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FOREWORD

This report is the second volume of a series that comprises the fol-
lowing:

Volume I - Summary

Volume I - Component and System Configuration Screening
Analysis

Volume HOI - Details of System Analysis, Engineering, and
Design for Selected System

Volume IV - Selected System Supporting Studies

Volume V - Selected System Cycle Performance Data

This report summarizes the Phase I portion of the program, in which the
various component and system concepts were compared and evaluated. Vol-
umes III, IV, and V contain the Phase II work, in which preliminary design
of the selected APU system concept was performed.
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SECTION |

INTRODUCTION AND SUMMARY

1
This report presents the resuhts of the Phase I studies on Contract

NAS3-14408, "Space Shuttle APU Study". The Space Shuttle APU will supply
electric and hydraulic power for the Space Shuttle Booster and Orbiter
vehicles, using a hot gas turbine with a working fluid provided by hydrogen-
oxygen combustion or from storable propellants. The following systems were
studied and evaluated in establishing a recommended system concept for
Phase 11 of the program;:

Low-Pressure Cryogenic H,-0, Supplied System
High-Pressure Cryogenic H,-0, Supplied System
High-Pressure Gaseous H,-0, Supplied System
Dual-Mode Airbreathing/Cryogenic H,-0, System
Monopropellant System

Sections 3 through 7 describe these systems and their performance. In
Section 8, these systems are compared and evaluated. The high-pressure
gaseous H2—02 supplied system is the recommended approach. The gaseous

propellants are to be supplied by another system (the Auxiliary Propulsion
System), which has much greater total propellant requirements. It is also
recommended that for optimum APU performance, the hydrogen and oxygen be
delivered at the lowest temperature and highest pressure possible. These
parameters will be determined by APS optimizations which have not been
completed at the time of this report. At present, it appears probable that
the APS propellant conditioning provisions will deliver propellant con-
ditioning provisions will deliver propellant at pressures in excess of

650 psia and at temperatures in the range from 200 to 400°R.

TURBINE

A two-stage pressure-compounded axial-flow impulse turbine has been
selected for the Space Shuttle APU. Two-stage velocity-compounded turbines
were considered in detail (Appendix A) and were eliminated on the basis of
greater mechanical design problems for aerodynamic designs which would
provide performance equivalent to the pressure-compounded turbines.

Figure |-l is an isometric drawing of the turbine gearbox configuration
(less alternator and hydraulic pumps). Appendix B describes the turbine
mechanical design.



/

OVERALL LENGTH = 14.75 IN

OVERALL HEIGHT

= 12.75 IN
OVERALL WIDTH = 11.0 1IN
WEIGHT = 61 LB \
)
$5-61267
Figure 1-1. Turbine Gearbox Assembly (Less Generator and Hydraulic Pumps)



CONTROLS

Pressure-modulating or pulse-modulating controls can be used for
turbine speed control. Table |-l compares the characteristics of these
two types of control. The pressure modulating control has been assumed
in_the studies partially because its steady-state performance is readily
predictable. The performance obtainable with pulse modulation control
requires transient-state analysis. This will be performed early in Phase II
to determine the incentive for this type of control.



TABLE I-1

CONTROL CONCEPT SELECTION

Factor

Pulse Modulating Type
Turbine Speed Control

Pressure Modulating Type
Turbine Speed Control

Low-Power-Qutput Fuel Consumption

Performance Predictability

Suitability for Variable-Delivery
Hydraulic Pump Drive

Suitability for Alternator Drive

Operating Life

Turndown Ratio

Superior for < %3 percent speed
control accuracy

(1) Requires transient analysis

(2) Filling and emptying
losses uncertain

Requires hydraulic accumulator
(WT = 50-100 1b) for stability

Unsuited for alternator
paralleling (required with
parallel APU's on A-C bus)

(1) Large number of cycles on
control valves

(2) Continuous Igniter operation
required

Required turndown ratio (1.8:1)
No problem

Superior for > +3 percent speed
control accuracy

Highly predictable

Stable without accumulator

Readily adapted to provisions
required for load sharing

No design parameters outside
state-of=-the-art limits for
long life service

Required turndown ratio (10:1)
Near state-of-the~are limit
for control valves




SECTION 2

DESIGN CONSIDERATIONS

INTRODUCTION

Study Objectives

The primary study objectives are as follows:

(a) Evaluate candidate APU system configurations and select a preferred
concept.

(b) Perform preliminary design analyses, engineering, and layouts of the
selected APU system concept.

(c) Recommend areas requiring technology development to ensure APU
availability for Shuttle program.

This report summarizes the results of the Phase I studies which were primarily
concerned with the first task above. Emphasis was given in the Phase I studies
to the factors and parameters greatly influencing system weight and system
selection. This involved performance of turbine parametric studies (described
in Appendix A) to establish the effects of various turbine design parameters
and the optimum design approaches. The mechanical design studies (Appendix B)
established practical design limits and the validity of the selected design
for reliable long-life operation. Other components having major impact on
system performance and weight include the cryogenic tankage (Appendix C) and
the heat exchangers (Appendix D). The analytical methods used for cycle per-
formance analysis and overall propellant consumption are given in Appendixes

E and F. Appendix G shows a combustor design based on previous experience.

Section Contents

This section presents the analytical processes used to establish the per-
formance of the various APU systems. It summarizes the data provided by the
cycle performance program described in Appendix E. This program has been the
primary evaluation tool used in the study. The section also presents the
methods used to provide parametric data showing the relationship between the
total APU energy output, the power output, and the system weight. Additionally,
the system interfaces relating to satisfactory thermal performance of the
hydraulic pump, the generator, and the APU lube system are analyzed to establish
the component arrangement best fulfilling the thermal management requirement
that all APU heat loads be absorbed within the APU system.

SUMMARY OF PHASE |

The Phase | work can be divided into two general categories, one covering
the initial system studies during the first six weeks of the program, and a
second covering the subsequent work with the five system concepts selected by
NASA, using revised power/altitude profiles.



Initial Systems Studies

The work performed during this period was reviewed at a meeting at NASA-
LeRC on October |5, 1970. Table 2-1 summarizes the initial study requirements
and the implications to system design which resulted in the candidate system
concepts shown in Figure 2-1. At this time, it was concluded that there was
considerable incentive for use of recuperated hydrogen-oxygen systems. In
addition, because of the relatively long portion of the original mission re-
presented by atmospheric flight, an dual-mode airbreathing/propellant turbine
system appeared to be strongly competitive. The other systems were found to
be less attractive and competitive only under certain special conditions,

Final Candidate System Studies

The following five system configqurations were selected by NASA for study
during the last half of Phase I:

l. 600 psia H2-02 system with propellants supplied as liquids at 35 psia

2. Optimum pressure H2-02 system supplied from special supercritical

cryogenic tankage.
3. H,-0, system with propellants supplied at 300 psia, 500°R.

4, Dual-mode airbreathing gas turbine and Hy-0, turbine with super-
critical propellant supply

5.  Monopropellant (75% NH, -24% N2H5No3-|% H,0) system.

Two-stage (pressure- or velocity-compounded) axial-flow propellant turbines
were to be evaluated using pulse- or pressure-modulating speed controls. Con-
sideration was given to the effect of variable 0/F ratio in recuperated Hz-o2

cycles, tankage weight penalties, etc. with an amphasis on parametric presen-
tation of performance indicating sensitivity of system selection to various
design requirements.

l. Power Profiles

NASA also supplied revised power-altitude profiles for the booster and
orbiter vehicles. Tables 2-2 and 2-3 summarize these profiles. It should be
noted that the detailed profiles supplied by NASA, contained in Appendix F,
were used in estimating the propellant requirements for the booster and orbiter
vehicle missions. As compared with the earlier power profile, the following
can be noted;:

(a) Booster mission is 177 min long at an average gearbox output power of
46.5 shp, with less than 20 min duration outside the atmosphere.

(b) Orbiter mission is 58.4 min total (with two phases separated by 7 to
30 days inactive storage in orbit) at an average 36 shp at the
gearbox, with essentially all operation outside the atmosphere.



‘ TABLE 2-1}

INITIAL DESIGN REQUIREMENTS AND IMPLICATIONS

REQUIREMENT IMPLICATIONS TO SYSTEM DESIGN

PROPELLANT SUPPLIES TO BE CONSIDERED

o LOW-PRESSURE CRYOGENIC (SHARED) TANKAGE ® IT WILL BE NECESSARY TO CONSIDER A VARIETY OF

o HIGH-PRESSURE CRYOGENIC (SHARED) TANKAGE DIFFERENT CANDIDATE SYSTEM CONCEPTS TO
ACCOMMODATE THESE POSSIBLE PROPELLANT SUPPLIES

® LOW-PRESSURE GASEOUS SUPPLY SINCE PROPELLANT SUPPLY SELECTION MUST BE

® LOW-PRESSURE CRYOGENIC (SEPARATE) TANKAGE PERFORMED ON A VEHICLE SYSTEM BASIS.

HIGH-PRESSURE CRYOGENIC { SEPARATE) TANKAGE
STORABLE MONOPROPELLANTS AND BIPROPELLANTS

POWER-ALTITUDE PROFILE

POWER | OUTPUT AMBTENT DURATION,
state | powen PRESS. . PSIA il ® THE APU WILL BE REQUIRED TO FUNCTION AT VARYING
OUTPUT POWER LEVEL AND DISCHARGE PRESSURE. OFF
PEAK 100% \4.7 9 DESIGN PERFORMANCE WILL BE AN IMPORTANT FACTOR.
PEAK 100% 0 9
HODE 22 o Lt ® 85 PERCENT OF MISSION IS ATMOSPHERIC FLIGHT,
MAKING POSSIBLE USE OF AIRBREATHING GAS TURBINE
IOLE 7 0 (g OR RAM AIR HEAT SINK FOR PORTION OF MISSION.
HEAT SINK e WITH CRYOGENIC SYSTEMS, THE WASTE HEAT CAN BE
THE APU IS REQUIRED TO BE SELF-CONTAINED WITH D e e B e Ik
RESPECT TO DISSIPATING INTERNALLY GENERATED STORABLE PRO NTS,

HEAT. {RAM AIR OR. EVAPORANTS) WILL BE REQUIRED.



RECUPERATIVE H, -02 SYSTEM

CRYO- ® HIGH-PRESSURE CYCLE

® DIRECT FEED WITH HIGH-PRESSURE CRYOGENIC TANKAGE

® WITH PUMPS FOR LOW-PRESSURE CRYOGENIC TANKAGE

® LOW-PRESSURE CYCLE

® DIRECT FEED FOR LOW-PRESSURE CRYOGENIC TANKAGE

CRYO.

NONRECUPERATIVE H2 -02 SYSTEM

. He THERMAL TRANSPORT LOOP FOR APU COOLING

He Loop

GASEOUS LDAD T OPEN BRAYTON CYCLE SYSTEM

H,

® DIRECT DRIVE CENTRIFUGAL COMPRESSOR

RECUP ® GEARBOX DRIVE POSITIVE DISPLACEMENT COMPRESSOR

0 ® SEPARATE TURBOCOMPRESSOR (2-SHAFT ENGINE)

MONOPROPELLANT SYSTEM

w ® THERMAL TRANSPORT LOOP FOR APU COOLING

ll f‘,;ﬁ;‘" ¢ EXPENDABLE EVAPORANT (H,0) HEAT SINK
R e RAM AIR HEAT SINK (FOR ATMOSPHERIC
HEAT FLIGHT)

TRANSPORT
LooP

DUAL-MODE AIRBREATHING/PROPELLANT TURBINE SYSTEM

® PROPELLANT TURBINE

® MONOPROPELLANT
® HYDROGEN-OXYGEN

= =
GAS ] HYD ® GAS TURBINE
TURBINE| 3| . | Pump
2 E ® JP FUEL
=] & ® HYDROGEN
PROP 21°
TURBINE | 3 ALT ® HEAT SINKS

® EXPENDABLE EVAPORANT (HZO)
® RAM AIR

® FUEL (IF H, IS USED)

2 S-61329

Figure 2-1. Initial Candidate System Concepts



TABLE 2-2

BOOSTER VEHICLE MISSION PROFILE SUMMARY

( Turbine Gearbox SHP
Duration,
Mission Phase Average Peak Altitude min.
Preflight 70 112 S.L. 17
Boost 78 239 S.L. to 250 kft to 10 kft 20
Mode 39 45 10 kft 120
Landing 50 230 i0 kft to S.L. 10
Postflight 66 - S.L. 10
Total APU Operating Time 177 min.
Average Power Level 46.5 SHP
TABLE 2-3
ORBITER VEHICLE MISSION PROFILE SUMMARY
Available Gearbox
Output SHP Duration,
Mission Phase Average Peak Altitude sec.
‘Kécent>r- o
Boost 20.0 20 S.L. to 250 kft 250
Orbital injection 44.0 90 250 kft to orbit 250
Descent
Deorbit 23.9 40 Orbit to 168 kft 1600
Reentry 60.4 100 168 kft to 54 kft 1000
Landing 28.5 200 54 kft to S.L. 400
Total APU Operating Time 58.4 min.
Average Power Level 36 SHP




2.  APU Power Terminology

Throughout this report, data are displayed in terms of either gross tur-
bine shaft power, net available output power (actual hydraulic and electric
power; after accounting for the pump and generator power losses), and gearbox
available output power. The different values have been used since data such
as specific propellant consumption are usually presented in terms of gross
turbine shaft power, whereas NASA has referenced data to available gearbox
output power. In the case of a pumped system, where the propellant pumps
are driven electrically using power from the generator, not all of the
gearbox output power is available for supplying hydraulic and electric
power to the vehicle, since some of the power is used for the APU pumps.
Thus, the most convenient terminology is net available output power, which
accounts for the propellant pumping energy required by the APU and for the
power losses in the hydraulic pump and the generator.

3. Hardware Commonality

Based on the mission power profiles, it can be seen that a dual-mode
system (one using an air-breathing engine at low altitudes, with either a
hydrogen-oxygen or monopropellant APU for high altitudes) is attractive for
the booster mission, but all of the orbiter mission must be supplied by a pro-
pellant turbine. The split in the orbiter mission will have an impact on the
cryogenic storage vessel design. It can be concluded that there is enough
similarity in general requirements to permit consideration of hardware common-
ality between the orbiter and booster vehicle systems.

