher pressure. Use of the exhaust products in the oxidizer tank is made
possible by stoichiometric combustion of the fuel and oxidizer and dilution
with cold He. The He serves to reduce the operating temperature of the com-
bustion chamber/heat exchanger, and subsequently provides "he bulk of the
low-density gas necessary for efficient pressurization. A portion of the

229



Wt
ý"

energy released is used to heat the cold-stored He passing through the heat
exchanger. The heated He is used to repressurize and expel both of the aux-

P iliary propellants and the main fuel supply. Initially, the repressurizing He
will enter the auxiliary tanks cold because of the thermal lag in the heat
exchange system, the bulk of the gas will bc. heated, however. Many potential
weight saring techniques are incorporated into this design including: high-
density pressurant storage, heated g-ts expulsion and repressurization,
stoichiometric gas generator combustion and recovery of the exhaust products
for use as a pressurant. This high degree of sophistication, however, is
accompanied by a number of design difficulties. Sequencing, for example,
becomes a problem with the closed circuit gas generator. It is unlikely that
the system could be sized to provide simultaneous repressurization of both
tanks. Since the gas generator must be shut down upon reaching operation
pressure in the oxidizer tank, any remaining pressurization must be accom-
plished, inefficiently, with cold He. It is possible that the time lag can be
predetermined and the He outlet temperature adjusted t.o provide the desired
ultimate ullage gas temperature. A similar problem exists during expulsion.
The use of pressure switch/solenoid valve pressure control is considered to
be more reliable than a pressure regulator, particularly in a F? environment.
The pulsing nature of this system could establish undesirable pressure Uscil-
lations in the gas generator. However, the prol~lern can be alleviated by
providing continuous flow through an orifice at ai rate somewhat less the n that
required to maintain tank pressure. The amount of flow now controlled by
the solenoid valve would be just adequate to maintain the tank pressure witriin
an established band, but not sufficient to induce severe pressure oscillations
in the gas generator. Another problem which may have to be solved is the
possibility of mixture ratio variation from stoichiometric during the transient
repressurization period. Should the system analysis indicate a significant
weight saving, further investigation of these areas will be necessary.

Configuration Ila is adapted to a pump-fed system. Since engine-
bleed HZ is available, it is used to pressurize both main and auxiliary fuel
tanks during expulsi.on. In all other respects, including the design problems,
the system is identical to configuration 11I.

It should be noted that, of the 12 systems, 6, 7, aad Ila apply to
systems using pump-fed engines. The remaining nine apply to all pressure-
fed systems.

The system weight for" the candidate systems weee :.omputed, using
g the techniques as outlined in the following paragraphs.

(1) Pressurant Requirements For Expulsion. Calculation of the _--
pressurant required for propellant expulsion was based on the following equa-
tion for a constant tank inlet temperature:

W P T WP (CF)(415gu p RT (

p*
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where

W usable pressurant weight (lb.)
gu

PT -upe rating tank pressure (p. s. i. a.)

W propellant expelled (lb.)
P

P= propellant density (lb. p. ft. 3)

R pressurant gas constant (ft.p. R.)

T tank inlet gas temperature (OR.)

CF correction factor

With the exception of the correction factor, each term is self-
: explanatory. The correction factor is defined as the ratio of ga , weight

accounting for energy exchange between the tank walls and propellant during
expulsion to gas weight neglecting any energy cxchange. For the initial sys-
tem comparison, a tank pressure of 250 p. s, i. a. and an inlet temperature
of 520°R. was selected for both tanks in the pressure-fed systems. The
pump-fed system comparison was based on a tank pressure of 25 p. s. i. a.
and 35 p. s. i. a. for the LH2 and LF2 tanks. A 520*R. gas inlet temperature
was used for both tanks.

Certain systems used gas, which was stored in high-pressure
containers. The initial storage pressure was taken as 3, 000 p. s. i. a. and
the gas in the container was allowed to expand to 300 p. s. i. a. by the end of
propellant expulsion. The following equation was used to calculate the total
gas weight required including the residual gas remaining in the containers.

W
W (4- 106)

g~B

where

WgBi = total initial ga3 weight in the container (lb.)

Z. = initiai gas compressibility fact-ir
1z = final gas compressibility factor

Pi = initial gas storage pressure (p. s. l.a.)

Pf = final gas storage pressure (p. s.i.a.)

y = ratio of gas specific heats

B = &,orage bottle condition
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A summary of the gas requirements for propellant expulsion isshown in table 4-39 for the 12 systems considered. The expulsion gas

weights are based on complete expulsion of the propella..-t tanks. Analysis
has shown that the expulsion gas required is relatively independent of the
number of intermediate engine firings. provided that the tank pressure at the
beginning of each firing is the same. That is, the same amoent of gas is
needed to expel 100 pct. of the propellant in one engine firing or 10 engine
firings. Consequently, the weight for that portion of the pressurant supplysystem used for propellant expulsion is independent of duty cycle.

(2) Repressurization Gas Requirements. The reproessurizationsystems shown for the 12 candidate systems consisted of either adiabatic
blowdown or constant inlet gas temperature systems. The pressurant
requirements for these two basic approaches were based on the following
equations e

(a) Constant Gas Inlet Temperature.

(PaTf C PeTri Vu

Wgu fR TY (4-107)

(b) Adiabatic Blowdown.

I) I

n t (4-108)

where

W usable pressurant weight (lb..
gu

DT. -= initial tank pre ssure (p. s. i. a. ).

DTf = final tank pressure (p. s, i. a.).

Vu ullage volume (ft. 3).

R gas constant (R. p. ft.).

TB. init al bottle temperature (°R.).
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Y ratio of specific heats.

Zi initial gas compressibility factor.

Zf -final gas compressibility factor.

Pi Z initial bottle storage pressure (p. s. i. a.).

Pf = final bottle storage pressure (p. s. i. a.).

B = storage bottle conditions.

Equations 4-107 and 4-108 are based on no energy
exchange between the incoming gas and tank walls and propellant. Because
short repressurization times are anticipated, this assumption should provide
realistic gas requirements. (Subsequent analysis using the H225 program
have shown this to be the case). It should be noted that equation (4-108) has
been slightly simplified from the equation which is used in the H109 optimi-
zation computer program. This was oone to simplify hand calculations for
the preliminary pressurization screening study. The total gas weight for
repressurization systems using gas stored in high-pressure vessels is cal-
culated using equation (4-106).

Equations 4-107 and 4-108 show that the repressurant
gas weight, hence system weight, is proportional to the product

(PTf - PTi) Vu. Therefore, the total system weight for a multistart mission

requiring tank repressurization prior to each start is a function of the sum
of (PTf - PTi) Vu required for each tank prior to each burn. To solve for

the system weight requires an analysis of the pressure history in each tank
for all of the mission duty cycles. This analysis is included in the H109
computer program. However, the intent of this preliminary screening was
to select one or two systems which will be analyzed in more detail using the
H109 computer program in later computations. Therefore, to facilitate hand
computation, the product of (PTf - PTi) Vu was selected as the independent

variable for system comparison. The system weight can be shown independ-
ent of an actual mission duty cycle. The sum of the product can be shown to
be (PTf - PTi) Vu which inzlud'es both the fuel tank and oxidizer tank. The

repressurization gas requ.irements should be investigated separately for each
tank. Again, because of the complex nature of the analysis, a simplifying
assumption was made. The product of (PTf - PTi) Vu for the oxidizer tank

was arbitrarily selected as one-half the same product for the fuel tank for
any repressurization cycle. The actual values for each tank will be deter-
mined as part of the subsequent pressurization system optimization study
using the H109 computvr program.

(3) Hardware Weights. The major hardware items include, where
applicable, the heat exchangers, auxiliary gas generator, auxiliary propel-
lant tknk(s), pressurant containers, and control components. Parametric
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weights which were used for these items are shown in figures 4-104 through I
4-109. Weights for thrust chamber and gas generator heat exchangers are
shown in figure 4-104 and 4-105. The thrust chamber heat exchanger weights
are based on dat0 . obtained from engine manufacturers. The gas generator
heat exchanger weights of figure 4-105 are based on extrapolated data from
the Rocketdyne /Douglas MANSAT study (AF04(611)-10745).

Spherical and cylindrical auxiliary tank weights are shown in
figure 4-106. These weights are based on using 6061-T6 aluminum, with a
safety factor of 2. 2 on the ultimate tensile strength. A minimum gauge of
0. 02 in. was assumed. The assumed operating pressure of the auxiliary tans
was 300 p. s. i.a. for the pressure-fed engine system and 100 p. '. i. a. for the
pump-fed engine system.

The curves in figure 4-106, show that a spherical fank is lighter
than the cylindrical auxiliary tank. However, a cylindrical tank offers the
advantage of being able to use hot gas for auxiliary tank pressurization
because the surface level of the propellant in the auxiliary tank would regress
at about the same rate as the main propellant. There is essentially no tern-
perature gradient between the hot ullage gases in the main and auxiliary
tanks. On the other hand, the spherical tank should be buried within the main
propellant tank to prevent heating of the auxiliary propellants by the hot ullage
gases during engine operation. Consequently, cold gas would be required to
pressurize the spherical auxiliary tank during operation to prevent excessive
local heating of the main propellant. From a total system viewpoint, the
auxiliary tank weight, plus pressurant weight, may indicate that a cylindrical
tank would result in the lighter overall system weights. In addition, installa-
tion considerations may favor the use of a cylindrical tank. Unfortunately,
there was not sufficient time to evaluate these details.

The gas generator weights of figure 4-107 are based on data
obtained from engire manufacturers. Pending a more complete analysis, a
gas generator propellant flow-rate of 0. 5 lb. /sec. was used for open-loop
operation (overboard dump); a propellant flowrate of 0. 75 lb. p. sec. was used
for closed-loop operation (Lk' 2 tank dump). For the open-loop system, the
gas generator operating mixture ratio used was 1. 2 (F2/HZ) resulting in a
combustion temperature of approximately 1, 950 0 R. The propellant weight
penalty for gas generator operation was based on the gas generator delivering
an Isp equal to one-half of the main-engine system. (Note: If the gas gener-
ator delivered the same Isp as the main engine, there would be essentially noweight penalty attributed to the additional gas geznerator propellants - provided

that the vehicle was properly oriented during all gas generator sequences).
- The stoichiometric F 2 /Hz mixture ratio was used for closed-loop gas gener-

ator operation to preclude any H2 from entering the LF 2 tank. He was used
as a diluent to reduce the inlet gas temperature to the LF 2 tank to 5Z0 0 R.

Component weights were based on an arbitrary nominal line
size of 3/8 in. These weights were taken from figure 4-108. Line lengths
were approximated for each system and corresponding weights were calcu- ii
lated based on aluminum line weighing 0. 03 lb. p. ft. These are summarized
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for each system in table 4-40. Pressurant storage bottle w~eight, which is a
function of required gas weight, is shown in figure 4- 109. This assuaes

3, 000 p. s. L a. spherical titanium bottles with a safety facto~r of 2. 22.

(4) Weight Comparison. The final results of this evaluation are
shown in figures 4-110 and 4-111 for the pressure-fed and pump-fed engine
systems. The purpose of this study was to perform a preliminary screening
of the 12 candidate systems and establish a weight spectrum. Total pressur-
ization system weight for both propellant expulsion and tank repressurization
was used as the basis for system compariqon. Included in the total system
weight are the pressurant, pressurant container, auxiliary prope~ant tank,
control components, auxiliary combustion devices, heat exchaiger, and lines.

By noting the results for the pressure-fed system shown in
figure 4-110, it can be seen that the system of configuration 9 results in the
lowest overall pressurization weight. Configuratidn 9 uses ambiently sto-,ed
He for adiabatic repressurization of both the LH2 and LFZ tanks. Aft expected,
however, the ambient repressurization system weight increases rapidly as the
repressurization requirements increase. A more favorable system for many
d-ity cycles, requiring increased repressurization, is found in co,.zigura-
tion 10. Since the most difficult duty cycle would be used to select size and
design, the pressurization system, system b0, was selected for deh,'iled
study tor the preuresswe-fed cases.

Reference to figure 4-111 indicates that the choice between
configurations 6 and 7 is not governed by system weight consideration,
because they are relatively close. From an ease of development viewpoint,
the 1ystem shown in configuration e appears to be the most desirable. The

only item requiring development is the F2/H2 gas generator/heat exchangersystem. Such a device is under development by Douglas in an IrAD program.
Because of the open-loop operation of the gas generator where combustion
products are dumped overboard, the system control is similar to that used
on current vehicles (such as Saturn S-IV and S-IVB), and does not need

further development. Figure 4-112 shows the F?,iH2 gas generator hardware
being developed under the Douglas frAD program. The generator part of this
system has been successfully demonstrated. ehe system shown in configurat
tion 7 has several items requiring feasibility demonstration and development.