SYSTEM ANALYSIS

During the last half of Phase I, primary emphasis was placed on determining
the performance of the various candidate cycles as a function of their re-
quired output power and the ambient pressure. Discussion later in this section
gives the logic leading to selection of the cycle configurations for the
hydrogen-oxygen systems for which the cycle performance program was prepared.
Prediction of the monopropellant system performance can be accomplished by a
relatively simple process described in Section 7. Prediction of the dual-mode
system performance can be made by combining the hydrogen-oxygen cycle perfor-
mance program results with those from a similar program for a hydrogen-fueled
gas turbine engine. This process is discussed.in Section 6.

Cycle Performance Maps

The cycle performance program described in Appendix E generates overall
system performance as a function of hydraulic and electric power output, and
ambient pressure. It determines pressure losses in the system ducting,
temperature levels at each point, flows, heat loads, etc., and performs
the necessary iterations to determine turbine discharge pressure, cooling
loop recycle flow, O/F ratio for desired turbine inlet temperature, power
balance, etc. The program inputs, component performance maps, and output data
are given in Appendix E. Typical state point data based on the program ocutput
data are shown in later sections of this report.

10



The cycle performance program data can be plotted to establish the APU
propellant consumption as a function of the power output and the ambient
pressure. These maps, when combined with the specified booster and orbiter
power/altitude/time data, can establish the overall propellant consumption
for the vehicle mission. A mission power profile program, described in
Appendix F, has been generated to accomplish this task. Typical output data,
the vehicle mission profiles, and the input data are described in Appendix F.
The results of this program allow the performance of various systems to be
compared for the specific vehicle profiles of interest.

Primary System Tradeoff Variables

In generating the data for the cycle performance program component maps,
it was possible in most cases to establish the optimum compenent configuration
for the required function. Thus, for example, analyses described in Appendix
A showed that selection of the pressure-compounded turbine was preferable to
selection of a velocity-compounded turbine since the pressure-compounded unit
shows slightly superior aerodynamic performance and greatly superior mechan-
ical performance (or, if the velocity-compounded turbine is designed with
short blades for equivalent mechanical performance, its aerodynamic per-
formance is further degraded compared to that of the pressure-compounded unit).

|. Turbine Design Point Inlet Pressure/Power Level/
Discharge Pressure

However, in the case of the turbine, it was not possible to establiish the
optimum turbine design point based only on the turbine performance data. It
becomes necessary to consider different turbine design points (both maximum
inlet pressure (occurring at sea level full power output) and power output
level/discharge pressure combination). Thus, a total of nine turbine designs
were evaluated for the hydrogen-oxygen systems. These turbines had maximum
inlet pressures ranging from 300 to 1500 psia and design points of either
sea level/full power or altitude (10,000 ft)/mode power. Performance maps for
each of these turbines are presented in Appendix A.

Evaluation of the two power level/discharge pressure points for the low-
pressure liquid supply system described in Section 3 indicated that the
altitude/mode power design point turbines show a performance advantage. This
is due to the fact that most of the mission is at relatively low output powers
at high altitudes. Consequently, the performance of the altitude/mode power
turbines only has been evaluated for the other hydrogen-oxygen systems (Sections

4, 5, and 6).

It should be emphasized that evaluation of a single turbine for a single
system configuration invoives sequential use of four computer programs:

(a) A turbine design program is used to establish turbine geometry.

(b) The turbine geometry is used as an input to the turbine off-design
program to establish a turbine performance map (which gives turbine
efficiency as a function of power level, discharge pressure, and
0/F ratio).

11



(c) The turbine performance map is then used in the cycle performance
program (Appendix E) to establish propellant consumption as a func-
tion of output power and ambient pressure.

(d) The APU performance map is used in the mission integration program
(Appendix F) to determine the propellant requirements for the booster
and orbiter missions.

2. Propellant Inlet Thermodynamic State

A second major system variable is the thermodynamic state at which pro-
pellant is assumed to be available to the system. For the low-pressure liquid
supply system of Section 3, the propellants are assumed to be available to the
cryogenic pumps as saturated liquids at 35 psia -- thus, for that system, the
tradeoff is related to the output head that the pumps must provide. However,
for the high-pressure integrated tankage system of Section 4, the tradeoff
involves the increasing tankage weight penalties at higher pressures vs the
improved turbine performance at higher pressures. Finally, for the gaseous
feed system described in Section 5, there is no optimum system weight based
solely on the APU system performance. For the gas feed system, it is assumed
that the propellant will be available to the APU at inlet states having a
temperature from 200 to 500°R and a pressure from 300 to 1250 psia. Based on
APU system performance alone, the highest enthalpy and pressure head state,
the 500°R, 1250-psia inlet condition shows minimum propellant consumption.
However, it is also necessary to consider the penalty occurred on-board the
vehicle to provide propellant to the APU at this state. Including these con-
ditioning penalties, the optimum propellant inlet condition occurs at low tem-
peratures and reasonably high inlet pressures.

SYSTEM PARAMETRIC DATA

NASA has requested that parametric data be provided to show the APU
system weight as a function of total energy output for systems designed for
various combinations of peak power and mode power. The power combinations
requested by NASA and the design system (base point for scaling) are presented
in Table 2-4. The power ratings are in terms of available gearbox output power,
not turbine shaft power.
TABLE 2-4

NASA REQUESTED APU SYSTEMS

Design NASA Requested APU Systems
Peak power, hp 225 100 300 500 750
Mode power, hp 40 30 45 60 80
Turndown ratiod 5.63 3.33 6.67 8.33 9.38

#Turndown ratio is defined as the ratio of peak power to mode
power.

1z



In arriving at the final system weight vs energy curves for these APU
systems, the method illustrated in Figure 2-2 was used. First, the same split
between hydraulic and electrical loads was assumed as for the design case
which results in the following system requirements:

Design NASA Requested APU Systems

| Peak power 225 | 100 | 300 | s00 | 750
Generator load, kw 20 9 27 45 67
Hydraulic load, gpm at 4000 psi 70 37 110 183 279

Then the systems fixed weights were calculated based on the peak power re-
quirement (see tables in Sections 3 through 7). The propellant required for
the design system (225/40 hp) as a function of energy was calculated next.
Based on a constant system efficiency, the propellant weight increases linearly
with energy required and the stored propellant weight is nearly linear, except
for a slight variation in tank load factors. The propellant weight variation
with power of the NASA requested APU systems was obtained using the design
system mode power SPC variation with turndown ratio. The fixed weight and pro-
pellant weight for each NASA requested system was then added to get the final
total weight vs energy parametric curves.

Figure 2-3 shows the hydrogen-oxygen SPC variation at peak power and at
mode power for the NASA requested APU systems. The SPC is presented as a per-
centage of the 225/40 hp system SPC. The peak power SPC variation with peak
power output was obtained from turbine designs using the design program. The
mode power SPC was obtained from the 225/40 hp system performance map taking
into account the efficiency and pressure ratio changes with turndown ratio and
the scale effect of system size.

Figure 2-4 shows an equivalent curve for 75-24-1 monopropellant systems.
HYDROGEN-OXYGEN CYCLE THERMAL MANAGEMENT
Introduction

The following discussion examines the possible Space Shuttle APU system
cycle configurations and establishes the logic leading to selection of the
preferred component configuration. The discussion considers APU cycles using
hydrogen and oxygen as the cycle energy source; it assumes these fluids are
available at cryogenic energy levels (either low-pressure liquid or high-
pressure, low-temperature fiuids). The following topics are analyzed:

Cycle Heat Sink -- Hydrogen, oxygen, or expendable evaporant are
considered.

Cycle Heat Generation -- Waste heat generated by each system
component is analyzed.

13



SYSTEMS FIXED WEIGHTS

SYSTEM BASED ON PEAK POWER
FIXED REQUIREMENTS
WEIGHT

PEAK POWER I

225/40 SYSTEM PROPELLANT 225/40
WEIGHT INCREASES LINEARLY{ SYSTEM
WITH ENERGY REQUIRED AND PROPELLANT
DECREASES SLIGHTLY WITH WEIGHT
TANK LOAD FACTOR

ENERGY

e

PROPELLANT WEIGHT OF SYSTEMS

gﬁRSEQIAO OBTAINED BY TAKING PERCENTAGE
SYSTEM OF 225/40 SYSTEM SPC AT MODE
POWER WITH PROPER TURNDOWN
SPC AT RATIOS
MODE
POWER
TURNDOWN RATIO ‘
750/80
500/60
ADDING FIXED WEIGHT TOTAL 300/ 45
AND PROPELLANT WEIGHT WEIGHT |
GIVES TOTAL WEIGHT 100/30
VS ERERGY RELATION
FOR SYSTEMS
ENERGY
S-61418

Figure 2-2. Method of Obtaining Total Weight vs Energy Relation for
NASA Requested Systems

14



o
o

[od
(@]

(e
(@]

i T ~-i_ -1-_‘— -‘ | - loo —li
-| i H I i i l H
i ; L | 1 _ i
. o — 80} 1
g OF “P\S‘{S‘- : :

TS e

~
(=]

Qe

cepman o

|

.
N
‘O

TR aiL—w.;F T
'*EFV'tTff”I)x&-EXAMPLE: -

no
o

i B 225/40 PEAK TO ——

i
MODE POWER

I T

AT GEARBOX OUTPUT SHAFT

MODE POWER (SHP)

_ (sHP)

AT GEARBOX OUTPUT SHAFT
(o)
O

. MODE POWER RATI?QJW;

i I IR

T o
e

oL 2001 [ 400 26008 [800  fo it 2. 5 TAL 5 ¢ €
“i"PEAK POWER (SHP) I T 77 RATIO OF PEAK POWER

T GEA UT SHAFT-
T GEA T SHAFT

TURNDOWN RATIO)

¥ e T

ST

| =
TN

5

. O

g:';_l.[_-_ =
< [

B

'
O
(@]

(o]
(@]

(PERCENT OF 225/40 SHP APU SPC)

SPC AT PEAK POWER

t
P
O

'
-
o

(PERCENT OF 225/40 SHP APU SPC)=rt=r—

SPC AT MODE POWER

200 400 600 800 I 2 3 4
PEAK POWER (SHP) RATIO OF PEAK POWER TO MODE POWER

AT GEARBOX OUTPUT SHAFT (TURNDOWN RATIO)
S-61455

Figure 2-3. Hydrogen-Oxygen System SPC Variations at Peak Power and
Mode Power for NASA Requested Systems



10

= I
EIRIER s g ica et I S Bt e e et el
B RSl kees s Tuka, a2 JEIT RETTEEENS S i T R
] | Hyrraa rhis T
jei REshebant {r‘um A LIT HHHhH e ,ﬁ.
£ a52 2o H
"

yidy
T
T
.
T
T

1
T
T

T
ST
au s dete

TTIT

8

RATIO OF PEAK POWER TO MODE POWER

===

1
T 1
TR
e
T
T
|
TT
1

=
H
T
Inay
[SSuadyriynnpednauyes

.
g duhoun
s
t
inns
L
n
ipas guEw

muE RS S
-

T

TRy

ot
T T

T HHH A P A
5 i e, bl Rinn
..Himl el fEReapasas S T memmw. 0 HETHETN : ©
Exfrepeplngabasapiney BEESERE) Guah elnds=s
] r &i gny BENS L1t Senging
o T e NI -

I F
i
1
T

(TURNDOWN RATIO)
i

i S HHH HiH . [
fEacngt £ Eilynes ik hil
. 1 § P Y ey Yl
SEERHES HEEEE H T THAT N <

CHT H H I H H 111
T m t q SangnytsREERRALE .f i 11 1133
a| HH{H ! 4 H T r E
B RReadanRal iR ! 0 uhadsamanininl fanupl e e
tH HE A RERESs JuE, B
] Rpsisazzakzissdz=sREl i ur

AN Eua

T

munungnui pul
+
1
T
)|

T
:
;
T
!
;
e by
i

R R R R gt sl L HAHE
1 SRRERgRERRCES=RRRERTON H T R AR H i
T ﬂHﬁm JH HH makSppaiifsuny rm..ywﬂ ] ‘mu.y 1 1 u*m h._
SR By re=a= =g sasaqN s RBRa=as RARSSERERSREFSE T E R T e T T
T (i ] jeazsBEli RangaRan]URRRGEEaE) Miie=ss ] T H EE xuumm..
OO OO HTO HHO FO o HHO HHFO HIH O I Q
o mnxil [oe) -Mﬂm O HHE ~ T o H.u HEEN HHHT “umm_mn. O HHE O™ LWumu @
— AT T A R TR AT i HEgE = R 3R indaskfansasas
14vHS L 439 LV E (3dS ndv

w
wo
a

e e
1EZ 0
= o~
=
—<C
—

HH 1 H HY

g d
3A0W m HIM
.W N

Hfa w»n i
dEwn
i
1T
=
u
g
1
T
|
111
T
=
—
!\J
e wl
1
T
pea
!
=

800

n

800

¥
T
T
T
T
"y
T
gL
1 T
T
T
+t

225/40 PEAK TO

1
e RIEIEAT=A=SRE: 1] R A LT {
uppahs ujwubunch phbdgey 0 4 A siEseed W4
X [ e HH Giesen ] + it
ummm {14 153711 7 7

Tt

N

1

ingnas i
T

mian

T

600
600

e

ihl;

w

ol
.

MODE POWER RATIO

I wl H
_ B
HEH Ea=arewl HH I THTHH i
assdng, iy M i
E H i < I TR
1%}

400
PEAK POWER (SHP)

AT GEARBOX OUTPUT SHAFT

=TT T

PEAK POWER (SHP)

AT GEARBOX OUTPUT SHAFT

f
i
!
1
o

=5 400

T
i

LOCUS OF NASA

REQUESTED
APU SYSTEMS

EEERHE L e P
i Paimi e ReHil
sigis Jolb uf ERSEEIR o
IS I ik shitdcacete bt Rasce Rl (RINANE i BStE B
il iR e R (HH
R [T it H. T stheiibl Mk
HHN T £ R R R H T HBH TR
= Yo 2 SIE L o

20

0
90
80
70

16

§-61463

(TURNDOWN RATIO)

ion at Peak Power and

stems

RATIO OF PEAK POWER TO MODE POWER
t

Ia

Mode Power for NASA Requested Sy

Monopropellant System SPC Var

Figure 24,



Heat Transfer Limitations - Limits on temperatures necessary for
proper component operation are analyzed.

Cycle Configuration -- Unrecuperated and recuperated cycles are
examined, a recuperated cycle is shown to be necessary for proper
component cooling.

Performance Considerations -- Effect of recuperation on system
performance is analyzed.

The analysis indicates that the component arrangements and thermal
management concepts for the three hydrogen-oxygen systems of Sections 3 through
5 are nearly identical.

Requirements

The APU is required to provide both hydraulic and electric power at various
output power levels and at various time periods throughout the booster and
orbiter missions. The unit must have a restart capability since it may be
shut down for prolonged intervals between uses. It also must be self-contained,
relying on itself for component cooling. Thus, the APU must either use the
hydrogen as a heat sink (the oxygen has insufficient heat capacity) or it must
carry an expendable heat sink such as water.

Methods of Component Cooling

Studies to date indicate that at full load about 20 percent of the maximum
turbine shaft power output will appear as heat losses in the various system
components, such as the generator, hydraulic pump, gearbox, turbine, combustor,
lube pump, and cryogenic fluid pumps (if used). Thus, for an APU developing
250 hp at the turbine output shaft, about 50 hp will appear as heat in the APU
components. This heat load excliudes any heat returned to the APU by the
hydraulic fluid---under certain conditions, almost all of the hydraulic pump
power output can be converted to heat that must be dissipated. At part loads
the heat losses become far larger than the useful output power. At zero useful
output power there is about 20 hp of heat generated in a 250-shp APU.

Therefore, for a 3-hr APU duty cycle a minimum of about 60 hp-hr of com-
ponent heat must be dissipated. The two most likely methods of dissipating
this heat are to use the cycle hydrogen flow as a heat sink (the oxygen has
insufficient heat capacity) or to use an expendable evaporant such as water.
Boiling water would absorb about |00 Btu per 1b water, requiring about 139
Ib water per APU. Alternatively, adding the component heat to the cycle
hydrogen flow would reduce the amount of oxygen required to raise the hydrogen
temperature to the desired turbine inlet temperature. The effect of heat
addition is therefore to change the 0/F ratio at which the cycle is operated,
while maintaining the total hydrogen flow almost constant. For a turbine inlet
temperature of 2260°R, the APU would require an O/F ratio of 1.30 if the hydrogen
and oxygen were input to the combustor at an enthalpy corresponding to that of
liquids. Adding component heat to the hydrogen would lower the cycle 0/F ratio
to about |.22 assuming that 20 percent of the turbine work appears as waste heat.
This O/F reduction is equivalent to a saving of about 24 Ib of oxygen for an APU
outputting a total energy of 300 hp-hr.
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Consequently, because of its substantial weight advantage to the system,
the concept of using hydrogen as the cycle heat sink is selected.

Component Operating Temperatures

The first step in establishing a cycle configuration is to investigate
the heat sink temperatures required by the various cycle components. Figure
2-5 summarizes these limitations.

l. Maximum Acceptablie Heat Sink Temperatures

Both the hydraulic oil and the lube oil (used to absorb gearbox heat
losses) must be maintained at temperatures below about 300°F maximum and 450°F
maximum at certain local points. Thus, these fluids must be cooled to levels
below 300°F if they are to be capable of absorbing the component waste heat.
In the case of the lube oil, there is a tradeoff between the oil flow rate and
the temperature to which the oil must be cooled since the heat to be absorbed
is independent of the oil flow rate.

For the hydraulic fluid, the fluid flow rate is fixed by the pump
capabilities so that the heat sink temperatures can be determined uniquely.
Assuming a 4000 psi hydraulic system in which all the hydraulic power (85
percent drive efficiency) appears as waste heat, the fluid must be cooled to
about 265°F maximum if its return temperature to the pump is to be maintained
below 300°F (additional heat input by vehicle structure might lower the maximum
cooled-fluid temperature somewhat). For the parameter studies in this report
only 15 percent of the hydraulic output power is assumed to appear as waste heat

An additional component requiring a relatively low heat sink temperature
is the generator. Typically, aircraft generators are either oil or air cooled
with a maximum heat rejection temperature of about 250°F. Thus, a logical
arrangement of the hydraulic and oil heat loads is to place them after the
generator heat load since the generator has a lower maximum heat rejection
temperature.

2. Minimum Acceptable Heat Sink Temperatures

The minimum acceptable heat sink temperatures for both the hydraulic fluid
and the lube oil are about 0°F since much lower temperatures cause an excessive
increase in the fluid viscosity, making pumping increasingly difficult.

Atthough the other cycle heat loads, such as the turbine and combustor,
do not have a definite minimum heat rejection temperature, large temperature
differences between the coolant and the component are likely to cause thermal
stress problems during the transients occuring on startup/shutdown and sudden
load changes. Therefore, these components are ideally placed at a point in the
cycle flow path where their inlet coolant temperature does not change suddenly.
Such thermal buffering can be obtained by placing these loads after the hydraulic
and lube oil heat exchangers which, because of the large quantities of fluid,
have a stabilizing influence on the inlet hydrrgen temperature.

18
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Previous applicable combustor designs indicate that with a reasonable
insulation thickness, the exposed insulation wall temperature can be maintained
within safe limits and the energy loss from the combustor surface is small.
External combustor cooling, thus, is not necessary.

3. Resulting Arrangement of Cycle Heat Loads

Based on the foregoing, the resulting arrangement of the cycle heat loads
would be as follows:

Generator

Hydraulic fluid heat exchanger
Lube oil-heat exchanger
Turbine cooling

Figure 2-6 shows the flow path for the hydrogen assuming that a high pressure
is obtained by pumping low~pressure liquid.

Effect of Additional Heat Input

For cycle analysis studies, the heat loads shown in Figure 2-6 may be con-
sidered as a single large heat load. Thus, it is possible to determine the
effect on cycle performance as a function of the magnitude of the heat input
to the hydrogen flow prior to reaction in the combustor. It is additionally
necessary to consider the temperatures at which such heat is available since
a temperature differential is essential to heat transfer.

Figure 2-7 shows a simplified schematic of the APU cycle in which heat is
added to the hydrogen flow. The resulting effect of such heat addition on the
specific propellant consumption (SPC) at full output power is shown in Figure
2-8. The data indicate that optimum cycle performance is obtained when all of
the component waste heat (including propellant pumping power in cycles using
pumps) and all of the available energy in the turbine exhaust are used to pre-
heat the propellant flow to the combustor. The data of Figure 2-8 show approxi-
mately a 20 percent reduction in SPC with full waste heat utilization.

l. Limitation on Amount of Recuperation

Figure 2-8 assumes that the turbine exhaust is cooled to 700°R. Colder
exhaust temperatures would cause condensation of the exhaust gas water; conden-
sation in turn might lead to freezing which could block the turbine exhaust duct.
If a large amount of waste heat is available upstream of the recuperator, the
recuperator discharge temperature will be higher than 700°R and full cycle
recuperation will not be possible. However, data presented in Section 3
inidcate that the amount of recuperation is approximately the same at all power
conditions, although at low power conditions the full heat recovery is not
obtained -~ there is considerably more waste heat available at low power
conditions.
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2. Heat Addition vs O/F Ratio Relationship

Figure 2-9 shows the relationship between the 0/F ratio and the heat input
to the cycle. It indicates that increased heat inputs reduce the 0/F ratio;
however, the hydrogen flow remains almost constant. This is illustrated by

the data of Figures 2-10 and 2-11 which are indicative of turbine part-load
performance. Figure 2-10 shows the turbine SPC vs O/F ratio -- these data have
been used to generate Figure 2-11 which shows the hydrogen and oxygen mass flows

as a function of the cycle 0/F ratio at this part-power point. As with the
full-power point, these part-power data show that there is a strong incentive
to reduce the system SPC by maximizing the recovery of turbine exhaust gas
heat. It should be noted that an additional component, a hydrogen recuperator,
is required in order to transfer heat from the turbine exhaust gas to the cycle
hydrogen flow. However, this component weighs only about 16 1b, and as dis-
cussed below, will be essential to the cycle for reasons other than SPC
optimization.

Control of Component Operating Temperatures

Although the earlier discussion has established the preferred arrangement
of the component heat loads, it remains to check that the heat capacity of the
hydrogen flow is compatible with the various component heat loads. Preliminary
studies indicate the component heat loads at full power output are approximately
as follows:

Generator = 179 Btu/min (at 10 hp output)
Hydraulic pump = 1360 Btu/min

Hydraulic system = 1270 Btu/min (heat added to fluid by
hydraulic loads)

APU lube system = 567 Btu/min (lube pump and gearbox losses)
Turbine cooling = 771 Btu/min

Also, at sea level full power, the hydrogen flow into the combustor is about
4.12 1b/min. Assuming the component arrangement shown in Figure 2-6, then

the hydrogen temperature at the inlet to the .hydraulic fluid heat exchanger
would be 64°R. This temperature is well below the minimum desirable tempera-
ture of 460°R at the hydraulic fluid heat exchanger. Alternatively, rearranging
the components so that the turbine heat load is placed in front of the hydraulic
heat exchanger, the hydrogen temperature is still only I18°R. Therefore, to
meet the temperature limitations imposed by the hydraulic fluid and the lube
oil, it is necessary to modify the system of Figure 2-7 into several possible
arrangements;

Recycling a portion of the hot hydrogen flow to raise the
temperature (Figure 2-12)

Preheating the cold hydrogen with part of the turbine exhaust
heat load (Figure 2-13).
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Preheating the cold hydrogen with a regenerative recuperator system
(Figure 2-14)

Using an intermediate heat transfer loop for component cooling
(Figure 2-15)

The complexity and weight of the intermediate transfer loop system make
it noncompetitive with the other systems. Table 2-5 compares the other three
systems.

This comparison is based on full power output and placing the turbine
heat load in front of the hydraulic heat exchanger. It assumes the hydraulic
and the lube oil heat exchanger weights are same for all concepts. The
recycling system with recuperator and the regenerative recuperator system have
equal weights. A more detailed comparison including off design performance,
transient conditions, and control methods will be required for final selection
of the prefered concept. However, the recycle system with recuperator (Figure
2-12) is selected as the base line system because it is known to work for off-
design conditions while the performance of the other concept (Figure 2-14) is
unknown at present.

Conclusions

It can be concluded that the optimum APU cycle is one using hydrogen as
the heat sink for the component heat loads. The arrangement of heat loads as
shown in Figure 2-12 meets the temperature limitations imposed by the hydraulic
fluid and the lube oil. Such a cycle must be recuperated in order to meet
these component temperature requirements if the propellant is supplied to the
APU at temperatures below 400°R. Additionally, this recuperation provides a
substantial improvement in cycle performance, primarily through reduction of
the oxygen required by the APU.

The cycle component arrangement is applicable to all three of the hydrogen-
oxygen systems considered during the second half of Phase I. Only when the
incoming propellant is supplied at a temperature exceeding 400°R is it possible

to operate the cycle without recuperation, while still maintaining acceptable
component operating temperatures over the entire operating regime. This con-
clusion is explained in detail in Section 5,

However, when the propellant is supplied at a high temperature, then at
part-power operation at low ambient pressures, there is insufficient heat
capacity available in the hydrogen flow to adequately cool the components,
Consequently, at these high propellant inlet temperatures, it becomes neces-
sary to supplement the hydrogen cooling with water boiling. This concept is
described in Section 5.
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TABLE 2-5

COMPARISON OF RECYCLE SYSTEM, RECUPERATIVE PREHEATER SYSTEM
AND REGENERATIVE RECUPERATOR SYSTEM

Recycle System with
Recuperator

Recuperative Preheater
System

Regenerative Recuperator
System

Estimated weights for

weight comparison
(recuperator,

H, preheater, and
required extra
components)

23.3 1b

45,0 1b

24,0 1b

Advantage

® jow system weight
® Known off-design
performance

® Simple system

® No ejector, no
recycle loop needed

® Easy control

® Simple system

® No ejector, no recycle
loop needed

® Fasy control

® |ow system weight

Disadvantage

® Fjector needed for
recycle loop

® |larger piping
needed for recycle
loop

® Higher chance of
condensing problem
in recuperator

® Relatively higher in
weight

® Off-design per-
formance unknown

® off-design perform-
ance unknown

Comments

® Good design

® Known off-design
performance

® Selected as the
baseline system

® Simple system

® System weight too
high, no further
consideration is
recommended

® Simple System

® possible weight reduc-
tion can be qchieved by
further improvement in
recuperator and pre-
heater design

® Capability of off-
design performance is
unknown, more study is
needed for the system
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SECTION 3

LOW-PRESSURE CRYOGENIC H,-O, SUPPLIED SYSTEM WITH PROPELLANT PUMPS

INTRODUCTION

H2 and O2 are supplied to this system as low-pressure (35 psia) cryogens.

The APU system incorporates pumping provisions to deliver the propellants at

a higher pressure level for efficient cycle performance. Since the propellants
enter the system at a low temperature, propellant thermal conditioning can be
provided by a recuperative cycle which dissipates APU waste heat and provides
high cycle efficiency.

General Description

In the system schematic shown in Figure 3-1, the propellant pumps are
driven by electric motors. This approach was selected over other approaches
(gearbox drive or hydraulic motor drive) for simplicity in the startup pro-
cedure and for flexibility of installation (the APU may be located a consider-
able distance from the propellant tankage). After passing through the pump
and the delivery line to the APU, the hydrogen is preheated by hot recycle
hydrogen gas. For optimum jet pump performance the temperatures of the incom-
ing and recycle hydrogen flows should be approximately equal; hence, it is
necessary to use & hydrogen preheater to assure temperature equilibration. The
preheated and recycled hydrogen flows are mixed to provide a suitable flow
and temperature level for cooling of the generator, hydraulic fluid, gearbox
lubricant, and turbine housing. After passing through the recuperator, the
hydrogen flow is split, a portion flowing to the combustor, the remainder
being recirculated in the thermal loop by the jet pump. The oxygen flow is
preheated by the hydrogen before passing into the combustor which produces
the hot high-pressure working fluid for the turbine. The turbine exhaust gas
passes through the recuperator before being dumped overboard.

DESIGN POINT SELECTION
The primary variables establishing the design point for this system are
Turbine inlet pressure
Turbine design point (power level and discharge pressure)

Selection of the optimum turbine inlet pressure is dependent on the cycle
thermal balance. Optimum cycle performance is obtained where all of the
component waste heat (including propellant pumping power) and all of the
available energy in the turbine exhaust are used to preheat the propellant flow
to the combustor. To prevent water condensation, which might in turn lead to
freezing, the turbine exhaust recuperator must have a discharge temperature of
about 700°R minimum. However, when there is a large amount of waste heat
available upstream of the recuperator, the discharge temperature will be

higher than 700°R, and full cycle recuperation will not be possible. Thus, the
turbine inlet pressure selection involves trading-off the improvement in
turbine performance with increasing pressure against the possible degradation
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in propellant conditioning performance due to generation of higher waste heat loads
(as a result of increased propellant pumping power) with increasing pressure.