The catalytic reactor system would require extensive development. Also,
temperature control of the combustion products entering tanks.ank is

complicated because th~e combustion products are also used to heat He for
LH2o tank repressurization. Any change in He flow to the LH r tank would
affect the temperature of the combustion gases entering the LFy tank.
Another area requiring investigation iis of smaU amounts of water
vapor entering the LFms tank. Because of these system development prob-

lems, configuration 7 is dropped from further consideratioas. For largerepressurization requirements, configursy tion la results in substantial
weight savings. However, because of the lower tank pressures required for
pump-fed engine operation, high values of ViP, at which the,cross-overjoccurs, are not anticipated. Therefore, configuration 6 will be used for the

pump-fed pressurization system optimm syten study.
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b. Pressurant Requirement Analysis. As discussed previously, the

total pressurant requirements for multiburn missions can be considerably
higher than in the case of conventional single burn systems. Also the pro-
pellant heat input, contributed by the pressurant, can be significant relative
to the total propellant heat input for highly insulated propellant tankage.
Because of this importance, a careful, accurate pressurant gas analysis is
mandatory. To accomplish this, a computerized pressurant gas analysis
was developed as part of-this program which would account for such factors
as heat transfer to tank walls from the ullage gas, and heat and mass transfer
across the liquid gas int.rface with independent variables such as inlet gas
temperature, initial tank contents, expulsion rate and inlet gas composition.

Prior to describing the details of this analysis, it is appropriate to
review the overall propellant tank fluid dynamic history for the missions of
interest, because these define the initial conditions for pressurization.

(1) Propellant Thermodynamic History. Heat transfer to the stored
liquid propellant, and the resulting temperature distributions and tank pres-
sure variations, occur under many different operating modes. These would

include the following:
0 Ground-hold at 1-g. and a quiescent fluid state. [I

* Boost at g levels from 1 to 5 and some degree of fluid motion

relative to the tank.

* Orbit at approximately I x 10-6 g.

* Powered operation at approximately l-g. with some degree of fluid
motion relative to the tank.

Modes 3 and 4 occur alternately with restarting of the stage.
During the ground-hold period as well as boost, the propellant is held at the
bottom of the tank and heat flow into the liquid4 is primarily controlled by free
convection. The free convection results in propellant temperature stratifi-
cation. That is, the heat is deposited at the top of the tank and a temperature
gradient is established. Sloshing also will be present during boost. For
example, in the Saturn S-IV, waves of 3 in. in height are experienced during
boast (reference 6). As the stage goes into orbit and booster power is ter-
minated, the transition from very high to very low-g. disperses liquid
around the spherical tank wall. The factors responsible for this are (1) an
order of magnitude increase in slosh wave height; (2) a structural spring
back of the tank, and (3) the normal tendency of wetting fluids, such as LH2

and LF 2 , to climb container walls. These transient actions also mix the
fluid, thereby destroying the temperature gradients establishea during high-g. I
flight. Tank pressure will also drop to some low equilibrium value. Once in
0-g., the propellants maintain the wall distributed minimum energy configu-
ration, unless some type of settling device is employed. L

At this point, the detailed under,.tanding of the fluidynamic and
heat-transfer processes occurring in stored cryogenic fluids in a low-g.
environment is not as fully developed as would be desired to accurately design
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flight vehicle propellant storage and feed systems. Difficulties in simulating
low-g. operation to facilitate appropriate research is primarily responsible
for this technvlogical deficiency. The most complete work carried out in
this area has been by NASA-LeRC, involving suborbital experiments using a
small (9 in.) radiant-heated sphere containing LH2 . Four flights have been
run, which have been documented in references 31 through 36. The conclu-
sion reached from these tests can be summatized as follows:

* LH2 wets the spherical tank wall, when going into nearly zero-g.

* Nucleate boiling and localized wall drying occurs.

* Temperature stratification results.

• The tank pressure rise is slightly greater than that predicted by a
homogeneous heating model, although it is below that corresponding
to an all-vaporization or all-gas phase heating model, and always
less than that corresponding to a 1-g. quiescent heating model.

"* Temperature distributions are not easily destroyed by system
oscillations.

"* Vapor flashing and pressure increases occur when liquid is sloshed
back over dry walls.

The lowest heat flux establ.shed in these low-g. tests was about
23 B. t, u. p. ft. 2 -hr., which is nearly two orders of magnitude greater than
that anticipated for a tank using a high-performance insulation system. The
general consensus of Douglas engineers agree that for the low anticipated
heat leak it would be appropriate to employ a homogeneous heating model to
predict temperature and pressure rises during orbit. To bracket the prob-
lem, it would also be desirable to spot check results, using a 1-g. quiescent
heating model for possible effects on the overall results. The homogeneous
heating model is an integral part of the Douglas H109 propulsion system
sizing computer program, which is the basic tool to be employed for the
optimization stage of this study. A 1-g. quiescent model is being formulated
under a Douglas IRAD program.

At. or just before engine startup, the propellants are settled.
This causes limited mixing so that most of the temperature gradients are
eliminated. Behavior during powered-stage operation is similar to that
experienced during boost, and stratification will take place. However, out-
flow from the tank takes place. Computations have been run to assess the
degree of stratification, assuming a single 200 sec. burn at 1-g. and
1 B. t. u. p. ft. ?-hr. heat input, that would empty the tank. These involved a
boundary-layer analysis and indicated a LH2 temperature rise at the surface
of 0. 2 0R. just before propellant depletion. This should have a negligible
effect on the overall system behavior. Therefore, on the basis of these cal-
culations, radiant heating and stratification during tank outflow will be
neglected in the study.
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Following the first burn, propellant will once again be distrib-
uted around the tank wa'l. However, the tank wall will be heated during
expulsion by the warm pressurizing gases and this stored heat must be
absorbed by the propellant as it flows back over the walls. The quantity of
heat stored in the wall is determined by the developed pressurant gas analy-
sis program.

An unresolved point is how this heat is distributed in the pro-
pellant (direct vaporization, bulk heating or a combinatio,). The most con-
servative approach would be to assume that all this heat "7ent into flashing
off propellant. After zero-g. stabilization, a new equiLibrium is established
and the process is repeated.

Equations in the Douglas program for propulsion system opti-
mization predi-t pressure histories for multiburn duty cycles, including the
tank pressure collapse after engine shutdown, as well as the pressure buildup
during orbit coast (assuming the uniform mixed heating model). Program
equations also predict pressurant requirements based on a simple model,
assuming no heat transfer. An improved model for predicting the pressurant
requirements to augment the H109 capabilities is required.

(2) Analytical Model Development. The required model and corn- "
putational procedure must be general enough to handle the wide range of
conditions to be encountered, and be rapid enough to permit many repetitive
calculations to be performed in parametric surveys and system optimization.

While significant work has been done in this field, no existing
analysis fully met the needs of this study. The most promising area for
improvement is in the numerical solution of the system of equation. The
computer program must provide an efficient balance between computational
speed and acdtiracy. The nature of the study objectives permits some simpli-
fications in the analysis, but the developed technique is still general.

To predict pressurant requirements for propellant tanks during
pressurization and expulsion requires primarily an analysis of the heat and
mass transfer processes occurring within the tank. These phenomena can
be complex, and an exact mathematical description is extremely difficult to
achieve. A simplified mathematical model must be used to ensure that the
resulting equations can be solved practically. Attempts to obtain a closed-
form solution require such highly simplified models that actual cases cannot
be simulated accurately. More realistic models produce equations of such
complexity that numerical solutions are required. Recent work has pro- -
gressed to the point where non-viscous, one-dimensional models are being
treated, which permit fluid properties and the initial and boundary conditions
to be varied arbitrarily. The solution to the system of partial differential

A equations is approximated numerically by a digital computer program.

The current technology in ullage gas analysis is characterized
by several basic assumptions. One such assumption is that all fluid flow is

4 , non-viscous, ignoring both kinetic energy and momentum, and the ullage
pressure does not vary spatially. The most important simplification is the
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elimination of radial and circumferential variation, making the system one-
dimensional. The resulting partial differential equations are in two inde-
pendent variables, time and axial distance. Heat transferred at the fluid
boundaries is, therefore, distributed uniformly and instantaneously through-
out the fluid volume at that axial location. An absence of significant radial
temperature gradients has been observed experimentally, but the general
validity of this assumption has not been fully established. The heat-transfer
mechanism responsible for this behavior is not understood, but apparently
the one-dimensional model is realistic in most cases. This is fortuitous,
for a two or three-dimensional model would require a prohibitive amount
of machine time for solution and would not be practical in the proposed
program.

Two analyses of a non-viscous, one-dimensional, ullage gas
model have appeared in the literature. The simpler, by Roudebush of NASA-
L•RC (reference 37), includes heat transfer between a cylindrical tank wall
and a one-component ullage, but ignores axial transfer processes. The
finite-difference equations are in Eulerian form, using a fixed, evenly spaced
net point system. The equations are obtained from an implicit type of deri-
vation, but only single differences between two adjacent net points are
involved. The resulting equations are explicit, giving the variable values at
successive axial locations, starting from the current-time boundary condi-
tions at the inlet plane. The computer program is straightforward and fast.
Results have agreed with experiments despite the relative simplicity of the
model. A more complete analysis has been developed by Epstein, Georgius,
and Anderson of NAA (reference 38). The model includes an arbitrary tank
geometry, two-component ullage, axial conduction and diffusion, and inter-
face transfer. Because the ullage interacts with the propellant interface,
the liquid temperature profile must also be calculated. In addition to the
more complete ullage gas model, heat transfer through the wall and insulation
is treated in detail and coupled equations for the pressurant supply system
are included. The effects of mixing because of the nonuniform flow may be
simulated by using effective transfer coefficients which are estimated from
empirical data. The finite-difference equations are in explicit, Lagrangean
form with the gas and liquid nodes changing volume and position relative to
the tank. The computer program has been reported to be accurate, but it also
requires more computation time, as would be expected with the more compli-
cated equation system. By using empirical data, the program computations
can be made to agree more closely with experimental results. It is diffucult
to determine these inputs, however, and often they are not available at all.

The model developed for the present analysis shares some
features with that of both Roudebush and Epstein. It is as general as that of
Epstein, but does not include the heat transfer through the tank insulation or
the pressurant system characteristics. These factors would not be of
immediate importance in this study.

The model has the following major features. An arbitrary tank
geometry may be specified by giving the axial variation of the cross-sectional
area of the ullage space and of the heat-t'tansfer circumference for the tank
wall and for the internal hardware. Heat transfer occurs between the ullage
and both the tank wall and internal hardware. Axial conduction in the wall
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and hardware is neglected. Axial conductions in the gas and heat and mass
transfer at the interface is included. Anticipating relatively short outflow
times and well insulated walls, the heat flow in the liquid is described by a
simple conduction equation without wall heating. The ullage may be a binary
mixture of condensable propellant vapor and non-condensable as. The com-
position profile is governed by axial diffusion and evaporation condensation

at the interface. The ullage is an ideal mixture of real gases for which com-
4 pressibility factors are functions of temp,-rature and pressure. Specific

heats are functions of temperature. Transport coefficients are assumed
constant in deriving the equations but may be evaluated locally in their
application.

For the pro lem solution, the gas composition and all tempera-
ture profiles must be given as initial conditions. The tank pressure, propel-
lant outflow rate, and inlet gas temperature and composition may be varied
aroitrarily with time. Heat addition externally to the wall and internally to
the hardware is provided. At the interface, boundary conditions are the gas,
wall and hardware temperatures, gas composition and velocity. The latter
conditions are not set at problem initiation, but are determined throughout
the solution from interaction of the gas and liquid at the interface.

c. The Temperature and Velocity Equations. It has been convenient to
derive the equation system in the same general pattern as Roudebush. The
present model is more extensive, but the development oi some of the terms
may be taken directly from reference 37.

The first law of thermodynamics for a fluid particle may be written
as (reference 39 pg 189).

De D
Dt J Dt

where e is the energy and Q is the rate of heat addition to the fluid particle
per unit mass. The concept refers to a one-dimensional coordinate system
in which the Eulerian derivative is defined as

DIf df+ df
Dt dt dx

where f(x, t) is a fluid property. The total heat addition to a fluid particle is
made up of heat transfer from the tank wall and the internal hardware, and
conduction from the adjacent fluid (reference 39 pg 337):

Q =Q +4010
wall + Qhardware Qconduction (4-110)
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Cwall Ap (TW- T) (4-111)

C hiIC I ThT (4-l12)
Qiardware A- (T1 - T)I

Qconduction -pdx d

Subscripts W and I denote wall and internal hardware properties, respec-
tively. C is the heat-transfer circumference, A the ullage cross-section
area, and h the heat-transfer coefficient. The conductivity !. is assumed
constant in the derivation.

The left-hand side of equation 4-109 is developed in the same
manner as in reference 37 obtaining

cd _ 1 Q (4-114)

The equation of state for a real gas mixture is written as W]

V|

MP = ZRTP (4-115)

in which the average molecular weight M and compressibility factor Z for
the mixture are defined as

M £�{(MV - MFG) + MFG (4-116)

Z a(ZV - ZFG) + ZFG (4-117)

Properties of the vapor and the foreign gas species are indicated by the sub-
scripts V and FG, respectively, and & is the mole fraction of propellant
vapor.
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From equation 4-115 is derived Lhe term

dT MP_ (4-118)

in which

dT (4- 119)

Substituting equation 4-118 into equation 4-109 produces

CDT ITZ DP
Cp Dt JMP Dt

which is expanded to give

dT (TT T) +W h(TI T)

+JZ dt A dx[ dx

... This is the energy equation from which the gas temperature is determined.
It rnay also be obtained by simplifying the complete energy equation given in
reference 40 pg 318.