The turbine design point selection involves comparing system performance
using different turbine performance maps representative of different design
conditions. For this system, a total of nine turbine designs were evaluated.
These turbines were designed at either sea level, full power, or at altitude,
mode power (which represents the bulk of the system output energy). Their
inlet pressures span the range from 300 to 1500 psia.

Figures 3-2 through 3-10 show the APU system propellant consumption in
terms of the net output power and the ambient pressure for each of the nine tur-
bines considered. The step increase in propellant consumption is due to pres-
surization of the second hydraulic pump for loads above about 95 hp. Using
these data, the mission propelliant requirement program described in Appendix F
was used to establish the total propellant required for the booster and orbiter
missions. These data are shown in Table 3-| and Figures 3-11 and 3-12. From
these data, the following conclusions can be drawn:

For the booster mission, there is incentive to design the turbine
for altitude mode-power condition. For the orbiter mission, this
design point also shows a slight advantage.

Minimum system weight, including pump weight and ducting weight
variations with pressure, is obtained at a design pressure of 600
psia.

Figures 3-13 through 3-23 show typical performance data for this system
when operated with a turbine designed at altitude mode power with a maximum
sea level, full power inlet pressure of 600 psia.

Specific Propellant Consumption (SPC)

Two specific propellant parameters are of interest, one reflecting net
hydraulic and electrical power output, the other indicating gross turbine shaft
power input to the APU gearbox. Figures 3-13 and 3-14 show the net and gross
SPC's as a function of net and gross output power. At sea level ambient pres-
sure, the SPC follows the expected decrease with increasing output power level,
However, at low ambient pressures, the gross SPC remains relatively constant,
experiencing a slight decrease with power level at low output. This charac-
teristic is explained by analysis of the turbine pressure ratio and the
discharge pressure at various ambient pressures. Figure 3-15 shows a plot of
the pressure ratio vs net output power, The data indicate that at low
ambient pressures the turbine pressure ratio is almost constant. However, at
low ambient pressures, the turbine discharge pressure changes by a factor of
almost nine as the net output power is increased from zero to full power as
shown in Figure 3-16. The resulting effect is to provide an almost constant
turbine efficiency at Tow ambient pressures; this is shown in Figure 3-17.
Consequently, since the turbine efficiency is almost constant (in fact, it
increases slightly with decreasing power), the gross SPC at zero ambient pres-
sure is also almost constant. In contrast, at sea level ambienv pressure, the
turbine discharge pressure varies by only 2.6 psia from zero to'full power;
therefore,power modulation requires varying the pressure ratio which causes a
decrease in efficiency as power is reduced.
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TABLE 3~1
MISSION PROPELLANT REQUIRED
Booster Propellant, 1b p Orbiter Propellant, 1b
inlet
Sea Level Altitude Maximum, psia Sea Level Altitude
-~ 358.5 300 - 91.3
307.4 285.8 600 82.6 80,2
303.6 282.2 900 83.5 8.2
303.9 290.1 1200 85.6 86.8
312.3 299.6 1500 30.4 89.9
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0/F Ratio

The 0/F ratio shown in Figure 3-18 has the expected decreased with
decreasing power level, which reflects an increasing waste heat input. Many
of the system losses are not dependent upon power output and, as a consequence,
a relatively large amount of waste heat is available at part load. As
indicated in Section 2, the effect of this waste heat is to reduce the 0/F
ratio.

Cycle State Points

Figures 3-19 and 3-20 show the cycle state points for the two operating
extremes, sea level full power and space zero hydraulic and 10 hp electric
power. The first condition sizes many of the components since the maximum heat
loads and flows will be obtained here. The space idle-power condition will be
critical with respect to thermal design, since the heat load remains relatively
constant and the hydrogen flow is drastically reduced. The present system shows
satisfactory performance at both conditions. The data assume full hydraulic fluid
flow regardless of power output--thus the fluid temperature rise is quite low.

Cycle Recuperation

Figure 3-21 shows the combustor inlet temperature and the hydrogen tem-
perature into the recuperator. The difference between these two represents
cycle recuperation from the turbine exhaust. It will be noted that this
difference remains relatively constant with output power,

Hydraulic Fluid Temperature

Figure 3-22 shows the hydraulic fluid temperature as a function of output
power for sea level and zero ambient pressure. From the cycle state point
diagram, it appears that the peak hydraulic temperature (obtained at minimum
load and zero ambient pressure) can be reduced by at least 50°F by sizing the
hydraulic oil cooler for a higher effectiveness. The benefit resulting from
this reduced temperature must be evaluated against the inreased heat exchanger
weight,

Lube 0il Temperature

Lube oil temperature control is essential for proper functioning and
reliable operation of the APU. Figure 3-23 shows the predicted lube oil
temperature as a function of output power. These temperatures are satisfactory
for the intended usage.

WEIGHT

In accordance with a NASA request for parametric data on systems sized
for different combinations of peak and mode power, Table 3-2 shows the fixed
weight of the APU system components, excluding the propellant tankage and the
propellant. The system fixed weight is plotted in Figure 3-24, The data are
based on the selected 600 psia maximum turbine inlet pressure, The inflection
in the weight curve with power is due to the variation in the weight and speed
(hence gearbox torque) of available hydraulic pumps.
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TABLE 3-2

APU FIXED WEIGHT LOW PRESSURE CRYOGENIC

LIQUID SUPPLY SYSTEM

Peak Power Required 225 hp

Component 100 hp Design Point 300 hp 500 hp 750 hp
Hydraulic pumps 14.0 25.0 44,0 103.0 145.0
Generator 1.2 24.0 34.0 61.5 90.2
Turbine (with containment) 44.0 44.0 44.0 44.0 44.0
Combustor (with insulation) 2.1 . .6 .6 5.6
Control Logic Devices 6.0 6.0 6.0 6.0 6.0
Control Valves .5 .0 5.5 .0 7.0
Pressure Regulators 2.0 2.0 2.0 2.5 3.0
w rRecuperator 10.2 16.5 19.5 26.8 34.2
& | H, Preheater .6 .8 b4uob 5.7 7.0
g 1 O2 Preheater 0.5 0.7 0.8 1.0 1.3
; Hydraulic 0il Cooler 2.2 4.4 5.0 6.2 7.
£ | Lube 0i1 Cooler 1.0 .4 l .9 4.

H2 Pump 8.1 9. 1.3 13.1 4,
Reactant Pumps

O2 Pump 2.2 2.7 3.1 3.6 4.1
Gear Box with Lube Pump 5.7 17.4 26.6 58.9 92.5
Lube 011 in Sump 7.7 7.7 7.7 7.7 7.7
Instrumentation | .0 .0 .o .0 .0
Duct ing ; 14.9 21.6 248 | 317 38.7

Subtotal ! 139.9 196.2 245. ) } 386.2 513.9
10 Percent for Vehicle Support Structure 1 l4.0 19.6 24.5 i 38.6 51.4
Total Fixed Weight J 153.9 215.8 | 269.6 . 424.8 565.3




The fixed and variable weights of the booster APU system for 225 hp
output at the gearbox are tabulated in Table 3-3 for the various possible
combinations of tank types (vacuum~jacketed hard shell, and soft shell and
storage concepts ( separate tankage for each APU, shared tankage for three
APU's, shared tankage for four APU's, and shared tankage with the APS--
assumes 10,000 1b each of hydrogen and oxygen in tanks).

The fixed and variable weight of the orbiter APU system are shown
similarly in Table 3-4.

Finally, using the scaling criteria described in Section 2, it is possible
to determine the APU system weight as a function of power level and total
energy output, Such curves are shown in Figures 3-25 and 3-26. They assume
separate hard shell tanks for each APU on the orbiter, and separate soft
shell tanks for each APU on the booster. Thus, these tankage concepts repre-
sent the extremes in the possible tank weights. The booster soft shell tanks
are the lightest of all tanks considered at any given deliverable contents
quantity, The orbiter hard shell tanks are the heaviest,
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TABLE 3-3

BOOSTER 225 HP APU SYSTEM WEIGHT - LOW PRESSURE CRYOGENIC LIQUID SUPPLY SYSTEM
(SINGLE APU)

Tank Type Hard Shell Soft Shell
Separate for | Common for | Common for! Shared With | Separate for | Common for | Common for| Shared With
Storage Concept Each APU 3 APU's 4 APU's APS Each APU 3 APU's 4 APU's APS
Fixed weight, 1b 215.8 215.8 215.8 215.8 215.8 215.8 215.8 215.8
Hydrogen weight, 1b 187.7 187.7 187.7 187,7 187.7 187.7 187.7 187.7
Hydrogen tank weight, 1b 163,2 137.0 135.0 112.5 84.5 65.7 62.0 28,2
Oxygen weight, 1b 98.1 98.1 98.1 98.1 98.1 98.1 98.1 98. 1
Oxygen tank weight, 1b 24,5 17.7 15.7 14,7 17.7 13.7 1.8 6.9
Total system weight, 1b 689.3 656,3 652.3 628.8 603.8 581.0 575.4 536.7
TABLE 3-4
ORBITER 225 HP APU SYSTEM WEIGHT - LOW PRESSURE CRYOGENIC LIQUID SUPPLY SYSTEM
(SINGLE APU)
Tank Type Hard Shell Soft Shell
Separate for | Common for | Common for| Shared with | Separate for | Common for| Common for| Shared with

Storage Concept Each APU 3 APU's 4 APU's APS Each APU 3 APU's 4 APU's APS
Fixed weight, 1b 215.8 215.8 215.8 215.8 215.8 215.8 215.8 215.8
Hydrogen weight, Ib 5!.8 51.8 51.8 51.8 51.8 51.8 51.8 51.8
Hydrogen tank weight, 1b 68.4 47.8 45,8 32,14 44,0 26,9 25,4 10.4
Cryogenic weight, 1b 28,4 28,4 28.4 28.4 28.4 28,4 28.4 28,4
Oxygen tank weight, Ib 52.5 1.4 7.0 4,5 48,3 9.9 6.8 3.5
Total system weight, 1b 416,9 355.2 348.8 332.6 388.3 332.8 328.2 309.9
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SECTION 4

INTEGRAL HIGH-PRESSURE CRYOGENIC SUPPLIED SYSTEM

GENERAL DESCRIPTION

In this system, the propellants are supplied from integral high-pressure
cryogenic tanks. Tank operating pressure is optimized for minimum system
total weight considering the effect of propeliant supply pressure on tankage
weight and turbine performance. Since the cryogenic tanks are a part of the
APU system, the system is required to incorporate provisions for maintenance
of the cryogenic tank pressure at the proper level. This will involve adding
heat to the contents of the tank for () initial pressure buildup to the
operating level and (2) maintenance of the operating pressure with propellant
withdrawl. This can be accomplished by one or more of the following means:

Internal electrical heaters with electrical power modulated by a
pressure switch.

Return heated cryogen to tank by means of a recirculating fan.

Pass heated cryogen through an internal heat exchanger with flow
modulated by pressure sensing control.

In the system schematic shown in Figure 4-!, the last method is used. This
was selected for simplicity, reliability, and minimum performance penalties
to the system.

High pressure hydrogen from the cryogenic tank is preheated by hot hydro-
gen which is heated by the turbine exhaust in a recuperative heat exchanger.
A portion of this preheated hydrogen is passed through the internal heat ex~
changer to maintain tank pressure at the desired value. The preheated hydrogen
next flows through a jet pump where it is augmented by recirculated hydrogen
flow in the thermal loop. The thermal loop involves cooling of the generator,
hydraulic fluid, gearbox lubricant, and turbine housing. After passing through
the recuperator, the hydrogen flow is split. a portion flowing to the combustor
and the remainder being recirculated through the thermal loop. The combustor
hydrogen flow is used to preheat the oxygen. As before, a portion of the pre-
heated oxygen is passed through the cryogenic oxygen tank to maintain its
pressure at the desired value. The gaseous hydrogen and oxygen pass through
control valves which maintain the proper flows and pressures to burn in the
combustor which supplies a hot high-pressure working fluid to the turbine.
After expansion in the turbine, the turbine exhaust gas flows through the re-
cuperator before being dumped overboard.
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CRYOGENIC STORAGE INTEGRATION

As indicated previously, the APU system is required to supply heat input
to the cryogenic storage tanks to maintain constant pressure with fluid with-
drawal. Figures 4-2 and 4-3 show the required input to maintain constant pres-
sure as a function of cryogen density (which will decrease with usage in a
constant volume supercritical storage tank). It will be noted that the heat
input per unit mass of fluid withdrawn will vary with density. Part or all of
the required heat input could be provided by heat leak into the tank. However,
this will be an inefficient design because of the wastage of cryogen by venting
during standby or part-load operation. 1In general, because of the mission and
operational requirements, it will be necessary to design a well-insulated tank
with very low heat leak.

SYSTEM SUPPLY PRESSURE TRADEOFF

As indicated previously, turbine performance tends to increase with
increasing supply pressure. With this system, where the turbine is supplied
directly from the cryogenic storage tanks, tank weight will tend to increase
with increasing pressure. An optimization study was performed to determine
the optimum storage pressure for this system.

As described in Section 2 of this report, the cycle performance program
was used to establish propellant consumption maps as a function of storage
pressure for the cycle described previously and shown in Figure 4-1. Figures
4-4, 4~5, and 4-6 are the APU performance maps for cryogenic supply pressures
of 300, 650, and 950 psia. These maps were used in the integration program
to determine the propellant requirements shown in Table 4-1 for the booster
and orbiter vehicle mission profiles. Then, the tankage weight penalties
(Appendix C) were applied to establish the weight tradeoffs with storage pres-
sure shown in Figures 4-7 and 4-8 for the booster and orbiter missions, respec-
tively. An optimum near 600 psia is obtained for both the orbiter and booster
missions.

SYSTEM PERFORMANCE

Propellant consumption is given in Figqure 4-5 as a function of output
power and ambient pressure. Figure 4-9 is a typical cycle state-point diagram.
The primary difference between this and the low-pressure cryogenic supplied
system described in the previous section involves elimination of the propellant
pumping power penalty and addition of negative heat loads representing thermal
requirements for pressure maintenance with fluid withdrawal. Cycle perfor-
mance parameters are uneventful and generally lower temperatures are obtained
than the low-pressure system because of the reduction in parasitic losses (for
propellant pumping) and additional heat sink capacity (for cryogenic tank
pressurization).
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TABLE 4-!