The tank wall temperature is determined in the saine manner as in
reference

dt 1 PW C~vW

where 1W is the wall thickness and C•v the wall specific heat.
W

A similar equation is written for the internal hardware temperature
Sas follows:

dTI
dt = I PIC G h, (T TI) qI 413
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The terms 1I in equation 4-123 and CI from equation 4-112 are
defined as the wall thickness and heat-transfer circumference for the
internal hardware in the same general manner as for the external tank wall.
If the hardware consists of pressure bottles, these terms are simple to use.
If supports, baffles, and other hardware are to be included, a more careful
definition of these parameters is necessary. All hardware across the width
of the tank at each axial locatioa- is lumped together in the one-dimensional
model. The pioper effective values of LI and CI must be chosen to accurately
represent their situation in the simple model. The values qw and qj are heat
source terms for the wall and internal hardware. In reference x, qw is
determined by an analysis of heat conduction from the ambient through the
tank insulation, and qj is determined by the processes occurring within
internally stored pressurant bottles. Here they are left as arbitrary
boundary conditions.

The continuity equation for quasi-one-dimensional flow in a system
of variable cross-section area is

Add-2 * d
d d(puA) 0 (4-124)

which yields

du D ( " u dA (4-125)

The second term can be written

in which

Z 2 Z-dp - (4-127)

Z 3  Z z (4-128)
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Substituting equation 4-126 into equation 4-125 gives

d4- - %- d t+U x + M d t d x

Z2 dP u dA

ZP itA Xdx (4-29

for the gas velocity.

d. The Diffusion Equation. The Roudebush analysis does not include a
two-component ullage and the diffusion equation given by Epstein is
incorrect. Therefore, the derivation used in this analysis will be presented
in detail. This development refers to basic equations in reference 40 pg 16.

The species continuity equation for the condensable vapor in quasi-
one-dimensional form is

"d(N A)
A 0= (4-130)

dt dx

"where the total molar concentration is given by c P/M. The molar flux
of condensable vapor Nv, relative to stationary coordinates, is given by

N &(Nv +N cD* d (4-131)

v v FG)c dx ,

which is the sum of bulk flow and diffusion terma. The total molar flux is

Nv FG = c u* (4-132)

Combining equations 4-130, 4-131, and 4-132 results in

A d(ct)+ ' cA au*a-D d- -0 (4-133)
dt dxL -dACx.
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as the basic. diffusion equation. It is noted that u* is the molar average

velocity and not the mass average velocity u which appears in the previous

equations.

The molar average velocity is defined as

U* =auv +(0 0) uFG (4-134)

and the mass average velocity as

u =wuv + (IW) UFG (4-135)

wher e uv~ and UEG are the velocities of the individual vapor and foreign gas

species and w is the mass fraction of condensable vapor in the gas,

am am
W ~~~--V (416

aMv +I-aYFG

An expression relating ua , and u FG is taken from reference 40 pg 502. ~

u _U ~ D* da(417

and substituted into equation 4-135 to give

u =U + (I-W a(4-138)

Using equation 4-136 and solving for uv gives

u u-mFGDAc (4-139)
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Equations 4-134, 4-137, and 4-139 combine and simplify to

"- u+ d- (4-140)

which is the molar average velocity in terms of the mass average velocity,
molecular weights and the mole fraction gradient. If the molecular weights
are identical, or if there is no gradient, the two velocities are equal. If, '-

for example, there is a negative gradient in the vapor mole fraction, then
Uv > UFG. Further, if the vapor molecular weight is greater than that of
the foreign gas, then u > u', because uv is weighted more heavily in u than
in u*. Equations 4-133 and 4-140 give

L A MG D'd =0 (4-141)
d t d x 1 M'

for the diffusion equation.

The basic diffusion equation will now be expanded into simple terms.
Equation 4-141 is rewritten

" "-) +'d (A d = 0 (4-142)

The left-hand terms become

pAJ(L . [A dt d_ (puA)J+puA d IF

in which the expression in square brackets is the continuity equation and
equal to zero from equation 4-124. The remaining terms combine to give

MFG (+da d a =FcA DC d A... dx/0 (4-143)

M t dx dx M
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Expanding the right-hand term through the following steps

M M
FM id d ~ M GD* dolAD* do d( 0G

cA M t d x~~J c D (A.d, dx dxC~= M

do + d& D* d (Ad) d- d In /c \ =0
d- u•-d,--•A ýdx\ dx 1 d'xdx

we arrive at the final form of the diffusion equation

d d aD*d da (A -f MMe AT- +dA d D*d Zl dT + v F '-' (4-144)
U-+ u dx A4dx xL dxdx

e. The Liquid Equations. To establish the interface conditions, it is
necessary to calculate the heat flow into the propellant. Only axial con-
duction is considered in the energy equation. The equivalent of equa-
tion 4-121 for the liquid temperature equation, assuming constant density,
is

dT dL kL d dT
PL cp L \ '-• - + U-- (A-L-dI

A x d+ u) (4-145)

The subscript L denotes liquid properties. The liquid velocity is

UL=W -_ (4-146)
L P

in which iii is the propellant mass outflow rate.

f. The Interface Equations. The gas-liquid interface provides a
boundary value for both the liquid and gas temperature equations and for the
gas composition and velocity equations. The evaporation rate is determined
by the net heat supplied to the interface by conduction from the gas and into
the liquid. When the ullage is composed of pure propellant vapor, the inter-
face-temperature is the saturation temperature at tank pressure. With a
two-component ullage, the heat and mass-transfer rates at the interface
must be balanced to determine the interface conditions. The liquid and gas

V1
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temperatures are assumed equal at the interface and in equilibrium with the
vapor partial pressure. The vapor pressure P. is a temperature dependent
property of the propellant, therefore

Pvint Pv (nt (4-147)

where the subscript int denotes an interface condition. The interface vapor
mole fraction is

P vint__X - (4- i48)
mnt P

These equations relate T, TL, and a at the interface in the expressions
developed below.

Heat flux to the interface from the gas is

qn =-k -dT (4-149)in dx

and from the interface into the liquid is

dTL

4out L - kL dx (4-150)

The net heat flux available for evaporation is

4net = 41in - 4out (4-151)

resulting in a mass evaporation rate at the interface of

Sh v U v r e l A in t I in t (4 - 1 52 )
v
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where Uvrel is the vapor velocity (downward) relative to the interface, Pv, is
the vapor density, and 1v is the propellant heat of vaporization. In a pure
vapor system, Uvrel z Ure1 and Pv = P, giving

U qnet (4-153)Urel ="ply 413

Tbe liquid interface velocity is

U in 1 + (4-154)
L int=P' A.L int

Therefore, the pure vapor interface gas velocity relative to the fixed
coordinate system is

u n~ + ii 4net(415
Uint P L Aint ply (4-155)

This is .he boundary value for the gas velocity equation.

With a two-component gas at the interface, the vapor velocity is
determined by the diffusion rate

= _ D-) da (4-156)Uv tel 7,(l - a) dx

as obtained from equation 4-137 by setting UFG rel = 0 at the interface.

The vapor density is

M
Pv =UP v (4- 157)

For UFG rel 0, the relative gas velocity is

PvUe u rel (4-158)
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or, with equations 4-156 and 4-157

M D da (4-159)
rel M (1-a)dx

resulting in the two-component, interface, gas velocity

r -M D•
v D* dciU (4-160)int PLAit M (1 -ajdXl

t[.

This is used in place of equation 4-155 for two-component ullage problems.

To determine the interface -temperature with a two-component f
ullage, equations (4-149) through (4-152) are combined with (4-156) and
(4-157) to obtain t

Mv __ D = k dT TL (4-161)

M-(1-a) x .dx kL dx

which is the balance between the diffusion and evaporation rates. This
equation, together with conditions given by equation 4-147 and 4-148, must
be satisfied at the interface.

g. Program Solution. Equations 4-121, 4-122, 4-123, 4-129, 4-144,
4-145, and 4-146 are the final expressions for the gas temperature, tank
wall temperature, hardware temperature, gas velocity, gas composition, [
liquid temperature, and liquid velocity. These Eujerian form equations
were converted into difference equations suitable for programming. For ,
example, the difference form of equation 4-122 for the wall temperature
becomes;:,

becomesTw, i- Twi (c -[hw, i (T! Tw, i 1 + qwi

"_ t _wP w __ I .

The solution of the equations must bie performed in a specific sequence. The
solution proceeds by determining the temperature and composition profiles
and then the ve'ocity profiles at each time step.

261~



The equation system with boundary and input condition was pro-
grammed in Fortran IV language to yield Douglas computer code H225.
Fi~gure 4-113 summarizes the function and capabilities of the program. It
analyzes the internal tank thermodynamics between points a and b in the
pres sure time history, which covers pre -pre ssurization/ re-pre ssurization
and pressurizattion during expulsion. Further details relative to the H225
program are contained in a special report as part of this contractual effort.

h. Typi.cal Results. To illustrate the capabilities of the program and
certain trends, a series of trial runs were made with the 1H225 program.

An example of the output generated by the tank pressurization
program is illustrated in figures 4-114 and 4-115. The computations are
based on &,(. study vehicle configuration liquid hydrogen tank and includes
the use of all tabular and calculated local properties and transfer coeffi-
cients provided by the program. Figure 4-114 shows the pressurant
requirements during outflow at a constant pressure and flow rate for three
inlet temperatures. Also shown are the ideal curves, representing the
pressurant mass required if there were no cooling of the ullage gas.
Figure 4-115 shows ullage gas temperature profiles at three times during
the outflow at 5000R, inlet temperature. One wall temperature profile is
included, which corresronds to the longest expulsion time. The irregular
shape of the curves is caused by spherical pressure bottles mounted at the
mid- section. The depression in the profiles near the center of the tank is
caused by the additional cooling effect of these pressure bottles.

Figure 4-116 illustrates the general data trends. These computa-
tions were based on the study vehicle LH2 tank with He pressurant. It was
assumed that the tank initially contained half the maximum propellant
volume and that propellant was expelled at a rate of 4. 6 lb. p. >ec. Uniform
equilibrium initial conditions were assumed. The conditions were the tank
pressure, temperature and ullage composition. C-hoosing any two determines
the third value. In this example, the initial ullage composition was assumed
to be p~ure propellant vapor. Choosing the initial pressure requires the
initial temperature to be the corresponding saturation temperature.

To identify the degree of expulsion, the amount expelled is compared
to the maximum total propellant volume, not the initial propellant volume.
In this case, a 10 pct. expulsion indicates that one fifth of the initial pro-
pellant has been expelled, because the tank was initially half full. Fifty pct.
expulsion means that the tanW. has been emptied. The initial conditions
specify the propellant volume. but the outflow rate is specified in mass units.
The density of LH? shows a pronounced decrease with increasing temperature
resulting in higher volumetric outflow rates and lower expulsion times at the
higher expulsion pressures.

•I" Ideal curves, which assume there is no heat transfer from the gas,

are shown for comparison. As the gas temperature is raised, the h~eat-
transfer rates increase and the computer curves show a greater 6cparture
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from the ideal. At a given inlet temperature, the relative departure from I-.
ideal decreases with increasing pressure because the heat required to raise
the wall temperature becomes a smaller fraction of the total heat in the gas.
In all cases, however, the curves are monotomically decreasing. A

The influence of expulsion pressure is shown in figure 4-117 for an
inlet temperature of 7000R. Pressurant requirement curves for expulsion
preceded by pressurization have been added. The solid curves correspond
to an initial pressure equal to the expulsion pressure without pressurization.
Dashed curves extend from each which give the pressurant requirements
when the expulsion process is proceeded by a pressurization from initial 4

pressures of 20, 40, and 90 p. s. i. a. The curves originating from the
horizontal axis of the graph give the pressurant required for pressurization,
alone, before expulsion begins.

i Determination of Pressurant Requirements. The evaluation of the
pressurant requirements for the study ground-rule tank pressures and duty
cycles required the generation of a large amount of parametric data. To
accomplish this efficiently, a procedure combining the H225 and H109
program capabilities was used. The H109 program normally computes the
pressurant requirements assuming no heat or mass transfer. However,
provisions were incorporated into the program to permit inclusion of a
correction factor to account for heat transfer. Therefore, the H225 program
was used to generate required parametric correction factors. These factors
were supplied to the H109 program, which generated the pressurant weights.
At the same time, overall performance was computed for the pressurization
system operating conditions optimization.

Figures 4-118 and 4-119 show typical exam 9 of the parametric
corrections factors generated by program H225.

Table 4-41 presents the overall computed pressurant requirements.
Also shown are the usable propellant weights as computed by the If109
program.

j. Discussion of Results and Optimization. As shown in table 4-41,

detailed computations were run for-the two pressure extremes on the
pressure-fed system and the pump-fed case (no booster pump) a•t three
inlet gas temperatures, 300, 800, and 1, 200 0 R. For the pump-fed system,
only GH2 pressurization of the LH2 tank using pressurization system 6
(table 4-38) was considered. Both He-and GH 2 pressurization of the L142
tank was considered for the pressure-fed systems using systems 4 and 10.
This method was followed in comparing He versus GH 2 as a LH2 tank
pressurant. For some cases, using GH 2 , particularly those at high-
pressure and high-inlet gas temperature, it was impossible to obtain solu-

tions because the LH2 temperature would become critical at some point in
the mission.