MISSION PROPELLANT REQUIREMENTS

Cryogenic Storage Propellant Requirements, 1b
Pressure, psia Booster Mission Orbiter Mission
H2 02 HZ 02
300 238.0 109.9 58.8 29.1
650 176.1 90.4 47.6 25.6
950 167.3 87.0 46.3 25.2
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WEIGHT

Table 4-2 summarizes the APU fixed weight as a function of the peak output
power. Figure 4-10 shows a plot of fixed weight vs output power. The inflec-
tion in the curve is due to the variation in available pump weights and speeds.

The fixed and variable weight of the booster APU system for 225 hp output
at the gearbox are tabulated in Table 4-3 for the various combinations of tank
types (vacuum-jacketed hard shell, and soft shell) and storage concepts (sepa-
rate ta;kage for each APU, shared tankage for 3 APU's and separate tankage for
4 APU's).

The fixed and variable weights of the orbiter APU system are shown simi-
larly in Table 4-4.

Finally, using the scaling criteria described in Section 2, it is possible
to determine the APU system weight as a function of power level and total energy
output. Such curves are shown in Figures 4-11 and 4-12. They assume separate
hard shell tanks for each APU on the orbiter, and separate soft shell tanks for
each APU on the booster. Thus, these tankage concepts represent the extremes
in the possible tank weights. The booster soft shell tanks are the lightest
of all tanks considered at any given deliverable contents quantity. The orbi-
ter hard shell tanks are the heaviest.
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Figure 4-10. APU Fixed Weight; Integral High Pressure Cryogenic System
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TABLE 4-2

APU FIXED WEIGHT INTEGRAL HIGH PRESSURE CRYOGENIC

6S

Peak Power Required 225-hp
Component 100 hp Design Point 300 hp © 500 hp | 750 hp
Hydraulic pumps 14.0 25.0 44.0 103.0 | 145.0
Generator 9.0 20.0 27.0 | 45.0 67.0
Turbine (with containment) 44.0 44,0 44,0 44,0 44,0
Combustor (with insulation) 2.1 l 3.1 3.6 ; 4.6 5.6
Contro!l Logic Devices 0 | 6.0 6.0 | 6.0 6.0
Control Valves 5 1 5.0 5.5 6.0 7.0
Pressure Regulators | 2.0 ; 2.0 2.0 2.5 3.0
o [[Recuperator 0.2 | 6.5 19.5 26.8 34.2
E, H, Preheater 2.6 ; 3.8 4.4 5.7 7.0
‘E« 0, Preheater 0.5 | 0.7 0.8 1.0 1.3
j Hydraulic 0il Cooler 2.2 4.4 5.0 6.2 7.4
E Jube 0il Cooler .0 |.4 1.8 2.9 4.3
H2 Pump - - - - -
Reactant Pumps
02 Pump - - - - -

Gear Box With Lube Pump 5.7 17.4 26.6 58.9 92.5
Lube 0il in Sump 7.7 7.7 7.7 7.7 7.7
Instrumentation 1.0 1.0 1.0 1.0 1.0
Ducting 14.9 21.6 24.8 31.7 38.7
Subtotal 127.4 179.6 223.7 353.0 471.7
10 Percent for Vehicle Support Structure 12.7 8.0 22.4 35.3 47.2
Total Fixed Weight 140.1 197.6 246, | 388.3 518.9
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BOOSTER 225 HP APU SYSTEM WEIGHT -

TABLE 4-3

(SINGLE APU)

INTEGRAL HIGH-PRESSURE CRYOGENIC SUPPLIED SYSTEM

Tank Type Hard ShE‘l Soft She”
Separate for Common for Common for Separate for Common for Common for
Storage Concept Each APU 3 APU's 4 APU's Each APU 3 APU's 4 APU's
Fixed weight, 1b 197.6 197.6 197.6 197.6 197.6 197.6
Hydrogen weight, 1b . 176.1 176.1 176, 1 176.1 176,1 176, 1
Hydrogen tank weight, 1b 289.0 259.0 250.0 195.5 171.0 169.0
Oxygen weight, 1b 90.4 90.4 90.4 90.4 90.4 90. 4
Oxygen tank weight, 1b 26,2 20.8 19.9 24,4 19,0 18.1
Total system weight, 1b 779.3 743.,9 734,0 684,0 654, 1 651,2
TABLE 4-4

ORBITER 225 HP APU SYSTEM WEIGHT - INTEGRAL HIGH-PRESSURE CRYOGENIC SUPPLIED SYSTEM
(SINGLE APU)

Tank Type Hard Shell Soft Shell
Separate for Common for Common for Separate for Common for Common for

Storage Concept Each APU 3 APU's 4 APU's Each APU 3 APU's 4 APU's
Fixed weight, 1b 197.6 197.6 197.6 197.6 197.6 197.6
Hydrogen weight, 1b 47.6 47.6 47.6 47.6 47.6 47,6
Hydrogen tank weight, 1b 144,0 105.7 102.0 121.0 88.5 79.5
Oxygen weight, 1b 25.6 25,6 25.6 25,6 25.6 25.6
Oxygen tank weight, Ib 43,5 9.5 7.7 33.3 8.5 6.9
Total system weight, 1b 458,3 386.0 380.5 425, 1 367.8 357,2
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SECTION 5

GASEOUS Hp-0p SUPPLIED SYSTEM OPERATED AT SUPPLY PRESSURE

INTRODUCTION

In this system, the propellants are obtained as high-pressure gases from
another sytem. System configuration is somewhat sensitive to the propellant
gas inlet temperature. For example, with high propellant inlet temperatures
on the order of 500°R, no propellant conditioning is necessary, but the thermal
capacity in the propellant flow may not be sufficient under some conditions
to meet the system heat sink requirement and a supplemental heat sink (water
boiler) will be needed. ,0n the other hand, with low propellant inlet tempera-
tures (200° to 300°R), the heat sink capacity in the propellant flow will be
sufficient to reject the internal heat load at acceptable temperature levels.
However, to avoid low temperature thermal problems in some components
(particularly the oil coolers), it will be necessary to incorporate thermal
conditioning provisions similar to those used in the systems described previously
- in this report. The ?ystem schematic given in Figure 5-1 incorporates pro-
visions to meet the entire temperature range. If the inlet temperature range
can be restricted, one or the other of the two systems shown in Figures 5-2
and 5-3 will suffice. ’

High Inlet Temperature Cycle

In this cycle (shown in Figure 5-2) cooling hydrogen flow is recycled
through a water boiler (for supplemental cooling and cooling flow augmentation)
by a jet pump. The recycle loop flow control senses heat exchanger discharge
temperature and regulates recycle flow to maintain temperature at the proper
level for cooling of the tubricant and hydraulic fluid. Where supplemental
cooling is not required, the recycle loop is shut.

Low Inlet Temperature Cycle

In this cycle, shown schematically in Figure 5-3, hot gas flow from the
recuperator is recycled by the jet pump to provide a suitable inlet temperature
(on the order of 460°R) to the hydraulic fluid heat exchanger.

Intermediate Inlet Temperature

At intermediate propellant inlet temperature levels (on the order of 400°R),
supplemental cooling will be required during some conditions and propellant
heating will be required during other conditions. The system shown in
Figure 5-1 has provisions to accommodate both requirements and may be needed
for intermediate propellant inlet temperature levels, as well as being applica-
ble to conditions where the propellant temperature may vary over a very wide
range during the course of a mission,
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DESIGN TRADEOFFS

To investigate the effect of gaseous delivery supply temperature and
pressure, APU performance maps for inlet temperatures of 200°, 300°, 400°, and
500°R and inlet pressures of 300, 650, 950, and 1250 psia were prepared.

200°R Inlet Temperature

Figures 5-4 through 5-7 show the performance maps for various inlet
pressures. The system schematic given in Figure 5-3 is applicable to this
inlet temperature., That is, propellant flow has sufficient thermal capacity
to provide the entire heat sink for the system and no supplemental cooling
is required.

300°R Inlet Temperature

Figures 5-8 through 5-11 give the system performance maps. No supple-
mental heat sink is required and the system schematic given in Figure 5-3
is applicable to this inlet temperature.

400°R Inlet Temperature

As shown in the performance maps given in Figures 5~12 through 5-15,
supplemental cooling is needed under some conditions. Under other conditions,
it will be necessary to thermally condition the propellant flow for it to
provide the proper temperature level for cooling. As a consequence of these
two requirements, the system schematic shown in Figure 5-1 is applicable to
this inlet temperature.

500°R Inlet Temperature

The performance maps for a 500°R inlet temperature are given in
Figures 5-16 through 5-19. In this case, no thermal conditioning of the
propellant flow is necessary and supplemental cooling is needed under some
conditions. Therefore, the system schematic given in Figure 5-3 is applicable
to this inlet temperature.

Nonrecuperative Cycle

As the propellant feed temperature increases, a point will be ultimately
reached where regeneration is not justified. To explore this condition,
additional 500°R cases were considered using a nonrecuperative cycle,

Figure 5-20 is a performance map for the 300 psia 500°R inlet case. As with
recuperative cycles operating at the same inlet conditions, supplemental
cooling is needed only at low ambient pressure and low power level,

APU Expendable Requirements

The cycle performance maps described previously were fed into the mission
integration program to determine the expendable requirements. Tables 5-1 and
5-2 show the APU expendable requirements (hydrogen, oxygen, and water) as a
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TABLE 5-1

EXPENDABLE REQUIREMENTS FOR BOOSTER MISSION

Expendables Required (1b) for Infet ﬁreSSU;e and Température
propellant Inlet 300 psia 650 psia 950 psia |256 psia
Temperature H2 02 H20 H2 02 H20 H2 02 H20 H2 02 HZO
Recuperative cycle| | | S

200°R 242.5 100.4 - 179.4 85.0 - 169.3 82,0 - 163.8 80.2 -
300°R 233.8 91.8 - 178.0 78.5 - 169.1 76.8 - 64,4 75.7 -
400°K 236.7 82.7 0 179.5 74.7 0.016] 169.7 73.0 0.249|164.7 71.6 0.42
500°R 249,2 84.1 1.4 184.7 72.6 2.5 174,1 70.7 2.7 169.7 69.7 3.0
Nonrecuperative o . 7
Cycle
500°R 245.6 205.0 0.937 - - - - - - - - -

TABLE 5-2

EXPENDABLE REQUIREMENTS FOR ORBITER MISSION

Expendables Requfééa (1b) féf inlet Eréssure a;a Temperature
300 psia 650 psia 950 psia 1250 psia

?ZEﬁZla'iﬂf-eI"'et Hy 0, H0 | H, 0, H0 | Hy 0,  H0 1 H, 0,  H0
Recuperative Cycle

200°R 60.0 27.4 - 48,5 24,8 - 47,1 24,3 - 46,3 23,6 -

300°R 59.1 25,4 - 48.8 23,0 - 47,5 22,7 - 46,4 22,6 -

400°R 60.2 21,5 5.7 49,8 22.5 7.4 | 47.6 22,1 7.5 |46.47 21.89 9.5

500°R 61.9 24,0 9.5 50.2 22,0 12,5 | 48,3 21,7 13.0 |47.2 2t.6 13,5
Nonrecuperative
Cycle

500°R 63.1 49,2 8,529| -~ - - - - - - - -
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function of the propellant inlet conditions for the booster and orbiter
missions. It is necessary to consider the penalties to the vehicle for pro~
pellant conditioning to properly evaluate overall performance.

SYSTEM INTEGRATION

The NASA guidelines for the gaseous propellant supplied system specify
inlet conditions to the cycle of 300 psia and 500°R. Presumably, the propel-
lants would be provided by the auxiliary propulsion system (APS). However,
it should be emphasized that the propellant supply and conditioning functions
provided by the APS are accomplished at a weight penalty to that system, and
as a consequence, this should be taken into account in evaluation of this system
relative to others which have integral propellant conditioning provisions.

Propellant Pumping

Propellant pumping can be efficiently performed by the APS turbopump.
Presumably, the APU could be supplied from the APS propellant accumulators at
relatively low cost to that system because of the relatively low APU propellant
flow requirements. It appears that it will not be necessary to penalize the
APS (by using larger accumulators or higher capacity pumps) for the propellant
pumping function.

Propellant Thermal Conditioning

Thermal conditioning of the APU propellant flows may impose penalties on
the APS supply system equivalent to the APU propellant weight. The penalties
to the APS for thermal conditioning depend upon the conditioned propellant
0/F ratio and temperature, as shown in Figure 5-21. For the low 0/F ratios
required by the APU, relatively high conditioning penalties are obtained. For
example, at an O/F = 0.45 and a 500°R conditioned temperature, the conditioning
penalty is represented by 73.5 percent of the APU propellant flow (not including
the APS tankage penalties for storage of these additional propellants). Of
course, the penalties to the APS can be reduced by reducing the conditioned
propellant temperature. (There is substantial incentive in APS design optimiza-
tion for use of minimum conditioned temperature.)

Heating of Propellant in Feedlines

Since the APU may be installed some distance from the propellant source
in the APS, there is a question of heat leak in the propellant feedlines, and
its effect on APU design. Figure 5-22 shows the results of a preliminary
analysis of feedline heat leak. For the range of ducting run applicable here,
it appears that the heat leak in the feedlines will be low and can be reduced
to negligible levels by use of appropriate thermal insulation.

Propellant Supply

The APS will be penalized by the direct propellant requirements (given in
Tables 5-1 and 5-2) and by propellant required for thermal conditioning the
APU propellant flow in the APS. Tables 5-3 and 5-4 give the total hydrogen
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TABL

E 5-3

TOTAL PROPELLANT AND CONDITIONING REQUIREMENTS FOR BOOSTER MISSION

Expendables Required (1b) for Inlet Pressure and Temperature

300 psia 650 psia 950 psia 1250 psia
?22221222:eIHIEt Hy 0y Hy 0y Ha 0y Hy )
Recuperative o )
200°R 292.7 154.2 |217.1 122.7 | 204.4 117.1 | 198.1 114.5
300°R 305.3 163.3 [231.8 132.3|220.7 128.4|214.9 126.2
400°R 333.7 183.9 |253.0 148.2 |238.5 141.8|232.1 139.0
500°R 380.2 215.1 |280.7 168.6 | 264.6 161.2|259.0 159.0
ﬁgn;écugérated -
500°R 378.6 338.0 | - - - - - -
TABLE 5-4

TOTAL PROPELLANT AND CONDITIONING REQUIREMENTS FOR ORBITER MISSION

Expandables Required (1b) for Inlet Pressure and Temperature

7300 psia 650 psia 950 psia 1250 psia

$£2221;i3:e1n13t Ha 0 | M O M 0 | H 0
Recuperative o

200°R 72.4  39.8 [59.0 35.3 |56.9 34.1 |55.9 33.2

300°R 77.3  43.6 |64.3 38.5 |61.9 37.1 [60.7 36.9

400°R 84.9  45.8 [70.3 43.0 |67.3 41.8 |65.7 41,1

500°R 94.7  56.8 |76.7 48.5 |73.8 47.2 |72.2 46.6
No;}ecuperated N o

500°R l102.2  88.3 | - - - - - -
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and oxygen required from the APS propellant supply as a result of the APU
propellant flow.