Because various levels of venting occur in certain cases, it is at
times misleading to compare pressurant weight. However, some typical
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values were extracted from table 4-41 and summarized in table 4-42. These
apply to an inlet gas temperature of 300 0 R. It should be noted that duty
cycles I, J, K, and L are 14-day missions. C is a 1-day and D is a 5-day
mission. The gas requirements for expulsion are relatively constant, while
the repressurization gas weight depends on the number of burns and the
distribution of the expulsions. This is shown by comparing the two 2-burn
cases, J and K. The repressurization gas weights for a 10- and 19-burn
mission do not greatly differ, while the differences between a 2- and 5-burn
and 5- ar.d 10-burn are large. This is probably a result of the different
venting for the various cases. Duty cycle L required significant venting.
Examination of table 4-41 shows that GH2 pressurization of the LH2 tank
nearly always results in lower total pressurant requirements as well as high
usable propellant weight capabilities (figure 4-120). The effects of inlet gas
temperature on required weight of pressurant are also evident. Higher
temperatures result in lower gas weight, although the reduction in weight
diminishes rapidly with increasing temperature. Of greater importance,
however, is the effect on overall stage usable propellant. This is shown in
figures 4-121 and 4-122 for pressure-fed and pump-fed systems. In most
cases, there is relatively little performance gain in going to high inlet gas
temperatures; in fact, there may be a performance loss.

For example, for an optimized pump-fed system designed for the
most difficult duty cycle (cycle K, in this instance), the optimum inlet gas
temperature would be approximately 300 to 400 0 R. Similarly, for a
100 p. s. i. a. pressure-fed system, the optimum inlet gas temperature
would be approximately 600 0R., while for 235 p. s. i. a. the optimum might
be as high as 800 0 R.,-

The data presented in figures 4-121 and 4-122 do not include weight
increases that would be needed in the tank structure. The tankage is
normally designed to take advantage of the increased material strength at
cryogenic temperatures. Therefore, the higher temperature environment
would mean an increased tank wall thickness or the addition of internal tank
wall insulation, with a structural weight increase.

Outputs from the H225 computer program indicate that the wall
temperature increases significantly during expulsion, particularly in the
vicinity of the upper tank dome. Time did not permit a detailed study of
this problem; however, it appears that inlet gas temperature-s in the area
of 300 0R. would, in general, be optimum for multiburn long-duration
cryogenic stages.
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8. PLase VIII--Test Apparatus Design and Fabrication. The previous
seven study phases of this program defined many design features and param-
eters for a hypothetical LF 2 /LH 2 space propulsion system. This was accom-

Splished by performing analytical studies based on theoretical models and with #
limited small-scale experimental data from various unrelated programs.
The validity of the conclusions reached are, therefore, strongly dependent
upon the adequacy of the mathematical models and experimental data which
were used.

A test apparatus was designed and fabricated for use at the EAFB space-
simulation facility, which would provide data to correlate these analytical
models, and to evaluate the concepts recommended to the extent possible in
a structurally static one-g. space simulation facility. The problem areas
which can be most readily evaluated by such testing include principally the
steady state thermal performance of the propellant thermal protection con-
cept and the thermodynamic performnance of the tanl-k pressurization system.
Other problems such as liquid free zero-g. venting, tank pressure buildup
during low gravity coast, and propellant tank pressure collapse fllowing
engine shutdown in zero-g. canno' be reasonably evaluated in a ground based
test facility. The study of such problems must await a large-scale cryogenic
space experiment. Therefore, the test apparatus was designed primarily to
generate information on the steady-state heat transfer characteristics of
the propellant storage system and of the parametric performance of the tank
pressurization system.

To minimize scaling problems, it was decided at the beginning of the
contract to design a full-scale, but nonflight weight, test article. This was
to duplicate, as closely as possible, all the basic features of the flight type
propellant storage and feed system including both propellant tanks, the struc-
tural shroud or shell, tank supporting structure, propellant feed and vent
plumbing, pressurization system (using He and/or GH 2 ) and a high perform-
ance space insulation system. Further, the system was designed to permit
variations in propellant flow rate, tank pressure, and pressurant inlet gas
temperature, all with remote setting and control protuisions. Of course,
with a ccmplex test article of this type it became necessary to make design
compromises relative to simulating a flight system. These compromises
arose from primarily four sources: (1) limitations imposea by safety
requirements, (2) limitations imposed by cost restraints, (3) provisions for
instrumentation, and (3) the necessity of ease of servicing. For example,
facility limitations resulted in very heavy-walled tankage which was reflected
thronghout the entire system. Budgetary restraints were imposed primarily
in componentry where development of new hardware items had to be held to
a minimum. The general approach taken was to continually strive to dupli-
cate a real system but to make those compromises that were essential, and
to attempt to either minimize their influence on the system behavior or to
provide instrumentation which would account for their influence as much as
possible.

a. Sizing and Structural Design. Design of the test apparatus was started
at the beginning of the contract with ,hc first task the sizing of the pressurant
storage bottles. Pressurant storage bottle volume had to be accounted for
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in sizing the LH 2 tank so that a net LH2 volume of 214. 6 ft. would be main-
tained. Pressurant requirements were evaluted through approximate analy-
sis techniques for a tank pressure of 250 p.s.i.a. and it was determined
that 312 lb. of He were required for both LHI2 and LN2 tank pressurization
and that 33.5 lb. of LI-I2 were needed to pressurize the LH 2 tank. A 3,000
p. s.i.a. pressure and a -420 0 F. temperature produces a helium volume of
26 ft. and a LH 2 volume of 7.5 ft. 3. It was therefore decided to store the
He in two 3,000 p.s.i.a. cyMndrical bottles and the LH 2 in a single cylindri-
cal bottle. Each of the three bottles is 23 in. in diameter. This size was
selected to limit the manhole si-e in the tank, and because of the need for
internal clearance. The two He bottles are 81 in. long and the auxiliary
LH 2 tank is 51 in. long. Type 304 stainless steel was used as the material
for the pressurant bottles because of good strength at cryogenic temperature,
ease in forming and welding, and availability. A yield factor of safety of
1. 5 and aai ultimate fa-:tor of safety" of 3 on the limit pressure of 3, 000 p. s. i.

required a sheet thickness of 1. 5 in. The fabrication and proof testing of
these tanks, per Douglas drawings, was subcontracted to FanSteel of
Torrance, Calif.

The He and auxiliary LH2 bottles were positioned vertically inside
the LH 2 tank. Fittings welded to the steel tanks rested on a beam structure
across the bottom of the tank which had one end fixed and the other end float-
ing to permit expansion/contraction. Steel straps with turnbuckles secured
the bottles to the LH 2 tank wall.

At that point it was possible to size and design the propellant tank-
age. To -educe cost, it was decided to make the LN2 and LH2 tank bulkheads
identical in both size and configuration. The bulkheads are nearly spherical.
The LN2 tank has a diameter of 74 in. and a length of 81 in. and the LH2 tank
has a diameter- of 74 in. and a length of about 140 in. Type 6061-T6 alumi-
num alloy was chosen for the propellant tank material because of its good
cryogenic strength, because it can be easily formed and welded, and because
it is readily available. At 250 p. s. i. a. the required wall thickness is 1.0 in.
It was originally planned to spin the tank domes in one piece, but it was found
that the required circular blank would not be available in time. It was there-
fore necessary to go to a six gore dome design with the cylindrical sections
formed from one piece with a single longitudinal weld. Manholes of 31 in.
and 18 in. were provided in the LHW and LN2 tank. These are sealed with a
Creavey 0-ring type of seal. After studying the fabrication problems, it was
decided to subcontract fabrication and proof testing of the LN 2 and LH2 tanks,
per Douglas drawings, to FanSteel.

Douglas fabricated the tank penetration (including the top penetration
cross which facilitates venting, pressurization and electrical feed-throughs,
the outlet elbows) and the pressurization-line penetration section into the
LH 2 tank. These were sent to FanSteel where they were installed and welded
prior to proof-testing. Figu,,e 4-123 shows the details of the LH tank
assembly. Figure 4-124 shows a photograph of the completed Li' 2 tank with
the mounted tank shutoff valve.
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Prior to acceptance by Douglas, the tankage was tested at FanSteel.
The tests included (1) radiographs of all welds according to MIL-STD-453
with inspection to Class III ABMA-PD-R-27, (2) hydrostatic tests to
375 p.s.i.a. on the aluminum tanks and 4,500 p.s.i.a. on the steel tanks,
and (3) a gross leak-check with nitrogen at 100 p. s.i.a. for the aluminum and
1,500 for the steel tanks. All tests were passed.

After establishing the tankage configuration, design was begun on
the simulated vehicle shell and tank support structure. To simplify fabrica-
tion, it was established that the shell have a constant diameter of 10 ft. and
a length of 23 ft. Essentially it is a welded steel structure consisting of six
circular 6 in. 1 l-beams, 8 longerons made of 6 in. channels and 0. 10 in.
steel skin. The longerons are bolted to the ring frames at intersection points
and the skin is welded to the beams and the longerons. Four all-welded
support legs attach to the shell sides and mate to the vacuum chamber hard
points on a 16 ft. diam. circle.

Two tank support systems are incorporated in the hardware: (1) a
transport support system for the tanks which will take loadings during ship-
ment, movement, and placement of the test article, and (2) a low-heat leak
test support system which carries the static tar.X loads into the vacuum cham-
ber after installation. The transport support system is essentially a truss
work of pipes running between the tanks and the H-beam rings around the
shell. After installation in the vacuum chamber, these supports are to be
removed.

The results of the comparison of the flight vehicle tank support sys-
tem, as discussed previously, indicated that the nine-rod glass fiber tension
support system had maximum performance potential. Therefore, it was
decided to apply this approach to the test apparatus. However, since the
primary objective of this program is to evaluate thermal rather than
structural/mechanical characteristics, only the thermal properties were
simulated. Each tank was supported by four identical high-strength glass
fiber support rods which were sized to yield a LH 2 tank support heat leak
equivalent to that anticipated for the nine glass fiber rod system in the flight
vehicle. Because of the compensating features of the high-boost-g. loading
in the flight vehicle and the high tankage weight in this test apparatus, the
total support rod cross-sectional areas for the two cases was very close.
To reduce cost, identical glass fiber support rods were used for the LN 2
tank. The heat leak through the tank supports on the LN2 tank is lower than
would be anticipated for the flight vehicle, but this difference should be
predictable.

Special tooling was set up to fabricate the support rods from one
continuous length of glass fiber tape. The completed rods had a square
cross-section with an area of 0.25 in. 2 These were cured at elevated tem-
peratures to increase strength and to remove volatiles that might evaporate
under the vacuum environment. The completed support rods were statically
tested under tension to 5,800 lb. which was two times the maximum design
load. One spare rod .';as tested to failure at 19, 800 lb. , nearly seven times
the design load.
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In the test apparatus, the tank positions were reversed relative to
the flight vehicle to gain easier access to the interior of the LH 2 tank and its

internal hardware. This was a fortuitous decision because it be-came neces-

sary to gain access into the LH 2 tank during checkout testing.

Removable aluminum skin and stringer type end closures are pro-

vided for both the top and bottom of the shell or shroud structures. These

closures were' designed to support a man at their centers. An access hatch

about half way up the shell was also provided to gain access to the area

between the two propellant tanks.

Figure 4-125 shows the overall test apparatus layout.

b. Insulation System. The results of the Phase VI insulation study
indicated that there was little difference in overall insulation performance
between alumirized Mylar, the NRC-2, or Dimplhr type, and direct tank or

shroud insulation mounting. Since shroud mounting had never been attempted
on a large scale before, and sir.ce it has a number of interesting features,

such as accessibility, it was mutually decided between Douglas and RPL to

apply shroud-mounted Dimplar insulation to the test hardware. Further, to
focus attention on the long duration pump fed engine case, 21 sheets of insu-
lation were used per the results uf optimization. Of the 21 sheets, 11 are
flat 1/2 mil, while the other 10 are 1/2 mil, dimpled with a deep set. The
greater thickness was used to facilitate rapid fabrication.

The insulation was applied to the shell sidewalls in eight 22-ft. -long
blankets. Each blanket was 42 in. wide (standard m..terial width), which
resulted in eight longitudinal gaps, with an average gap width of about 1/2 in.
Narrow strips of flat aluminized Mylar were interwoven and taped along the
longitudinal gaps to form a continuous flat sheet around the shell. Fig-
ure 4-126 illustrates pertinent details of the insulation installation. Each
blanket uses 20 Teflon studs to attach the insulation. It is recognized that
probably a stud insulation attachment system would not be used for the flight
vehicle. Some variation of a thread and button system would probably be

used with a greater attachment density (points per square foot). Rough cal-
culadions showed that the heat leak with 20 studs per blanket is close to what
would be expected for the flight type insulation attachment system. The
insulation was placed on the inside faces of the H-beam rings and was held
in place by 1/4 in. Teflon studs which passed through circular holes punched
in the insulation blankets. The Teflon studs were screwed onto steel studs

! -welded to the H-beam flange. A taped washer was screwed into the end of
the Teflon stud to retain, but not compress the blanl at. Slack was provided
in the blanket between studs to permit contraction and expansion.

The junctures between the shell sidewall and the top and bottom
covers posed a problem because it was desirable to have the end closure
remo -able without having the insulation subject to damage. After consider-
ing various alternatives, molded glass fiber collar mating surfaces, were
chosen which abut against the ond of the insulation blankets at a 450 angle
on both the shell sidewall and end closure (Figure 4-126). One collar were
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attached to the end closure and one to the edge of the shell cylinder. The
collars were fabricated and installed so as to form a tight, close fit to min-
imize excessive heat leak through the joint. Glass fiber was used to mini-
mize the blan;-et thermal degradation.

The 22-ft. -long insulation blankets were prefabricated in a
controlled-atmosphere laboratory. Prefabrication included lay-up. thermo-
couple installation, cutting of the 450 mitred edge, and stitching where
necessary. The blankets were then draped on the shroud sidewall with the
test apparatus in its normal vertical position, and all internal hardware was
installed, except for the LH 2 and LN 2 vent lines. Figure 4-127 illustrates the
insulation fabrication and installation. Figure 4-128 shows the nearly com-
pleted insulation, as viewed from the top of the test apparatus, with the top
closure removed. To preserve the insulation, the shell was kept closed as
much as possible and desiccant containers were installed inside the shell.

The study showed that the use of insulation on the lines with shroud-
mounted insulation yielded only a small net performance gain. Theory also
indicates that insulation shorting by penetrations with shroud mounting should
be much less severe than is normally the case when insulation is placed
directly on the cryogenic surface. Therefore, it was decided to test bare
lines with simple butt joints where hardware penetrates the insulation blan-
kets (Figure 4-126).

c. Propellant Feed and Pressurization System Design. Design of the
feed, vent, and pressurization system involved solutions to extensive prob-
lems primarily because of the controlled variability required for the system.
Figure 4-129.shows the finalized schematic of the propulsion system for the
test apparatus. To conform with the phase II study findings, all lines were
made of stainless steel, but to satisfy safety requirements, basic wall size
had to be increased (for example, to 0. 32 in. from 0.022 in. for the feed
lines). Line diameters were also selected to represent flight vehicle condi-
tions: 2.5 in. for feed lines, 3 in. for vent lines, and 3/4 or I in. for
pressurization lines. It was possible to reasonably simulate line routing for
the tank vent and the pressurization system, but feed line routing had to be
compromired to facilitate flow meter instrumentation requirements and
georietry limitations. Flex hose sections were welded into the lines to pro-
vide for contraction and expansion.

As indicated in the schematic, each feed line consists of a tank shut-
off valve (per the conclusions reached in the phase II study), a flow meter, a
controllable throttling valve, and a bypass section with a fill valve. The

bypass was necessary to prevent reverse flow through the flow meter. The
throttle valve represents the engine propellant flow control valve. Each pro-

pellant tank vent system consists of an on/off type vent valve which is trig-
gered by a variable signal to permit venting at any desired pressure. A
vent bypass with a safety burst disc is also included. There are two alter-
nate pressurization systems: (1) both tanks are pressurized with heated He
or (2) the LN2 (simulated LF 2 ) tank is pressurized with heated He and the
LH2 tank is pressurized by GH 2 . Both pressurants are stored in the
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LH2 tank at an initial 3,000 p. s. i. The desired pressurization system is
selected by properly positioning the pressurant supply solenoids. Each pro-
pellant tank has an individual pressui ant heater which uses externally-
supplied d.c. electrical power as the heat source. Pressurant flow is
controlled by variable throttling valves tied in with a closed-loop feedback
control system. Pressurant inlet temperature is held constant at a desired
level by a second feedback-type control which modulates the heater power
input. Manual vent values and safety burst discs are also used with each
pressurant bottle. A

The major problem area lay in component selection. The system
components had to perform normal functions at cryogenic temperatures, pro-
duce negligible external leakage into the vacuum chamber, and be capable of
functioning under variable conditions upon command from the control console
900 ft. from the vacuum chamber. These commands included 10:1 throttling,
variabling tank pressures for 25 to 235 p.s.i.a. (venting and expulsion), and
variabling inlet gas temperatures. Budgetary limitations restricted any
extensive development efforts, and thcrefore, standard ground facilities
compoaentry had to be used.

After considerable study and extensive discussions with component
suppliers, the following general approach was adopted:

s Wherever possible, components were located on the outside of the
shroud structure where the nentwretal temperature is higher ando
the mass and surface area of the components would not greatly inter-
fere with the internal heat transfer to the tankage.

* Standard industrial components were used. ,

* Sealed-and-purged cans or modules were provided in which all com-
ponents were placed which were limited with respect to low pres-
sure, temperature, ar leakage.

The most critical items were the cryogenic valve pneumatic actuators
which are temperature sensitive and leak sensitive. The valves normally
use long stem actuators which permit free convection to maintain the actua-
tor above limiting temperature (which in a vacuum environment would not be
present). Therefore, the conditioning module concept was applied by provid-
ing a purged cover for each large valve. The module consists of a flat
machined plate, welded to the cryogenic valve stem about midway between the
"valve Y and the actuator, and an aluminum cylindrical cover, which is sealed
and bolted to the plate. The plate contains fittings for actuation gas, purge
gas, vent gas, and conduit for electrical wires which must serve the valve
actuator. The plate and cover were designed and fabricated by Douglas, and
the plate was adapted to the valve by the valve manufacturer, 'almec. Of
the smaller 3/4 in. valves, tv. could be mounted into one module. Addi-
tional space remained in 2Ie modules for placement of other critical items
such as pilot solenoids, pressure transmitters, positioners crosswitches,
etc. The purge and vent lines from the eight modules were all routed to a

V
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common manifold where they could be suppiied with ambient or warm nAitrogen
from one inlet line into the vacuum chamber. Figure 4-130 shows the valve
module arrangement schematically. Figure 4-131 is a photograph of the
LN2 valve complex with the cover removed. The 0 ottle valve is on the
left, the fill valve or, the right, and the vent vaive is above.

One component which could not be adopted in this manner was the
tank shutoff valve which had to be inside the shroud and immediately below

the propellant tank. In this case, a specially designed valve with dual metal
bellows sealed with He actuation had to be used. This is shown installed on
the LH2 tank in figure 4-124.

The variable pressure, tank pressure regulation system had to be

relatively complex. Attempts to locate an adjustable dome-loaded pressure
regulator which could control He at -420 0 F. were unsuccessful. Although
regulators have been designed for this type of service, they have been fixed-
pressure iegulators, custom-made for flight service for a particular applica-
tion. The only dome-loaded regulator which came close to meeting the
temperature requirements was limited to operation at -320 0 F. minimum.
When tested with helium at lower temperatures, the regulator leaked.
Although the low cost of the regulator made it attractive, there was no evi-
dence that it could be made to work without further costly (in dollars and
calendar time) development.

The elements of the selected regulator system are as follows:

$ A pressure transducer to sense tank pressure and convert it to an
electrical signal.

* A power supply to energize the pressure transducer.

0 An automatic control station to accept the input signal from the pres-
sure transducer, compare it with a preset pressure entered at the
control station by the tPst operator, and transmit a corxfecting signal
if the sensed pressure does not agree with the set pressure.

0 An electro-pneumatic transducer to convert the electrical correcting
signal from the automatic control station into a pneumatic signal.

: A throttling valve to control the flow of pressurizing gas from the
high pressure supply tank to the propellant tanks.

$ A valve positioner to position the valve as directed by the pneumatic
signal.

In operation, the test operator sets the desired tank pressure with
the dial on the automatic control station. The control station will then signal
the throttle valve to open and permit enough gas to flow into the propellant
tank to pressurize it to the required level. As the pressure sensor at the
tank signals the rising pressure to the automatic controller, the controller in
turn signals the valve to close and to hold the set pressure. As propellants
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flow from the tank, the automatic controller signals the pressurizing gar,
valve to open and close or hold in proper position to maintain constant tank
pressure. This arrangement is shown schematically in figure 4-132. To
shut down, the set point is reduced to zero. This closes the throttle valve
and halts the flow of gas to the tank. The tank can now be vented.

The I to 5 ma. signal from the tank pressure transmitter is also
used to control venting. The signal is sent to the vent valve pressure set
control whicl, it; another bridge circuit with a relay. When the incoming sig-
nal matches that set into the control by the test operator, a relay will open
terminating 28 v. d. c. power to the normally open vent valve, thus venting
the tank to a lower pressure which will signal the vent valve to close. The
pressure drop during venting can be controlled by adjusting the vent valve
controller.

Throttling is achieved by using another electr o-pneumatic transducer
to position the valve. The signal to the transducer is supplied from a man-
ually set control unit which puts out a 1 to 5 ma. signal.

The control units described above also have real-time readouts of
tank pressure and valve positions as well as a set-point indications.

Other control features include resistance-type high and low liquid
level sensors which provide lighA indications for full, and for near-empty
tanks. The low level sensor may also be connected so that the tank shutoff
valves are closed just before depletion, to prevent turbine flow meter
over spin.

The simplest and most direct method of heating the pressurant is to
use electrical resistance heating of the flow tubes prior to entry into the tank.
Estimates showed that about 67 kw. of power would be needed for helium
pressurization of the LN2 tank, 97 kw. for helium pressurization of the
LH? tank, and 193 kw. for GHZ pressurization of the LH? tank. If it is
assumed that the heaters are made of 5/8 in. 0. 016 in. 310 stainless steel,
and are powered with a maximumn voltage of 80 vd dc., heater lengths of about
8 ft. and 3 ft. for the LN2 and LHz tanks, respectively, were estimated to
be required. Figure 4-1i3 shows the estimated temperature capabilities for
the heaters. Note that under certain operating conditions it is possible to get
gas temperature above 8000R%. which is about the limit that would be desired
for these tests (as indicated by the phase VII study results). Table 4-43
lists the heater operating conditions.

Electrical power and control requirements for the heaters were
quite severe. After reviewing the problems with various electrical equip-
ment suppliers, it was recommended that a bank of standard arc welders be
used for the primary power supply with a solid-state power manipulator to
Srovide control with the use of platinum temperature elements in and on the
heaters to provide signals for gas temperature control and over -temperature
shutdown. This would permit the test operator to set a desired inlet gas tern-
perature. Also a recommendation was made that control relays be used that
would prevent the application of power to the heater unless gas were flowing
through the system. Table 4-44 lists the feed and vent system components.
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Table 4-43

PRESSURANT HEATER OPERATING CHARACTERISTICS

Characteristcs LN2 Tank Heater LH2 Tank Heater

Tube length (in.) 64 33

Appr-ximate resistancc (,,mhns) 0.0935 0.0352

Nominal voltage (v.) 80 80

Nominal current (a.) 1,250 2,500

Nominal power (kw.) 100 200

d. Instrumentation System. The test apparatus instrumentation system
must provide data to satisfy the following functions: (1) determine total heat-
ing rate into the LH2 and LN2 , (2) determine the approximate distribution of
the total heat load among the various heat leak paths, (3) evaluate the behav-
ior and performance of the pressurization system, (4) monitor propellant
expulsion behavior, (5) control normal operation of the test apparatus, and
(6) provide safety override capabilities. Table 4-45 lists the various selected
test data instrumentation items. These consist primarily of 170 Douglas-
fabricated copper - constantin thermocouples (c-cTc), 46 Thermal Systems,
Inc., platinum resistance temperature sensors, 7 Hastings thermocouple
vacuum gages, 6 Statharn pressure transducers, and Z Potter turbine flow-
meters. The copper-constantin thermocouples were selected to survey tem-
perature distributions (1) around the structural shell, (2) around the outside
of the LH and LN tanks, (3) along all plumbing lines passing between the
shell and ihe prope2llant tanks, (4) along the support legs and the tank support
rods, (5) through the insulation blankets, (10 stations), and (6) in the pres-
surant gas stream.

The platinum elements were selected to sense liquid and gas temper-
ature inside the cryogenic tanks. These were chosen over thermocouples to
gain the greater accuracy inherent in platinum elements and to avoid the use
of copper-constantine feed-throughs to accommodate passage of the internal
tank instrumentation wires through the tank wall. All the internal instrumen-
tation wires passed through plugs located in the tank upper-tee penetration.
Platinum temperature sensors were also used on the pressurant gas heaters.

The strain gauge pressure transducers are used to record all tank
and feed line pressures. The thermocouple vacuum gauges are used to
measure the vacuum level within the insulation and the interstage.

Figure 4-134 shows the primary instrumentation locations for the
system. There are four longitudinal planes (lPl through 1P5) and seven
horizontal planes (1PA through IPE, 1PT and lPL). The shell, insulation,
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Table 4-44 (page 1 of 3)

FEED AND VENT SYSTEM COMPONENTS

supplier/
Component Part Number ~ Location Actuation

read Systems

Lztank outlet valve Calmec 279-A-E347 Bottom of U12 tank He gas (150 p.s.i.a.) I

Solenoid pilot valve Crescent. Model No. Module 5 28 v.d.c.
11403-AH

LN 2 tank outlet valve Calma3c 279-A-E347 Bottom of LN 2 tank Hie gas (150 ps~ia.)

Solenoid pilot valve Crescent, Model No. Module? 7Z2 v.d.c.
11403-AH

LHz £111l & drain valve Calmec 279-A-E~353 Module 5 NZ gas (150 pýs.i.&.)

Soenoid pilot valve Crescent. Model No. Module 5 26 v.d.c.
11403-AH

LN z fill & drain valve Calmec Z79-A-E353 Module 7 NZ gas (150 p.s.i.a.)

Solenoid pilot valve Crescent, Model No. Modsule 7 26 v.d.c.
11403-AH

Lit2 throttling valve Calmec Z79-A-E312 Module 4 N 2 gas (150 p'*t'a.)