Figures 5-23 and 5-24 show that there is considerable incentive for
operation at maximum pressure and minimum inlet temperature conditions. It
should be emphasized that if this function is integrated into the APS propel-
lant conditioning, the requirements for the APS will determine the inlet
propellant conditions.

SYSTEM PERFORMANCE

As indicated previously, cycle configuration is somewhat dependent upon
the propellant inlet temperature. Three cycle modifications have been identi-
fied according to whether (1) recycling of warm gas is needed for propellant
conditioning, (2) recycling of cooled gas and a supplemental heat sink are
required for system thermal control, or (3) both functions are needed in the
system at different times.

Low Inlet Temperature Cycle

Figures 5-25 and 5-26 are typical cycle state point diagrams for a low
inlet temperature (200°R) cycte at sea level- high-power-output and space
low-power-output conditions. As-with previous systems, the temperature of the
hydraulic fluid and lubricant increase with decreasing power output and
ambient pressure. The temperature levels shown for the hydraulic fluid and
lubricant at the space low-power-altitude condition can be reduced by increasing
heat exchanger effectivenesses (at a penalty in system fixed weight) or by
various cycle modifications (such as relocation of the recirculation loop from
downstream of the recuperator to downstream of the turbine housing heat
exchanger or the lube oil heat exchanger). These modifications have small
effect on cycle performance.

High Inlet Temperature Cycle

Figures 5-27 and 5-28 are typical cycle state point diagrams for a high
inlet temperature (500°R) cycle at sea-level high power-output and space
low-power-output conditions. At the high power condition, the propellant flow
provides an adequate heat sink. At low-power low-ambient-pressure conditions,
supplemental cooling is provided by a water boiler. 1In this case, the water
boiler recirculation loop flow is modulated to maintain the hydrogen tempera-
ture at the exit of the lubricating oil heat exchanger at 850°R.

Intermediate Inlet Temperature Cycle

Figures 5-29 and 5-30 show typical cycle state-point diagrams for an
intermediate inlet temperature (400°R) system. At the high-power-output
sea-level condition, warm gas is recycled to bring the hydraulic fluid inlet
hydrogen temperature to 460°R. At the low-power-output zero-pressure condition,
gas cooled by the water boiler is recycled to maintain the lubricating oil
hydrogen outlet temperature below 850°R,
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WEIGHT

Tables 5-5, 5-6, and 5-7 summarize the APU fixed weight as a function of
the peak output power. The system weights differ slightly depending on the
propellant inlet temperature. The data assume an inlet pressure of 650 psia;
however, the fixed weight is nearly independent of pressure. Figure 5-3Il
shows a plot of fixed weight vs output power; the data are applicable to all
inlet temperatures considered here. The inflection in the curve is due to the
variation in available pump weights and speeds.

The fixed and variable weight of the booster APU system for 225 hp output
at the gearbox, are tabulated in Table 5-8 for the various combinations of
tank types (vacuum-jacketed hard shell, and soft shell) and propellant inlet
temperature to the APU (200°, 300°, 400°, and 500°R). The table assumes a
propellant inlet pressure of 650 psia for all cases except one. The weight
data include the fluid required by the APS to condition the APU propeltant
to the desired inlet state and include a tankage allowance for that propellant.
The tanks are assumed to be large tanks on the order of 10,000 |b each of
hydrogen and oxygen.

The fixed and variable weight of the orbiter APU system are shown
similarly in Table 5-9.

Finally, using the scaling criteria described in Section 2, it is
possible to determine the APU system weight as a function of power level and
total energy output. Such curves are shown in Figures 5-32 through 5-35,
Figures 5-32 and 5-33 are the 500°R, 300 psia case requested by NASA and
Figures 5-34 and 5-35 are for 200°R, 650 psia inlet conditions. They assume
low-pressure hard shell tanks for the orbiter and low-pressure hard shell
tanks for the booster,
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APU FIXED WEIGHT HIGH PRESSURE 500°R GASEOUS H,-0_ SUPPLIED SYSTEM

TABLE 5-5

2 2
Peak Power Required 1

Component 100 hp ﬁii?;ﬁ Point 300 hp : 500 hp 750 hp
Hydraulic pumps 14.0 25.0 44,0 103.0 145,0
Generator 9.0 20.0 27.0 | 45.0 67.0
Turbine (with containment) 44.0 44,0 4.0 | 44.0 44.0
Combustor (with insulation) f 2.1 3.1 3.6 | 4.6 5.6
Control logic devices [ 6.0 6.0 6.0 6.0 6.0
Control valves 5.0 5.5 6.0 | 6.5 1.5
Pressure regulators 3.0 3.0 3.0 | 3.5 4,0
Recuperator 10,2 16,5 19.5 26,8 34,2

£ Jwater boiter 2.0 4.5 6.0 10.0 15.0
HE’ 0, preheater 0.4 0.5 0.6 0.7 0.9
3 2 | Hydraulic oil cooler 2.4 4,8 5.5 6.8 8.1
= ¥ Lube oi1 cooler b 1.5 2.0 3.2 4.7
Gearbox with lube pump 5.7 1744 26.6 58.9 92.5
Lube oil in sump 7.7 7.7 7.7 7.7 7.7
Instrumentation I.0 1.0 1.0 1.0 1.0
Ducting 14,9 21,6 24.8 31.7 38,7
Subtotatl 128.5 182.1 227.3 359.4 481.9

10 percent for vehicle support structure 12.9 18,2 22.7 35.9 48,2
Total fixed weight 141.4 200.3 250.0 395.3 530. 1




TABLE 5-6

APU FIXED WEIGHT HIGH PRESSURE 400°R GASEOUS H2--02 SUPPLIED SYSTEM

06

Peak Power Required 225-hp
Component 100 hp Design Point 300 hp 500 hp 750 hp
Hydraulic pumps 14.0 25.0 44,0 103.0 145.0
Generator 9.0 20.0 27.0 45.0 67.0
Turbine (with containment) 44,0 44,0 44,0 44,0 44,0
Combustor (with insulation) 2.1 3.0 3.6 4,6 5.6
Control logic devices 7.0 7.0 7.0 7.0 7.0
Control valves 5.5 6.0 6.5 7.0 8.0
Pressure regulators 3.0 3.0 3.0 3.5 4.0
o (Water boiler 0.6 1.4 1.9 3.1 4.7
é, Recuperator 10,2 16.5 19.5 26.8 34,2
§‘~H2 preheater 1.7 2.5 2.9 3.8 4,6
5 0, preheater 0.4 0.5 0.6 0.7 0.9
§ Hydraulic oil cooler 2.4 4.8 5.5 6.8 8.1
* LLube oil cooler 1.l 1.5 2.0 3.2 4,7
Gearbox with lube pump 5,7 17.4 | 26.6 58.9 92.5
Lube oil in sump 7.7 7.7 1.7 1.7 7.7
Instrumentation 1.2 1.2 0.2 1.2 1.2
Ducting 16.4 23.8 27.3 34,9 42.6
Subtotal 132.0 185.4 230.3 361.2 481.8
10 percent for vehicle support structure 13,2 18,5 23.0 36. | 48,2
Total fixed weight 145,2 203.9 253.3 397.3 530.0
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TABLE 5-7

APU FIXED WEIGHT HIGH PRESSURE 200° TO 300°R GASEOUS H2-02 SUPPLIED SYSTEM

Peak Power Required

225-hp
Component 100 hp Design Point 300 hp 500 hp 750 hp
Hydraulic pumps 14,0 25.0 44,0 103.0 145,0
Generator 9.0 20,0 27.0 45,0 67.0
Turbine (with containment) 44,0 44,0 44,0 44,0 44,0
Combustor (with insulation) 2.1 3.1 3.6 4,6 5.6
Control logic devices 6.0 6.0 6,0 6.0 6.0
Control valves 4,5 5.0 5.5 6.0 7.0
Pressure regulators 2.0 2.0 2.0 2.5 3.0
[ Recuperator 10,2 16.5 19.5 26.8 34,2
& H, preheater 1.7 2.5 2.9 3.8 4.6
£ 0, preheater 0.4 0.5 0.6 0.7 0.9
35 | Hydraullc oil cooler 2.4 4.8 5.5 6.8 8.1
T % Lube oi1 cooler 1 1.5 2.0 3.2 4.7
Gearbox with lube pump 5.7 17.4 26.6 58.9 92.5
Lube oil in sump 7.7 7.7 7.7 7.7 7.7
Instrumentation 1.0 1.0 1.0 1.0 1.0
Ducting 14,9 21.6 24,8 31.7 38,7
Subtotal 126.7 178.6 222.7 351.7 470.0
10 percent for vehicle support structure 12.7 17.9 22,3 35,2 47.0
Total fixed weight 139,.4 196.5 245,0 386.9 517.0
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BOOSTER 225 HP APU SYSTEM WEIGHT - HIGH PRESSURE GASEOUS HZ-O

TABLE 5-8

2

SUPPLIED SYSTEM

(SINGLE APU)

Tank Type Hard Shell Soft Shell

500°R 500°R 400°R 300°R 200°R 500°R 500°R 400°R 300°R 200°R
propellart Inlet Condition | 300 psia | 650 psia | 650 psia | 650 psia | 650 psia | 300 psia [ 650 psia | 620 psia | 650 psia | 650 psia
Fixed weight, Ib 200.3 200.3 203.9 196.5 196.5 200.3 200.3 203.9 196.5 196.5
Hydrogen weight, 1b 380.2 280.7 253.0 231.8 217.1 380.2 280.7 253.0 231.8 217,
Hydrogen tark weight, 1b 228 168.0 152,0 139.0 130.0 57.0 42.2 28,0 34,8 32.6
Oxygen weight, Ib 215.¢ 168,6 148,2 132.3 122,7 215.1 168.6 148,2 132.3 122.7
Oxygen tank weight, b 32.2 25.3 22.2 19.9 18.4 15.1 1.8 10.4 9.3 8.6
Water weight, |b 1.4 2.5 2.7 - - 1.4 2.5 5.1 - -
Water storage feed system 14.1 14,1 14,1 - - 14,1 14,1 t4.1 - -
weight, 1b
Total system weight, 1b 1071.,3 859.5 796.1 719.5 684.7 883,2 740.2 672.7 604,7 572.5

TABLE 5-9
ORBITER 225 HP APU SYSTEM WEIGHT - HIGH PRESSURE GASEOUS H,-0, SUPPLIED SYSTEM
(SINGLE APU)

Tank Type Hard Shell Soft Shell

500°R 500°R 400°R 300°R 200°R 500°R 500°R 400°R 300°R 200°R
Propellant Iniet Condition | 300 psia | 650 psia { 650 psia { 650 psia | 650 psia { 300 psia | 650 psia | 650 psia | 650 psia | 650 psia
Fixed weight, 1b 200.3 200.3 203.9 196.5 196.5 200.3 200.3 203.9 196.5 196.5
Hydrogen weight, 1b 94.7 76.7 70.3 64,3 59.0 94,7 76.7 70.3 64,3 59.0
Hydrogen tank weight, 1b 58.8 47,5 43,5 39.9 36,6 18.9 15.3 14,1 12,8 1.8
Oxygen weight, 1b 56.8 48.5 43,0 38.5 35.3 56.8 48,5 43.0 38.5 35.3
Oxygen tank weight, 1b 9.1 7.8 6.9 6.2 5.7 6.8 5.8 5.2 4.6 4,2
Water weight, 1b 9.5 12,5 13,0 - - 9.5 12,5 13.0 - -
Water storage feed system 7.2 7.2 7.2 - - 7.2 7.2 7.2 - -
weight, 1b
Total system weight, 1b 436, 4 400.5 387.8 345.4 333.1 393.2 366.3 356.7 316.7 306.8
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SECTION 6

DUAL-MODE AIRBREATHING/PROPELLANT SYSTEM

INTRODUCTION

The dual-mode system, shown in Figure 6-1, uses an airbreathing gas tur-
bine power section for operation during atmospheric flight and a hydrogen-
oxygen propellant turbine for operation outside the atmosphere. The gas turbine
uses hydrogen (or alternately JP fuel) in a conventional open-Brayton-cycle
with air as the working fluid. The propellant turbine cycle is similar to
the integral high-pressure cryogenic supplied system described in Section 4
of this report. As a consequence, the system has two heat sinks correspond-
ing to the two power sources (that is, ram air for gas turbine operation and
hydrogen fuel flow for propellant turbine operation). A liquid thermal trans-
port loop provides heat transport between the heat sources (generator,
hydraulic fluid, gearbox lubricant, and turbine housing) and the two heat
sinks (ram air or hydrogen). The propellant system uses a recirculating hydro-
gen loop with cycle regeneration to avoid excessively low temperatures in the
hydrogen-to-transport fluid heat exchanger.

The two power turbines drive through fill-and-dump type fluid couplings
which serve as clutches to connect the active turbine and disconnect the
inactive turbine. During the clutching process, the fluid from one coupling
is pumped to the other with both turbines running at rated speed to permit a
smooth power transition between turbines.

SYSTEM TRADEOFFS

VGES Turbine Power Section

The gas turbine power section consists of a single-shaft turbine which
drives the compressor and provides the useful shaft power output. Figure 6-2
shows the performance tradeoffs with turbine inlet temperature and compressor

pressure ratio. For the present application, it will be desirable to design
the gas turbine for a relatively low pressure ratio preferably for a single~
stage compressor to simplify design and minimize fixed weight. It will be

noted that specific fuel consumption is relatively flat with respect to these
design parameters. Turbine inlet temperature, for example, has relatively
little influence on SFC, but does greatly influence machine specific through-
flow, which will be reflected in the size and weight of the gas turbine. For
the present system studies, a compressor pressure ratio of six and a turbine
inlet temperature of 2460°R will be assumed. A design point power level of
200 shp during the landing mode was selected for the turbine. Figure 6-3
shows the flowpath of the resulting gas turbine design.

Propeilant Turbine Section

Propellant weight will vary with design turbine inlet pressure. As shown
in Table 6-1i, propellant weight remains relatively constant for the range of
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TABLE 6-1

H2-02 TURBINE PROPELLANT WEIGHT
FOR BOOSTER AND ORBITER MISSIONS

Propellant Supply Pressure, psia | 300 650 950
Booster Hydrogen 24,4 21,1 20.6
Propellant
Weight, Oxygen 13.7 12.6 12.3
1b

Total 38. 1 33.7 32.9
Orbiter Hydrogen 58.8 47.6 46.3
Propellant
Weight, Oxygen 29.2 25.6 25.2
1b

Total 88.0 73.2 71.5
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supply pressure between 650 and 950 psia. When tankage penalties are taken
into account, minimum total system weight will be obtained at a design supply
pressure near 650 psia.

SYSTEM PERFORMANCE

Performance of an airbreathing gas turbine engine depends upon output
power and the temperature and pressure of the inlet air. Figures 6-4 through
6-6 show off-design performance as a function of altitude for three atmos-
pheric models:

MIL-STD-210 Hot Atmosphere
U.S. Standard Atmosphere
MIL-STD-210 Cold Atmosphere

The gas turbine has been sized for the hot atmosphere condition. It will be
noted that the power capability of the turbine will be greater for the other
two atmospheric models. With this increase in power generating capacity, the
turbine fuel consumption also increases with the colder inlet conditions.
Operating altitude has a most significant effect on both fuel consumption and
on power rating. Both power rating and fuel consumption decrease with in-
creasing altitude. The altitude design point is an important consideration
in gas turbine design. For the present mission profiles, the selected design
point is 200 shp during the landing condition. (The 225 shp peak can be met
by this turbine design on a transient basis.)

Figure 6-7 shows the gas turbine fuel consumption as a function of output
power and altitude. The power limit shown in this curve is set by the turbine
inlet temperature limits for continuous operation. A total of approximately
57.2 1b of hydrogen will be required for the atmospheric flight portion of the
booster mission. The present orbiter mission has essentially no atmospheric
flight and therefore requires all of the power to be supplied by the propellant
turbine.

WEIGHT

Figure 6-8 gives the gas turbine size and weight as a function of output
power. Table 6-2 summarizes system fixed weight for 100, 225, 300, 500, and
750 shp ratings. These data are plotted in Figure 6-9. For the present
orbiter mission, no atmospheric flight is specified and the airbreathing
elements (gas turbine power section and ram air heat exchanger) should be
deleted.

The propellant turbine requires high-pressure cryogenic storage supplying
the propellants at pressures on the order of 650 psia. The hydrogen used by
the airbreathing gas turbine, on the other hand, can be supplied at a consider-
ably lower pressure (on the order of 120 psia). At the design mission energy
level, the tankage weights indicate approximately a 10-1b weight saving by
combining both hydrogen propellant quantities in a single 650-psia tank.
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TABLE 6-2

APU FIXED WEIGHT DUAL-MODE SYSTEM

Peak Power Required

225 hp

Component 100 hp Design Point 300 hp 500 hp 750 hp
Hydraulic pumps 14,0 25.0 44.0 103.0 134.0
| Generator 10.1 22,0 30.5 53.3 78.6
Gas turbine 75.0 110.0 132.0 190.0 265.0
Propel lant turbine (with containment) 44,0 44,0 44,0 44,0 44,0
Combustor {with insulation) 2.1 3.1 3.6 4.6 5.6
Control logic devices 7.0 7.0 7.0 7.0 7.0
Control valves 5.5 6.0 6.5 7.0 8.0
Pressure regulators 3.0 3.0 3.0 3.5 4,0
(Ram air heat exchanger 2.6 35.0 4.4 56.8 12,5

» | Recuperator 10.2 16.5 19.5 26.8 34.2
% H2 Preheater 1.7 2.5 2.9 3.8 4.6
f%‘ 0, Preheater 0.5 0.7 0.8 1.0 1.3
9 | Coolant cooler 6.8 10.0 1.6 15,2 18.4
3 | Hydrautic oil cooter 2.0 4.0 4.6 5.6 6.7
* LLube oil cooler 0.7 1.0 t.3 2,1 3.1
Coolant pump 2,2 4,0 7.0 16.5 23,2
Coolant reservoir 9.4 20.0 26.2 43,1 64,1
Clutches 1.3 4.0 6.1 13.5 21.2
Gearbox with lube pump 5.7 17.4 26.6 58.9 92.5
Lube oil in sump 7.7 7.7 1.7 7.7 7.7
Instrumentation I.2 f.2 1.2 1.2 I.2
Ducting 16.4 23.8 27.3 34,9 42.6
Subtotal 248. | 367.9 454,8 699.5 950.5

10 percent for vehicle support structure 24.8 36.8 45,5 70.0 95, |
Total. fixed weight 272.9 404,7 500.3 769.5 1045,6




However, at higher energy levels, it is preferable for minimum tankage weight
to obtain the gas turbine hydrogen from a separate low-pressure supply. The
weight savings afforded by this approach must be evaluated against increased
system complexity in maintaining two propellant supplies, unless one or the
other can be integrated with another vehicle subsystem requirement.

Figures 6-10 and 6-11 show the total APU system weight as a function of
power level and total energy output. Both curves assume hard shell tankage.
These data use a scaling method somewhat similar to that described in Section
2; however, the hydrogen-oxygen turbine has been assumed to have a constant
SPC regardless of the output power under the low backpressure conditions.
This assumption is consistent with the turbine/system performance data pre-
sented in Figures 3-15 and 3-17 which show the turbine pressure ratio and
efficiency at low back pressures are both almost constant.

It should be noted that using the dual-mode system on the orbiter (with
gas turbine and ram air heat exchanger removed) makes that system weigh more
than does an equivalent high-pressure cryogenic supplied system, which is
described in Section 4. This is because the dual-mode system uses an inter-
mediate cooling loop, whereas the high-pressure cryogenic system rejects heat
directly to the cycle hydrogen flow.
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SECTION 7

MONOPROPELLANT SYSTEM

GENERAL DESCRIPTION

In the monopropellant system, turbine working fluid is supplied by a
monopropellant gas generator. Cooling is provided by a recirculating thermal
transport lfoop using a water boiler as the heat sink. The water and liquid
monopropellant are stored in tanks provided with expulsion bladders which are
pressurized by nitrogen. The monopropellant is additionally pressurized by an
electric motor driven pump. Figure 7-1 shows a schematic of the system,

DESIGN CONSIDERATIONS

Storable Propellant Selection

Consideration was given to both storable monopropellants and bipropellants,
Hydrazine mixtures were found to be the most suitable monopropellants in terms
of performance and experience. Fiqure 7-2 is a comparison of several hydrazine-
based monopropellants in terms of the design-point specific propellant consump-
tion as a function of pressure ratio for 230 hp output and a representative
turbine design. Propellant properties data are based on information presented
in AFAPL-TR-67-167. It will be noted that the 75-24-1 (75-percent hydrazine,
24-percent hydrazine nitrate, | percent water) gives the best performance.

This performance is obtained at a theoretical flame temperature of 2660°R,
which is somewhat higher than the optimum temperature of 2260°R selected for
the hydrogen-oxygen turbines. As will be shown, optimum turbine performance
is obtained at a lower pitch line velocity (on the order of 1400 fps) as
compared with the 1800 fps selected for the hydrogen-oxygen turbine. Conse-
quently, it was established that the combination of a design pitch velocity
of 1400 fps and a working fluid inlet temperature of 2660°R are compatible
with design values selected for the hydrogen oxygen turbine.

Freezing point has been a major limitation in application of anhydrous
hydrazine. Following are the freezing and boiling points of the four mono-
propellants shown previously:

Freezing Boiling or Decomposition
75-24~1 0°F 165°F
MHF -3 -65°F 165°F
MHF -5 -70°F 140°F
100 percent N,H, 36°F 236°F

To meet the required ambient temperature range of -65 to +300°F, thermal
control provisions probably will be required for storage of any mono-
propellant. Clearly, the problem is less difficult with a monopropellant
with a low freezing point. However, it is believed that the 0°F freezing
point of the 75-24-1 monopropellant mixture is compatible with readily
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attainable conditions in the Space Shuttle vehicles. As a consequence of its
superior performance, the 75-24-t monopropeilant was selected for the storable
propellant system.

Consideration was also given to various possible bipropellant combinations.
Nitrogen tetroxide-hydrazine (or hydrazine mixtures) was found to be the most
suitable bipropellant combination. However, it was found that no perfarmance
advantage was obtained over monopropellants at the same gas temperature level.
Since the 2660°R gas temperature obtained with 75-24~1 monopropellant was near
the maximum set by turbine thermal and stress considerations, no incentive
could be found for use of bipropellants over monopropellants.

Turbine Design

The thermodynamic properties of the working fluid provided by the mono-
propellant gas generator are significantly different from those obtained with
a hydrogen-oxygen system. Therefore, it would be expected that an optimum
monopropellant turbine design will be somewhat different than an optimum
hydrogen-oxygen turbine. The lower monopropellant spouting velocities would
tend to lead to lower pitch line velocities,

Figure 7-3 shows typical monopropelliant design-point performance variation
with turbine shaft speed and inlet pressure. For a turbine inlet pressure of
600 psia, optimum performance is obtained near 70,000 rpm.

Figure 7-4 shows the performance variation with pitch 1ine velocity.
A pitch line velocity of 1400 fps provides optimum turbine performance for a
600~psia inlet pressure. As mentioned previously, this lower velocity is
compatible with the higher turbine inlet temperature obtained with the high-
performance 75-24-1 monopropellant.

Turbine inlet pressure optimization is a function of the type of speed
control. With pressure modulation, turbine inlet pressure is throttled by
the speed control at part load and altitude operation. Therefore, it will be
necessary to size the monopropellant pumping system for maximum power-sea
level condition., At all other conditions, the pressure is reduced. Typically,
for the booster mode power condition at 10,000-ft altitude, turbine inlet
pressure is approximately 25 to 33 percent of that required for sea level
full power., As a consequence, the system will pay a pumping power penalty for
the relatively long duration mode power condition which represents 68 percent
of the booster mission duration. Figure 7-5 shows a typical tradeoff between
performance and turbine inlet pressure. If no pumping power penalty is paid,
propellant consumption will continuously reduce with increasing inlet pressure.
However, when the pumping power penalty is considered, optimum performance is
obtained at a turbine inlet pressure for the mode power condition in the range
from 600 to 800 psia (which corresponds to a pump design pressure from 1800 to
3200 psia).

Pulse modulation speed control leads to a different design inlet pressure

level for the turbine. 1In this case, the part-load performance may not be
sacrificed by reducing turbine pressure ratio. As previously indicated, the
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relative merit of pulse modulation depends upon the speed control requirements.
The volume of the gas generator is also important. It should be noted that
monopropellants require large gas generator volumes as compared to hydrogen-
oxygen combustors.

Propellant Exhaust Gas Properties

The exhaust products from a 75-24-1 APU would consist of about 18 percent
ammonia, 39 percent hydrogen, |2 percent water, and 3| percent nitrogen. Of
these, only the ammonia represents a potential corrosion problem. However,
AiResearch experience with monopropellant systems indicates that there will
be no corrosion problems with any metals as long as the exhaust gas temper-
ature is above the condensation point. When the exhaust gas is cooled
sufficiently to allow water to condense (carrying dissolved ammonia with
it), then minor corrosion problems may occur with copper or brass components.
Thus, for the Space Shuttle APU, it appears that there will not be a cor-
rosion problem if a monopropellant APU system is selected.

It should be noted that personnel must be kept isolated from the
immediate vicinity of the APU exhaust gas flow, whether a hydrogen-oxygen
or monopropellant APU is used because of the high gas temperatures and the
absence of oxygen.

SYSTEM PERFORMANCE

Figure 7-6 shows the turbine performance map for a monopropellant turbine
designed at altitude, mode power output., Unlike the hydrogen-oxygen systems,
the monopropellant system can be benefit from recuperation since the propel-
lant has little heat capacity. Therefore, system performance prediction can
be obtained solely by using a variation of the mission integration program
(described in Appendix F). This variant uses the following relationships:

Relation between turbine discharge pressure and ambient pressure
(exhaust duct pressure drop equation)

Relation between turbine shaft power and power demanded at gearbox
output pads

Relation between monopropellant pump drive power (assumed to be
electrically driven using generator power) and pump throughflow

Turbine performance map (presented in Figure 7-6)

Fluid Requirements

Determination of the propellant flows involved a two-step iteration
process, iterating first on turbine discharge pressure, and then on the power
balance (propellant pump power, which is a function of flow, must be added to
the power demanded at the gearbox output). This process was repeated for each
of the mission segments for both the booster and orbiter. The total propellant
and water requirements for the missions are shown in Table 7-1I.

111



26C

240

IR
=t -
meats Lk : :
T
O W
w ~Neo QO
o N g [T 3
Sww—F == 188 v u RN YR
Fxoxe w wnwn
< DD U T
o o] ~
WNWVWO ». w2
oW = -
T xXxek-oOo LN St i
W a o< — Tt
- o n » e
== (IR - S-S vk a i rirad
FwwkE W -1
= W < FEH T
= AZFWZO0oo [TEET
= X ZHDODQITCOOO [ -+ -
of a —t o = dF O P
o) < OWVW—— Lgmnio]
&L HL HZ > i e ey g
zl oo V=W O [ SRR SEg Sake
OO awnmHOI * s
1=l O o oo O
w - Ro wwnk
wl OO 0O —a <=
aAj~oNO—nSa
- —

NIW ¥3d 81 “3ILv¥ MO14 LNy113doyud

atag peas s T gl
ey = xaely ngeh
ek B Ee=a SAEK
“ = “ T [T
s T
s B e e peuil Stge
prwdruy anie iy Miuhd
Ve Sy RGNS R
el n Sl ) bt} Sutandy
I e f o =
1 gt gl o
4!', “ T il -
Nt e - - -
I ¥ ﬂm il pid bk
Y 1
NN U IREE psutd Py Su gadl [N i pleiia
NC ) SR M Pt I S S e i
T
I =N T '
T IR\ By gy -
Py Ppererl S : &
= W =
12, 2 w3
T o S~ e pps
HET A< o EEEEs sus 3 Sk B
H.HMC — T e iU A G A Sl diberis etk e
w w 0 ha Dul S TDNE nias 14 e
- g a = : i ey ey Ean ] = s et PR
o ~— " L = —t : ! T
It ina| LI N A O .I*I_. PR pS i prms
I T 11T | i ......um
e IS Lot T
T o wn e parn o ]
] inqs saguly By, " =
o Bl R o wrm 1
: T o
Bp——— S sy e
T e =
aCous STpRE I s . ]
un ~3 L] o~ - (@]

200 220

80

160

0
TURBINE SHAFT OUTPUT POWER (SHP)

8

60

40

20

S-6l461

Monopropellant Turbine Performance Map

6.