Valve positioner Fisher Type 3570 Module 4 NZ gas (150 ps.ei.a.)

Electro-pneumnatic Fisher. Model No. Module 4
transducer S46

Manual loading Robertshaw Model Control console 110 v.a.c.
No. 541

LN 2 throttling valve Calmec 279-A-E352 Module 6 NZ gas (150 p.SAi.)

Valve positioner Fisher Type 3570 Module 6 Nz gas (150 P.S.i.)

Electro-pneumatic Fisher. Model No. Module 6
transducer 546

Manual loading RobertshaW Model No. Control console 110 va&c.
541

Line check valve (2) Lanagan In feed line bleed -

Vent Systems amc7--33Mdl 2 gs(5 ~~~.

LH2 safety head Black, Sivalls &Bryson Parallel with Module 1
Li2

Solenoid pilot valve Crescent, Model No. Module 1 28 v.d.c.

Alarm relay Robertshaw Model No. Control console 28 v.d.c.

LN 2 safety head Black. Sivalls & Bryson Parallel with Module 2
77- DOU-053

LN z vent valve Calmec 279-A-E3S3 Module 2 N 2 gas (150 p.s.i.a.)

Solenoid pilot valve Crescent. Model No. Module 2 28 v.d.c.F 11403-AM
Alarm re~lay Robertshaw Modsl No. Control consote 26 v.d.c.

552-AZ
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Table 4-44 (page 2 of 3)

FEED AND VENT SYSTEM COMPONENTS

Copoen Supplier/l'
Component Part Number Location Actuation

Pressurization System

LHZ tank regulator Calmec 279-F-E358 Module 3 NZ Sas (150 p.4.ae.)
valve

Valve positioner Fisher Type 3570 Module 3 Nz gas (150 pe.t.)

Electro-pnoumatic Fisho . Model No. Modulo 3
transducer 546

Pressure transducer Robertshaw No. Module 1 32 v.Lc.
113-A3-RI-AL

Automatic indicating Robertshaw Model No. Control console 1 10 v.a.c. /ZS v.d.c.
controller 321-5Z

Power supply Robertshaw Model No. Control console 110 v.A,.C

A31Z-1

Voltage stabilizing Robertshaw Control console 110 v.a.€.
transformer

LN tank regulator Calmec 279-F-E358 Module 8 NZ gas (150 ps.i.&,)
valie

Valve positioner Fisher Type 3570 Module 8 N2 gas (150 p.:.V.a,)

Electro-pneumatic Fisher. Model No. Module 8
transducer 546

Pressure transducer Robertshaw No. Module 2 32 v.d.c.
113-A3-RI-AL

Automatic indicating Robertshaw Model Control console 110 v.a.c.125 v.d.c.
controller A321-52

Power supply Robertshaw Model No. Control console 110 v.a.c.
A312-1

Hi-pressure LH2 tank Black, Sivalls & Bryson Parallel with Module 8
safety head 77-DOU-055

Hi-pressure LH2 tank Calmec 219-F-E3S7 Module 8 N2 gas (ISO p.s.i.a.)
vent valve

Solenoid pilot valve Crescent, Model No. Module 8 28 vSd.c.
11403-AH

Helium tank fill & Calmec 279-F-E357 Module 3 N . gas (150 p.s.i.a.)
vent valve

Solenoid pilot valve Crescent. Model No. Module 3 28 V.d.c.
11403-AH

Hi-pressure He tank Black, Sivalls & Bryson Parallel with Module 3
safety head 77-DOU-055

Hi-pressure He outlet Fox Valve No. 610750 Outside shroud 28 v.d.c.
valve

SHi-pressure H2 outlet Fox Valve No. 610750 Outside shroud Z2 v.d.c.
valve

L14z tank. He pressure Fox Valvp No. 610750 Outside shroud Z2 v.d.c.
regulator supply valve
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Table 4-44 (page 3 of 3)

FEED AND VENT SYSTEM COMPONENTS

Component Part Number Location Actuation

LN2 tank. He pressure Fox Valve No. 610750 Outside shroud 26 v.d.c.
regulator supply valve

HI-pressure H tank Fox Valve No. 610750 Outside shroud 2S v.d.c.
fill & dr.aia valv

iLHZ tank check valve Lanagan No. 9013? Outside shroudJ

LN2 tank check valve Lanagan No. 9013? Outside shroud

Hi-pressure LHZ tank Lanagan No. 9013? Outside shroud
chock valve

Filter Capl#Al Westward No. Outside shroud
20606

Control lnstrumentatto,.

Liquid level United Control On temp. rake
sensor# (4)

Liquid level sensor United Control In control console
poerspplier (2)

Heater temp. probes Thermal Systems In heater tube
(2)

Heater temp. sensors Thermal Systems On heater tube
(4)
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inenltn ltnmsnos-Z3 20-A "-W task wV

LH~ ank Tempe rature -

external tank -Ptiu sen(DorglLs) 3? - 20002. Iutside tank wall
takwall (hra yt

LN 2tank Temperature -

enternal 4S Platiu sesr Otu40-300.Iside task wall

tank tak Tmeatur (Te-lSytm

external 10 clacT nu (DnorslLs) 140 - 300*R . Intside tank wall
tank wall (Tera Ayslm

transducer 25 - 260 p.0.i a. tank
Statham PA750TC 140 to 8000R. Manhole cover

V Primary Temperature -

insulation
insulation
ioheets 44 c -c TC (Douglas) 37 to 50002. v. a. c. Within intsulation

* ~~~~~~Pressure within Thermocouple -typeto12trrwthnislto
insulation 5 vacuum gages 1- o1- or ihnislto

Hastings DVS ___

LHZ tank Temperature -

pressure
line inlet gas I c - c T. (Douglas) 100 to 8000R. Upstream of penetra-

ZS t 250P. si~a.tion projecting into

Temperature25t25 . ia.gssrm

gas line 3 c c Tc (Douglas) 100 to 800"'. Along length of lime -

LN2 tank Temperature-
pressure
line inlet gas 1 c-c T c (Douglas) 160 to 80002. Upstream of penetra.

25 to 250 P.s$.I. a. tion projecting inte
Tempratue -- gas stream

l~1Z tnk Temperature -

___. ~ vetaen line 3 c - c Tc (Douglas) 3?0 to 8000R. Along length of line.

LH2 tank Temperature -

vent line
vent line 3 c - c T c (Douglas8) 140 to 3000R. Along length of in.A

He supply Temperature 7--
line

line segment 3 c - c T. (Douglas) 37 to 5000R. Along length of lis*L

Pressure helium Strain gage pros.
4tank I transducer 4. 000 to 400 p, . L ia. Immediately dow"-

Statham PA750TC LH2 temperature stream of penetration

Temperature -

He gas flow I c - c Tc (Douglas) 37 to 700R. Immediately dows-
I stream of penetrations

into gas stream
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Table 4-45 (page 2 of Z)

TEST DATA INSTRUMENTATION

Ce"Pntpou measurreft" NO. Instrument Environment Output Locatiou

A"Wllary Pressure --

Wotle auxiliar strain gase pros. 4, 000 to 400 p.sa. l. a. Immediately don
system L41tak transducer LJI2 temperature streamn of penetration

Statham PA740TC

L442 tank Temperature.
take

tack fluids 21 Platinum sensors 37 tw 6009R. On longitudinal
(Thermal Systems. 25 to Z50 p. c. i.a. rake 5 is. apart

_______________ Inc.) 1,380^ ~ ___________ ___

L14Z task Temperature --
rake

tank fluid$ 15 Platinum sensors 140 to 7000. Oa longitudinal
(Thermal Systeme. 25 to 250 p. 0.iLa. rake 6 in. apart

______________ Inc.) 1.360A

Structure Temrperature -

sheU
sbell skin 25 c - c TC (Douglas) 300 to 6004R. 0n emua

Pressure

interstate 2 Thermocouple-type 10'S to 10'Z tort. With shell
vacuum gage -
H~astings DVS

STemperature --

______ support point 4 1c - c TC (Douiglas) 300 to (000R. On each -support

L.11 feed Temperature --
line

line 8 c - c TC (Douglas) 37 to 700R. Along length of line

Pressure --

LHZ outlet I Pressure transducer 25 to 300 p.a. i. a. Upstream of flow
Statham PA750TC meter

Flow ..

LU2 rate I Z-l/Z in. flow meter, LHZ 37 to 700R. Upstream of inter-
150 lb. flanges 2 5 to 300 p. a.iL a. face flange
Potter 5000 series 4.59 to 0.46 lb./sec.

1.N2 foed Temperature --
line

line 4 c - c TC (Douglas) 140 to 20001t. Along length of line

Proest re

LU3 o~tlet 1 Pressure transducer 2 5 to 300 p. 4. I. a. Upstream of
Statham PA750TC flow meter

Flow-

LN2 rateu I Flow morter, 150 lb. LU3 140 to 2000R. Upstream of inter-
flanges I5 to 300 p. 0.iL a. face flange
Potter 5000 series 33 to 3.3 lb./sec.

LH11 tank Temperature 6 c -c TC (Douglas) 37 to 5000R. Along two support
supports J rods

LN2 tank Temperature 6 c -c T,. (Douglas) 140 to 5000R. Along two support
supports t I od
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and tank instrumentation stations are aligned so that all stations fall in line

with each other as indicated in figure 4-134. Figure 4-134 also indicates the
location of the inside and outside tank wall temperature sensors. Fig-
ure 4-135 is a photograph of the LN2 tank temperature probe as installed on
the manhole cover. The level sensors can also be seen at the extreme ends
of the phenolic probe.

In addition to the pressure transducers listed in table 4-45, there
is an additional pressure transmitter connected to each propellant tank which
is a part of the tank pressure control system and is therefore not an integral
part of the test data instrumentation system.

Two vacuum-compatible Teflon terminal boards were provided on
the exterior of the shroud to serve as electrical interfaces. In addition,
there is a 37-pin electrical connector in valve module no. 2 to accommodate
the valve wiring.

e. Assembly. The entire test apparatus was assembled in the Douglas
Development Fabrication Laboratory at Santa Monica, California. Fig-
ures 4-136 and 4-137 show four views of the completed test apparatus.

f. Testing. To ensure adequacy of the test apparatus, an extensive
series of tests was conducted which stressed leak checking and functional
capability. As discussed in earlier sections of this document, the tankage
was hydrotested by the manufacturer to 1. 5 times its maximum operating
pressure. This procedure was also used by Douglas on all fabricated items
that were to be used under pressure. The glass fiber tank support rods were
also load tested.

po In addition to these normal structural tests, the following was [
performed: ,

" An ambient temperature He leak test at 2, 250 p. s.i.a. was per-
formed on the pressurant storage bottles as installed in the
LH2 tank.

"* The LH2 and LN2 tank assemblies were leak checked with He as the
pressurant. Tests were performed at ambient and near LH2 tem-
peratures at a pressure of 185 p. s.i.a. (this was the limit as
permitted by Douglas safety requirements).

An ambient and near-LN2 -temperature leak test was performed on
the LH2 and LN2 feed line system as installed in the test apparatus
at 185 p. s.i.a. A similar test was performed on the vent valve
assemblies, and the vent line assemblies between the tank and the
vent valve assembly. These items were not installed, however.

* Ambient temperature He leak tests were performed at 185 or
2,250 p. s. i.a. on all pressurization line assemblies.
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Figure 4-135. LN 2 Tank Temperature Rake
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* After complete assembly of the test apparatus, an ambient He leak
test was performed on the entire test apparatus at 185 p. s.i.a.
downstream of the pressurant regulator valves and at 2,250 p.s.i. a.
upstream of the regulator valve.

0 The complete test apparatus was subjected to final a functional test

including LN2 and LH2 loading, pressurization, venting and expul-
sion at 50 p. s. A. a. taRk pressures. This was performed at atmos-
pheric conditions in the Douglas LH2 research laboratory at
Santa Monica.

In all cases leakage was monitored with a mass spectrometer (the
object was to get no significant readings on the instrument).

Difficulty was encountered in the pressurant bottle tests with
Conoseal fitting leakage. It was found that this could be eliminated with the
newer Teflon-coated seal rings.

In the tank assembly tests, a small amount of leakage was detected
at the tank outlet flanges. This was corrected by increasing the number of
bolt holes in the flange joint. The Creavey flange seals performed very well.

The most severe leakage was found in the burst disc assemblies.
These were returned to the vendor for rework. Also the number of bolt holes
in the mating flanges was increased, and a Teflon spray was used on the seal
surfaces. These combinations eventually solved the problem.

The full-system leak checks went very smoothly. Leakage that did
* occur resulted from loose connections or improperly installed seals. In

the process of running the total system leak tests, the test apparatus pres-
surization and vent system was operated. During operation, a structural
failure, the result of vibration, occurred in the LH2 tank pressurant heater
turbulator. This damaged the heater and caused metal particles to be sent
into the LH2 tank. The turbulator was redesigned, tested and reinstalled
after cleaning out the hydrogen system.

The test apparatus and :ts insulation system were primarily designed
for vacuum chamber operation. However, since a loading and expulsion test
-had to be run prior to deliver, the system had to be capable of what was
essentially a ground-hold operation. Since it was desirable at the same time
to demonstrate the feasibility of a pure He purge for ground hold, no addi-
tional insulation (just for loading) was used. Prior to loading, the shell
structure was sealed and was subjected to an ambient temperature He purge
between the tankage and the insulation. LH7 tank loading '_ As attempted but
had to be aborted when the purge failed to niaintain positive pressure within
the shell. Because of the purge failure, there was subsequent cryopumping
into the insulation. Leakage in the LH2 tank shutoff valve actuator also pre-
vented proper valve operation. As a result of this failure, some moisture
damage occurred to the insulation, although this was much less than would
have been expected under the extensive cryopumping.
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Prior to the second loading attempt, the following actions were
takeu

* A new, larger capacity purge manifold was installed.

0 Provisions for a cold He purge were made by plumbing into the

facility LH 2 -He heat exchanger.

* The shell was sealed more completely.

0 A purge gas sampling system was installed.

• More instrumentation was connected.

0 The LH2 tank shutoff valve was repaired.

On 27 July, the filling and expulsion test was successfully ,cem-
pleted. The shell structure was initially purged with ambient temperature
He, and after about 1 hr. and 45 mrin., the proper He environrment wac
established. 10,000 scf of He had been sent into the 3,300 ft. shell. A
cold He purge was then initiated and shortly after the LN2 tank was filled.
This filling took about 10 min. The LN2 tank was then pressurized and
expelled, and system behaved satisfactorily.

The 1, 500 gal. LH tank was then filled. This took about 50 min.
and required 5,000 gal of LHi which was less than expected, considering the
mass of the LH2 tank assembly. The LH2 tank was then pressurized and the
LH2 was expelled. The only difficulty encountered was that no readout was
received from the flow meters. This was later traced to an improper read-
out equipment connection.

This concluded the testing operations and the test apparatus was
prepared for shipment to Edwards Air Force Base, 17 August 1966.
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9. Phase IX--Space Simulation Testing. During the vacuum chamber space

simulation testing, the following basic items are to be assessed for both
LH2 and LN2 within the limits imposed by a l-g. environment and structually
static test operations:

1) Space performance of the high-performance insulation system.

2) Structural heat leaks

a. Tank supports.
b. Feedlines.

c. Vent lines,
d. Pressurant supply lines.
e. Miscellaneous.

3) Pressurant gas requirements for initial LH2 and LN2 tank
pres surizatiorn:

a. Influence of inlet gas temperature.
b. Influence of initial ullage volume.
c Influence of initial propellant temperature.
U. Influence of pressurant type.
e. Influence of required pressure rise.

4) Pressurant gas requirements for expulsion of LH2 and LN2 .

a. Influence of expulsion rate.
b. Influence of inlet gas temperature.
c. Influence of ullage volhme.
d. Influence of piropellant temperature.
e. Influence ofpressurant type.
f. Influence oýf initial prcssurization.
g. Influence of expulsion pressure.

5) Influence of blowdown on propellant state.

Items 1 and 2 are basically concerned with rVi -ystem thermal protec-
tion while items 3, 4. and 5 are principally rela, to the pressurization
system. They are al. interrelated, however, when considering total propel-
lant heat load. For example, the heat which is added to the pressurant
during an expulsion eventually ends up in the propellant especially for a
multiburn case. Thus, propellant heat load cannot be divorced from the

S~pressurization system.

Items 1 and 2 are essentially independent of the duty cycle details.
Conditions within the insulation should stabilize from 1/z to 1 hr. after
equilibrium chamber vacuum and shell temperatures are achieved. Total
input to the propellant (B. t. u. ) will vary with time, but once stabilization is
achieved, the insulation heat flux (B. t. u. /ft. Z?-hr. ) should not vary greatly
with time. Second-order effects on heat flux wiUl be introduced by variations
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in propellant temperature and amount of propellant in the tanks, but data on
these influences should automatically result by selecting the test runs to

,4 satisfy the pressurization test requirements which are more strongly in~flu-
R enced by duty cycle details.

To provide data to evaluate items 3, 4, and 5, tests must be run with the
following varying conditions over the range indicated:

0 Expulsion rates ( .00 to 10 pct. flow).

0 Tank pressures (235 to 25 psia).

0 Inlet gas temperatures (100 to 8000R. )

41 Ullage volume (3 to 9 0 pct. ).

0 Propellant temperatures.

The test apparatus has the capabilities of directly controlling and varying
the first four items above, and propellant temperature variations are obtained
by altering the simulated coast duration (.time between explIsions). The
magnitude of the listed vmariables covers the range implied by the ground-
rule duty cycles and tank pressures.

Since the objective of the test program is to generate data to permit
necessary correlation and modification of the analytical techniques used in
the study phases of the program, it is not essential that the individual duty
cycles be run in detail. These objectives can be achieved as adequately, and
with much less expense, by selecting a run sequence that will bracket the '
range of all critical variables. Costs can also be minimized by reducing thenumber of vacuum chamber pumpdowns. Barring component failures, the

test apparatus is capable of running any sequence of tests within the range of
specified operating conditions with a single chamber pumpdown. However,
it is recommended that the testing be divided into at least two pumpdown
sequences. The first would be relatively short and a preliminary data reduc-
tion woultd be made to ensure satisfactory operation. This is especially
important since the testing must be conducted with a limited amount of real
time readout.

a. Test Plan Development. A preliminary run sequence of 25 individual
propellant tank• loadings and expulsions was evolved. Specific conditions
were established which would bracket the full range of operating conditions.
Expulsion sequences were selected primarily to permit an evaluation of t-he
pressurization systems and operating conditions. The thermal performance

S~of the insulation and structure should naturally fall out from this testing.

The developed run sequence is shown in table 4-46. The first24 runs had the same general propellant consumption schedule; that is, all
runs were started with essentially a full tank and the propellant was expelted
in oive steps: step I expelling o0 pet. of the total initial load; step t, 30 pct.
4step 3, 10pct.; step 4, 30 pct.; and step 5 expelling the remainder. The
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system was allowed to come to equilibrium between each expulsion step. The
equilibrium assumed that the tank pressure dropped to its minimum point
and began to increase and that all temperatures were restabilized. It had
been assumed that this would occur in about 1 hr.; however, this was difficult
to estimate accurately. The conditions which varied between runs (or propel-
lant loads) included tank pressure, expulsion rate, inlet gas temperature,
and LHZ tank pressurant. The general approach for selecting the values for
these parameters was to test primarily at nominal conditions and check
extremes. For example, most of the test runs (11) were made at a tank
pressure of 100 p. s. i. a., which was representative of a pressure-fed case;
rdne test runs were made at 25 p. s. i. a. which was representative of a pump-
fed case or a pressure-fed with booster pump case. The high pressure of
235 p. s. i. a. was checked at five points.

The 25 p. s. i. a. condition was considered to be the minimum pos-
sible tank pressure. It was found, however, that it may not be possible to
achieve such low pressures because of the propellant storage facilities
restrictions.

Run 25 was different from the preceding runs. The consumption
schedule was slightly different and was in four separate expulsions rather
than five. The time between expulsions, tb, was such that venting and boil-
off were assured, as well as stabilization. The low tank pressure level was
selected to minimize the actual testing time. The test permits the most
complete evaluation of the insulation performance and an evaluation of pre-
conditioning prior to expulsion.

Measuring the boiloff during runs 25 and 26 was difficult because
of varying tank pressure and temperature during the vent valve opening.
GHZ pressurization was used to minimize the problem. This eliminated the
two-component gas problem. During run 26, tank blowdown and precondi-
tioning to 5 p. s. i. NPSH was made for each expulsion cycle. These results
will be compared with the results of run 25, which has no preconditioning. It
is believed that this represents a minimum scope testing plan which should
provide sufficient data to correlate the analytical models used throughout the
study. It should be noted that, in all probability, the results obtained from
these 26 runs will suggest additional tests.

Data sampling for the testing is an important consideration. It
appears that, during expulsion and immediately following expulsion, data
should be sampled every I to 2 sec. During simulated coasting periods, data
should be sampled every 30 sec. The data testing times may be changed,
after one or two tests, to permit a better indication of the system responses.
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b. Operating Procedure.

(1) Initial loading and orbit simulation is accomplished as follows:

* Load facility with propellants and gases (F).a

* Seal vacuum chamber and pump down to minimum possible pressure
level (F).

4

a Apparatus control panel check (check list A).

* Set vent valve relief pressure.

Remove alarm relay cover.
Plug in milliampmeter.
Adjust potentiometer to desired meter reading
(I to 5 ma. = 0-300 p.s.i.a.).
Unplug milliamnpmeter and replace alarm relay cover.

* Energize apparatus control panels.

Switch on 115 v.a.c. on rack A and B.

Switch on 28 v.d.c. on rack A and B.

0 Set pressure and energize control gas supplies (F).

He control gas (150 p.s.i.a.)N2 control gas (150 p.s.i.a.)

* Purge propellant tanks with dry N2 gas (F).

* • Load propellants.

Place liquid level sensors in On position with selector switch in
"HI" position.
Prepare liquid nitrogen tank.

1) Make sure than LN2 vent valve light indicates valve "Open".
2) Set LN2 throttle valve to "100 pct. " closed.
3) Open apparatus fill and drain valve.
4) Open apparatus LNZ prevalve. ,
5) Close supply tank vent valve (F).
"6) Pressurize LN2 supply tank to 15 p. s. i. a. (F).
7) Open LN2 supply tank outlet valve (F).
8) Observe LN2 tank "wet" light.
9) When "wet" light comes on, close LN2 prevalve.

da

a(F)Indicates USAF facility equipment.
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Prepare LH2 .

1) Make sure that LH2 vent valve light indicates valve "Open"
2) Set LH2 throttle valve to "100 pct. " closed.
3) Opeix apparatus LH2 fill and drain valve.
4) Open apparatus LH2 prevalve.
5' Close supply tank vent valve (F).
6) Pressurize LHZ supply tank to 15 p. s. i. a. (F).
7) Open LH_ supply tank outlet valve (F).
8) Observe LH2 tank wet light.
9) When "wet" light comes on, close LN? prevalve.

10) Load pressurants.

Turn on instrumentation system to permit readout on pressurant
bottle and line pressure levels.

Load GHe.

Close heliurr vent stack (F).
Open helium supply valve (F).
Open helium fill and vent valve.
Observe helium tank pressure level.
When 3, 000 p. s. i. a. is indicated, close helium fill and
vent valve.

Load LH2 pressurant.

Open auxiliary LH2 fill valve.
Flow for the required nurrber of seconds to fill auxiliary
LH2 tank.
Close auxiliary LH? fill valve.

0 Check top propellant tanks.

LN 2 tank

1) If LN2 tank level sensor indicates "dry," open LN2 tank pre-
valve until "wet" light comes on, close prevalve. If "wet"
light is still on, pass to step 2.

2) Close LN2 fill and drai,± valve.

3) Close LN2 supply tank valve (F).

4) Depressurize and vent LN2 supply tank (F).

LH2 tank

l1 If LH2 tank level sensor indicates "dry, " open LH2 tank pre-
valve until "wet" light comes on and. close prevalve. If "wet"
light is still on, pass to step 2.
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2) Close LTI 2 fill and drain valve.

3) Close LH 2 supply tank valve (F).

A 4) Depressurize and vent LH2 supply tank (F).

* Turn "Off" liquid level sensors.

S* Set LN2 and LH 2 liquid level sensors to "Lo."

* Turn on complete data system.

. TInitiate orbit heating.

Turn on heating lamps.
Observe skin temperature readouts.
Correct lamp energy to yield desired skin temperature.

• Close tank vent,-.

Place manual LH2 tank vent in closed position. Observe vent
indicator light.
Place manual LN2 tank vent in closed position. Observe ventS~indicator light.

(Automatic tank vent system is now operating.)

Close auxiliary LH2 vent.

"" Apparatus control panel check. (checklist B)

(2) General Expulsion Cycle (Non-Depletion).

"" Set throttle valves to desired position.

LH 2 throttle valve.
LN 2 throttle valve.

* Set temperature on LH2 and LN 2 tank pressurant heater power
controls (F).

"" Select LH 2 tank pressurant (He or GH 2 ).

"" Open main pressurant supply valves.

All He: open main He valve.
GHWý LH2-pressurant: open main He and main GHZ valve
simultaneously.

* Set pressurant regulators to desired level.

* Turn on pressurant heater power (F).

327 w



-'

~~"-4

0 Open tank prevalves.

LH2 tank.
LN2 tank.

* Check flow rate readings and readjust throttling valve-s, if
necessary.

* Monitor inlet gas temperature and adjust power iotontrol, Uf
necessary.

* Permit expulsion and specified number of seconds.

• After allotted expulsion time, shut down system.a

Close LHl2 tank outlet valve and LN2 tank outlet valve
simultaneously.
Close main pressurant supply solenoids.
Close throttling valves.a
Shut off pressurant heater power supply.
Vent all pressurant (LH2 and He). a
Set LHZ and LN2 tank regulators to zero.
Run apparatus control panel check (checklist C).

(3) General Expulsion Cycle (Depletion and Shutdown).

* Set throttle valves to desired position.

LH2 throttle valve.
LN2 throttle valve.

* Set temperature on LH 2 and LN2 tank pressurant (F).

* Select LH 2 tank pressurant (He or GH 2 ).

* Open main pressurant supply valve s.

e: open main He valve.
"- LH2-pressurant: open main He and main GH 2 valve

si. -ultaneously.

* Set pressurant regulators to desired level.

* Turn on pressurant heater power (F).

V Open tank prevalves.

LH2 tank.
LN, tank.

aFor long-tern shutdown only.
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* Check flow rate readings and re-adjust throttling valves, if
necessary.

0 Monitor inlet gas temperature and adjust power control, if
necessary.

• Permit expulsion for specified number of sec.

* After allotted expulsion time, shutdown system.

Close LH2 tank outlet valve.
Close LNZ tank outlet valve.
Close main pressurant supply solenoids.
Open manual vent valves.
Open throttling valves.
Shut off pressurant heater power supply.
Vent all pressurant (LHZ and He).
Set LHI and LNZ tank regulators to zero.
Run apparatus control panel check (checklist A).

32
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Checklist A

Rack A Rack B

l15 v. a. c. power (off). 115 v. a.c. power (off).
28 v. d. c. power (off). 28 v. d.c. power (off).
LH 2 manual vent (open). Auxiliary LH 2 fill (closed).
LN 2 manual vent (open). Auxiliary LH2 vent (open). a
Pressurant selector (null). He fill (closed) a
Main He valve (closed). Level sensors (off).
Main GH 2 valve (closed). Auto depletion switch (off).
LH 2 tank regulator (off). Level sensor (high)
LNZ tank regulator (off). LH2 fill (close).

LN 2 fill (close).
LH 2 prevalve (close).
LN, prevalve (close).
LH 2 throttle valve (close).
LN 2 throttle valve (close).

Checklist B

Rack A Rack B

115 v. a. c. power (on). 115 v. a. c. power (on).
28 v. d. c. power (on). 28 v. d. c. power (on).
LH 2 manual vent (closed). Auxiliary LH2 fill (closed).
LN? manual vent (closed). Auxiliary LHZ vent (closed).
Pressurant selector switch (null) Helium fill (closed).
Main He valve (closed). Level sensors (off).
Main GH2 valve (closed). Automatic depletion switch (on).
LH 2 tank regulator (zero). Level sensor (low).
LN? tank regulator (zero). LH2 fill (close).

LN? fill (close).
LHZ prevalve (close).
LN 2 prevalve (close).
LHZ throttle valve (close).
LN2 throttle valve (close).

"a Long-term shutdown only.
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Checklist C

Rack A Rack B

115 v.a. c. power (on). 115 v.a. c. power (on).28 v. d. c. power (on). 28 v. d. c. power (on). T
LH 2 manual vent (closed). Auxiliary LH 2 fill (closed).
LN2 manual vent (closed). Auxiliary LH 2 vent (open). a
Pressurant selector (He). Helium fill (open). a
Main He valve (closed). Level sensors (off).a
Main GH2 valve (closed). Auto depletion switch (on).
Solenoid valve 3 (closed). LH2 level sensor (lo).
LH2 tank regulator (zero). LH'. fill (close).LN2 tank regulator (zero). LNH fill (close).

LH 2 prevalve (close).
LN2 prevalve (close).LH 2 throttle valve (close).
LNH throttle valve (close).

aLong- term shutdown only.
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Section V

NOMENCLATURE

A Cross- sectional Area

B Bond number
0

C Heat-transfer circumference

Cp Specific heat

D* Diffusion coefficient

D Diameter

E Electric field irtensity

Force

F Radiation configuration factor

G Grashof numberr

H Enthalpy

J Energy equivalent

K Dielectric constant

L Length

M Average molecular weight

p Prandtl numberr

Q Heat transfer rate

R Radius or universal gas constant

Re Reynolds number

S Entropy
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St Stanton number

T Temperature

U Overall heat-transfer coefficient

V Volume

W Weight

W Weber numbere

Z Compressibility factor

a Lineal dimension

b Lineal dimension

c Total molar concentration

d Diameter

f Friction factor

g Gravitationxal constant

h Convective heat-transfer coefficient

h Head

k Thermal ccmductivity

nh Propellant mass flow rate

n Number of insulators

A Interface mass evaporation rate

,L Pressure

4 Heat flux per unit time

r Radius

t Time or thickness

v Velocity

w Vib:ation frequency

I Flow rate

x Length dimension
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P Density

0Surface tension

T- Stefan Boltzman constant

X Vibration amplitudeA~

Viscosity

Et Capacitance

Emissivity

Coefficient of expansion

Y Specific heat ratio

Rotational velocity
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4 ~Appe ndix A
SPACE PROPULSION SYSTEM OPTIMIZATION PROGRAM

4, Douglas through its independent Research and Development program,
initiated the development of a major computer program in 1964 to facilitate
the efficient performance of tradeoff and optimization studies for advanced
space propulsion systems. The program was primarily organized for studies
of cryogenic stages requiring multiburn operation with extended times in
orbit. The program became operational at the outset of this project and was
employed extensively throughout the study. [

)

This program essentially can take any given space propulsion system, as
defined by the input condition, and quantitatively assess the influences on
overall system performance of variation in any one selected design factor or
param•eter. A number of options are available for representing the overall
stage performance. These include stage incremental velocity, maximum
payload weight for a given propellant weight, maximum usable propellant
weight for 'a fixed stage gross weight, and so forth. In addition to evaluating
stage performance, the program also computes; and prints out tank pressure
history, venting requirements, and pressurant requirements for the overall
mission as well as for each individual burn.

There are presently 1, 500 input locations for the program. These include
overall stage weights, engine geometry, engine mixture ratio, chamber pres-
sure, tank pressures, initial propellant temperatures, propellant tankage
stress and weight factors, stage geometry, tank insulation densities, sheet
numbers and thermal performance factors, NPSH- values, propellant and
pressurant gas properties, correction factors for pressurant requirements,
vehicle equilibrium temperatures, reaction control system weight and per-
formance factors, refrigeration system weight and performance factors,
pressurant inlet gas temperatures for repressurization and expulsion, thermal
heat short factors, mission and duty cycle parameters, pressurization and
feed system factors, and others.

Throughout this study, examples of the utilization and capabilities of the
_.• H109 program are in evidence. Without such a computer program, it would

not have been possible to perform a study of this scope.

One area deserves special note. The propellant heating model for the
H109 program is a separate subroutine which can be modified according to

Sthe physical heat transfer model which is desired.
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The orbi, heating equations incorporated into program H109 for this
study assume a constant volume equilibrium process with uniform heating
to a wall-oriented propellant. This results in the basic equation:

dQ AH Vdp (A-l)

or

AQ AH - V-P (for a small time increment)3

For a tank volume containing liquid (subscript L), propellant vapor (sub-
script V), and noncondensable gas (subscript G) with propellant boiloff, WBD'
occurring during the time increment, the heat input to the propellant is
given by:

AQ = AHL+ AH + AH + AH -- U
L V G BO0 U

= (WCA T) + (WC &T)V + (WC ATV- + (WBoQv) (VAP) (A-2)

whe re

QV = propellant heat of vaporization

The boiloff vweight can be found by equating the liquid and vapor volume
changes from time points 1 to 2-'

W 1 -L 1 1 (A-3)wvl°vz Pv! WLIPL Zi

WBO 1 1

P L 2 
V2

Also

(ZWRT) G2  + - + ) VT (A-4)
(WVI + WBO) V I G1 !

The heat transfer to the tank is programmed as the summation of a -

radiation and a conduction term with the radiation term accounting for the 4
basic insulation behavior and the conduction term accounting for heat shorts
and other sources of heat. These basic equations can be modified to consider
the specific performance of various insulations and heat shorts. The anal-
ytical work of Phase VI was used to generate insulation performance equa-
tions which were then incorporated into the main H109 ýlcitine. The heat short
predictions of Phase II and VI were used to appropriately modify the heat short
conduction factors in the program.
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Appendix B

PRELIMINARY PRESSURE HISTORIES

As discussed in Section 4, pressure histories were computed by the
Hl09 computer program using first-order approximations for net propellant
heat input values. The pressare histories, as computed, are presented in
the following set of curves. In most cases, only the low pressure cases are
shown since these show the significant trends. Both the LH2 and LF 2 tank
pressures are shown with the latter usually being designated by broken lines.
In addition to the total pressure, the partial pressure of the propellant vapor
is also shown. These are designated by T and V, respectively, in the graphs.
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Appendix C

OVERALL SYSTEM OPTIMIZATION APPROACH

(LB)

The optimization study was performed by using the basic parametric

data generated in the seven analytical phases of the program. The Douglas
H109 space propulsion system optimization computer program was used.

I. Basic Information for Optimization. Table C-I summarizes the system
weight breakdown. Weights for the structural shell, thrust structure,
secondary propulsion, thrust vectoring, trapped propellant, RCS propellant,
and the pump-fed engine subsystem were taken directly from the work
accomplished by Douglas under Contract AF04(611)-10745. Weights for the
tankage and tankage supports were computed under the phase VI analysis.I
The optimum nine-rod glass fiber support system was assumed. Propellant
feed and vent system, pressure-fed engine subsystem, and miscellaneous
weights were estimated from component surveys. The P. U. system weight
was supplied by RPL, and the zero-g. venting system weight was taken from
the phase III results assuming a thermodynamic liquid/vapor separator.
The insulation, pressurization, and booster pump systems are to be opti-

mized using the basic data generated in phases VI, VII, and I, respectively.
Table 4-28 summarizcs the insulation weight and design factors for the
three candidate insulation systems and the two possible locations. The
insulation performance factors are as given in table 4-28 and are compatible
with equations stored in program H109. Table C-2 lists the various heat
leak values over and above the basic insulation for shroud-oriented and tank-
mounted insulation. These values were evolved in phases I, III, or VI.
These data along with surface temperatures evaluated in phase IV were
provided (in the proper format) to the H109 optimization program.

2. Optimization Plan. The following general approach was taken in the *

optimization sequence:

* A system was selected with a nominal pressurization system weight U
and inlet gas temperature (400*R.), and using shroud-mounted
Dimplar insulations. The number of insulation sheets was optimized
for a 1-day and a 14-day mission for a selected duty cycle and for
each ground-rule tank pressure with no booster pump in the system.
The Douglas/Rocketdyne MANSAT study (AF04(611)-10745), showed
that the 80/20 burn duty cycle repiesented one of the most severe

• cases in terms of propellant heating; therefore, this expulsioncycle for the I-, and 14-day missions, A and K, respectively, were

selected for detailed study,

* The booster pump optimization was performed with the optimum
insulation for each tank pressure, and using each of the ground rule
tank pressures as base points. Spot checks were made to assess
the influence of ;nission duration and inlet gas temperatures.

4V
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Table C- I

WEIGHT BREAKDOWN

(LB)

Base Conditions: LHZ Weight = 932.7 3
LH2 Tank Liquid Volume = 214.6 ft3 .
LHZ Tank Diameter = 92 in.
LF 2 Weight = 11, 800 lb.
LF 2 Tank Liquid Volume = 128. 5
LF2 Tank Diameter = 75 in.

Tank Pressure (PSIA) 250 200 150 60 25

LH 2 tank weight 422 338 255 139 139
LF2 tank weight 242 198 151 93 93
LHZ tank support 43 42 40 37 37
LF2 tank support 246 - 246
Structural shell 400 400
Thrust structure 100 1 100
Engine subsystem 455 461 560 482 482
Secondary propulsion 87 87
Thrust vectoring 70 = 70
Insulation system TBD
Propellant feed and vent 80 80
Pressurization system TBD
P.U. system 21 21 21 21 0
Miscellaneous 20 • 20
Zero-g. vent-ng 9 9
Trapped propellants 10 10
P.U. residuals 56 56 56 98 114
Booster pump system TBD
R. C.S. propellant 278 o278
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Table C-2

HEAT LEAK ESTIMATES

Source Design B.t.u./hr.

Shroud-Mounted Insulation

LaH? lan

Vent line High-Performance 0, 56
Tank supports Insulation (HPI) on 0.31
Feed line steel line) (9-rod 3. 12
Radiation from LF 2 line F-G, :2 =0. 1) (bare 0.08
Pressurization Line steel) 0. 40
Insulation attachments 1.48

5.95

LF Tank

Vent line (%Pl on steel line) 0.93
Tank supports (9-rod F-G, Z0. 1) 1.44
Feed line (HPI on steel line) 0. 11
Pressurization line 0.20

f Insulation attachment 1. 12
3.80

Tank-Mounted Insulation

L___H2 Tank

Vent line (HPI on steel line) 0.60
Tank supports (9-rod F-G, Z=0. 1) 0. 58
Feed line (Bare sLeel) 3.30
Pressurization Line 0. 50
Insulation attachments 1. 02

6.00 K
| _LF2 Tank

V,-nt line (HPI on steel line) 0.95
"Tank supports (9-rod F-G, Z=0. 3) 2.27
Feed line (HPI on .steel line) 0. Z0
Pressurization line 0. 30

_ Insulation attachments 0.68
4.40

3
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0 The various insulation systems were then evaluated at each tank
pressure. Each system and location was optimized and the data
compared to select the best performing system. Inflilences of
mission time and tank pressure were assessed.

• The pressurization systems variables for the best optimized insula-
tion systems were optimized for a range of tank pressure. The
influences of mission time and duty cycle were determined by spot
checking.

The detailed optimization results are reported and discussed in the
appropriate phase descripticn.
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I Appendix D

HARDWARE TEST ITEMS

The basic test hardware items used in this program are shown in Table D-1.
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