Figure 7-

112



TABLE 7-1

MONOPROPELLANT SYSTEM FLUID REQUIREMENTS¥®

Booster Vehicle Orbiter Vehicle
75-24-1 monopropellant 757.5 206,7
weight, 1b
Water weight, 1b 189.9 70.8

*Data include 5-percent residuals on both fluids.

Cycle State Points

Figures 7-7 and 7-8 show the state points in the monopropellant under
the two extremes of opeiating conditions, sea level, full power, and space,
zero hydraulic power. The schematics indicate that the water-glycol cooling
flow is established by the sea level full power condition. At this high flow
condition, the water boiler will only be able to cool the coolant to about
230°F because of the high ambient pressure, and the coolant flow out of the
Tube oil heat exchanger must be less than about 390°F (850°R--consistent with
maximum temperature limitation placed on the hydrogen-oxygen systems at this
point). Thus, the maximum temperature difference in the water-glycol loop is
about 160°F. This difference, in conjunction with the maximum power heat loads,
establishes the water-glycol flow rate.

WEIGHT

Table 7-2 summarizes the APU fixed weight as a function of the peak
output power. Since the weight of monopropellant and water is dependent upon
the details of the mission profile, these variable weights are excluded from
the table. Figure 7-9 shows a plot of fixed weight vs output power. The
inflection in the curve is due to the variation in available pump weights and
speeds.

The fixed and variable weights of a 225 hp available gearbox output APU
are presented in Table 7-3 for both the booster and orbiter vehicles.

Finally, using the scaling criteria described in Section 2, it is possible
to determine the APU system weight as a function of power level and total
energy output. Such curves are shown in Figures 7-10 and 7-tl. The orbiter
and booster parametric data are almost identical; however, there is a difference
in the ratio of the amount of propellant to the amount of water required to
perform the two missions. The booster mission requires about 0.251-1b water/1b
propellant, whereas the orbiter mission requires 0.342-1b water/1b propellant.
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TABLE 7-2

APU FIXED WEIGHT MONOPROPELLANT SYSTEM

Peak Power Required 225-hp
Component 100 hp Design Point 300 hp 500 hp 750 hp
Hydraulic pumps 14.0 25.0 44,0 103.0 145.0
Generator 1.2 24,0 34,0 61.5 90.2
Turbine (with containment) 44,0 44,0 44,0 44,0 44,0
Gas generator 2.0 3.0 3.5 4,5 5.4
Control logic devices 6.0 6.0 6.0 6.0 6.0
Control valves 4,5 5.0 5.5 6.0 7.0
Pressure regulators 2.0 2.0 2.0 2.5 3.0
Coolant reservoir 9.4 20,0 26,2 43,1 64,1
w [Water boiler 14,2 32.0 42,7 71.1 106.7
&4 Hydraulic oil cooler 2.0 4.0 4.6 5.6 6.7
w £ | Lube ol cooler 0.7 1.0 1.3 2.1 | 3.1
3 Monopropel lant pump 3.1 4,0 5.5 10.3 13.6
Reactant pumps |
Coolant pump 2,2 4,0 1 7.0 16.5 23,2
Gearbox with lube pump 5.7 17.4 ! 26.6 58.9 92.5
Lube oil in sump 7.7 7.7 o 1 7.7
Instrumentation 1.0 1.0 1 1.0 .o | 1.0
Ducting 27.8 40.2 | 6.1 59.0 | 72,0
Subtotal 167.5 240.3 | 307.7 | 502.8 | 691.2
10 percent for vehicle supporting structure 16,7 24,0 30.8 50.3 69.1
Total fixed weight 140. 1 197.6 246.1 553.1 760.3
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TABLE 7-3
BOOSTER AND ORBITER SYSTEM WEIGHTS FOR 225 HP APU
MONOPROPELLANT SYSTEM
Vehicle Booster Orbiter
Fixed weight, 1Ib 264.3 264.3
Monopropellant weight, 1b 756.5 206.7
Monopropellant tank weight, 1Ib 16.1 7.0
water weight, 1b 189.9 70.8
Water tank weight, 1Ib 7.0 4.1
Nitrogen tank and regulators weight, Ib 8.3 4.3
Total system weight, 1b 1242.1 557.2
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SECTION 8

SYSTEM COMPARISON AND EVALUATION

INTRODUCTION

Sections 3 through 7 have established the performance capabilities of the
five candidate systems that have been studied during the second half of Phase I
of the APU system study. These data are compared with one another in this
section to establish the relative incentive for selection of the various system
candidates. The system candidates are as follows:

Low-pressure cryogenic liquid supplied system (Section 3). Uses
cryogenic pumps to achieve an optimum turbine inlet pressure).

Integral high pressure cryogenic supplied system (Section 4). Cryo-
gens are stored at a high pressure with pressure being established
by trading off tank weight and turbine performance as functions of
system pressure.

High pressure gaseous hydrogen-oxygen supplied system (Section 5).
Cryogens are supplied as high-pressure gases from another system
on-board the vehicle.

Dual-mode system (Section 6). Uses a hydrogen-oxygen turbine for
space operation and a hydrogen-fueled gas turbine for atmosphere
operation.

Monopropellant system (Section 7). Monopropellant turbine using an
expendable evaporant, water, as the system heat sink.

SYSTEM COMPARISON

Table 8-1 is a summary comparison of the final series of APU systems
studied for the Space Shuttle and described in previous sections of th%s report.
To the basic five types of systems, two variants are shown, one reflecting the
difference between shared and separate tankage (for the low-pressure cryogenic
supplied system), the other reflecting a difference in inlet propellant condi-
tions (for the high-pressure gaseous supplied system). The weight comparisons
shown in the table were made on the basis of the following ground rules:

(a) System weight includes propellant and propellant tankage penalty.

(b) Propellant tankage penalty for separate tanks based upon mission
requirements for one APU with separate tankage.

(¢) Propellant tankage penalty for shared tanks based upon incremental

penalties for adding to a system containing 10,000 1b of hydrogen
and 10,000 Ib of oxygen.
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(d) Gaseous supplied systems penalized for propellants required for
thermal conditioning and tankage for storage of thermal condition-
ing propellants.

(e) Systems weights are given for both soft shell and hard shell
cryogenic tankage.

The data given in this table established the basis for the system evaluations
to be discussed subsequently.

SYSTEM EVALUATION

NASA has established the evaluation criteria and weighting factors as the
following:

Cost Reliability
Item Weighting Item Weighting

Low Weight 25 Simplicity 30

High Flexibility 20 Experience 5

Ease of Development i0

Ease of Manufacturing 5

Ease of Maintenance 5

The basis for establishing system ratings for these various considerations will

be discussed in the paragraphs following. It should be noted that minor changes
in the method of evaluation (such as placing added emphasis on key areas such as
controls and pumps) do not effect the relative ranking of the candidate systems.

Weight Evaluation

Table B8-2 lists system weight for the booster and orbiter missions and
the ratings based upon () booster mission, (2) orbiter mission, and (3) a
total mission in which the orbiter system weight is given a weighting of six
(to reflect the weight cost to the booster of orbiter weight). The total
mission rating most accurately represents relative system merit. This weight
evaluation is based upon the assumption of system commonality between the
booster and orbiter, which at the present time appears to be appropriate.

System Flexibility Evaluation

System flexibility represents the ability of the system to meet changing
mission requirements with minimum modification. Two types of change can be
anticipated; one involves increasing APU operating time; the other involves
increasing the output power level. Changes of the first type will be reflected
primarily in the expendable requirements. If the expendables are supplied by
integral storage in the APU system, changes in tank size will be required. If
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TABLE 8-1

APU SYSTEM COMPARISON SUMMARY

T
] System va|ght,’ | Ho. . 1
1b " Propellant Conditioning Hajor i Interface Conslderations Booster/Orbiter
— ——ee Compo- | Deval t System
APU System Conflguration! Booster, Orblter ' Tankage ~ Pressure | Temperature | Heat Sink Primary Controls nents With vehicle With Ground Support Problem Areas Commonality
Low-pressura cryogenic 604 388 Separate . Electric . Recuperative Propellant ©® H, flow contro) 23 ® APU Installation ® Cryogenic H, supply ® tow-flow, high-head Same except for
tiquid supplied system (689} 417)  low- motor In cycle f1 2 ' ‘ 2 ; P }
(lntegrilpgw-prgsur- wn pressure _ driven i = ® 0/F (0,) control | Eshaust duct ¢ Cryagenic 0, supply o 2nd 02 pures ‘::::?nlc storase |
tanks) " pumps ® Hy recycle control ! Installation |'® Gearbox lubricant Pump :";t?t:o" with "
' ‘e - saturated Inlet
| ® H, tank pressura control i® Tankage installa ® Hot N, for ground
CoR [ tion runup? @ Temperature sensor
. 0, tank pressure control ! P 1+ for O/F control
| ® Hlgh turndown ratlo "
. . I for pressure modu- ‘
{ lating type control
Il.tlx-[;;ussurTlc;yoge:Ic 53;9 310 Shared . Electric  Recuperative Propallant ® Hy flow control 17 ® (ryogenic dellvery |® Gearbox lubricant L. tow-flow, high-head Same
s system 6 - ! !
au upplied sy (e23) (333) ;:ssura . :‘::3:,,, fn cycle flow ® 0/F (Oz) control f:omstlnks to * Hot Ny for ground Ha and 02 pump3
putps ® 4. recycle control | pump i runup ® pump cavitation with
| p recy I8 APU installatlon saturated Inlet
!® Exhaust duct ! ® Temperature sensor
© Installation i for 0/F control
' ® High turndown ratio |
! for prassure modu-
lating typs control
‘““9"" MQ“'“‘:S“"‘ ?;"19) 225 Separats °|f°¢: ':GCUPN'“‘VB {Propellant @ 4, fiow contro} 14 § APU installation @ Cryogenic H, supply @ Temperature sensor Same eacept for
cryogenic s o -
,;Z!:" uep ) ::s:suro . ::::’ rom in cycle _flw . ®O/F (02) control ® Tank installatlion .~ ® Cryogenic Dz supply ‘. for 0/F control ::z:g;:lzlnks
. Il
! ® H, recycle control ® Exhaust duct ¢ Gearbox lubricant | ?‘l,?_hp::::w";::!" '
i ® H, tank pressure control | IE"“‘”':“J" |® Hot N, for ground ‘[ lating type control |
: . e Evaporatlion exit runup X
0, tank pressure control , duct Instaliation
\1 High-pressure ﬂigzn 883 | 393 Shared 1 Shared . Shared Propellant @ H2 flow control 10 ® Propellant dellvery ® Distilled uzo supply|® Tamperaturs sensor |Same except for
;ougpl:?:)syst-n { s (1071) - (436) . flow plus o 0/F (0,) control state ® Gearbox Jubricant for 0/F contro} water storage
P \"‘P‘“d‘b"‘ 2 ® APU lostallation High turndown ratio | tank
levaporant ' ® H, recycle control (cold) | 1@ Hot N, for ground for pressurs modu-
'H,0 Y ® Exhaust duct ! runup
2 , ¢ Evaporator Hy0 flow control ;‘ Installation . lating type control
1
® Evaporator exit
! duct Installation
|
ngh-;l:r:ssura gu;g;: 57: 307 Shared Shared Recuperative |Propellant | ® H2 flow control 12 | ® Propellant dellvery| ® Gearbox lubricant ® Temperatura sensor |Same
[
::p;l)o:n ’Zc’);":sga o (685) (331) in cycle flow . orF (02) control state . ot N, for ground for 0/F control
grutar)’ i, recycle control (hot) ¢ APU installatlon runup High turndown ratic
2 4 . for prassure modu-
IE:::::L:‘IJ: lating typs control
Dua) mode system (629 ) ?73 ) Separate Dfrect Recuperative | Propellant | ® Hy flow control | Propellant| 24 ® Ram alr inlet and |® Cryogenic Hy supply |® Temperature ssnsor |Gas turbine powsr
677 526 high- feed from| in cycle flow . turbine exit ducting . for 0/F control sactlon and ram
Propellant turbine pressurs tanks o/F (02) control installatlon Cryogenlc 0p supply Hlgh turn ratlo |17 heat exchanger]
L H, recycle control ® APU installatlcn ¥ Heat transport fluid fmg, pressure modu- deleted from
Alr breathing gas H, from Direct vaporizer in |Ram alr @ GT fuel flow control ® Gearbox lubricant lating type control orbiter system
turblne pfopellant | feed from | engine i ¢ Propallant turbine
® GT overteamperature f§turbine exhaust duct ® Gasoous H, for
turbine tanks 2
tanks Vimlt installation ground runup
® Ram alrflow control
® Clutch control
Monopropellant system 1242 557 Integral Electric | Not required | Expendable | ® Monofuel flow control 14 ® water storage tank [® HMorofuel supply . Long-1ife gas gen- |Same except for
Tow= motor evaporant | o Evaporatar H,0 flow control thermal control ® Distilled H0 supply arator design monopropeljant
pressure driven 2 ® APU Installation 2 and evaporant
tanks pumps ® Heat transport fluld storags tanks
® Turblne exhaust .
duct instaltation Gearbox lubricant
.
¢ Evaporator exit ﬁ: "2 for ground
duct installation P

*Jelghts without parentheses are for soft shell tanks,
Welghts with parentheses are for hard shell tanks.



TABLE 8-2

SYSTEM RATING FOR WEIGHT

System Weight, Ib System Rating
Booster | Orbiter | Booster | Orbiter | Total

System Mission | Mission | Mission | Mission | Mission
Low-pressure cryogenic supplied 604 388 0.890 0.790 0.818
system (integral tanks)
Low-pressure cryogenic supplied 537 310 1.000 0.990 1.000
system (shared tanks)
Integral high-pressure supplied 684 425 0.786 0.723 0.741
system
Gaseous supplied system (500°R, 883 393 0.609 0.780 0.754
300 psia)
Gaseous supplied system (200°R, 573 307 0.938 1,000 0.993
650 psia)

Dual mode system 629 473 0.854 0.650 0.691
Monopropellant system 1242 557 0.433 0.551 0.523
TABLE 8~3
SYSTEM RATING FOR FLEXIBILITY

Number of Changes
Required for Increased:
Mission OQutput
Duration Power Total Rating
Low-pressure cryogenic supplied 2 23 25 0. 440
system (integral tanks)
Low-pressure cryogenic supplied 0] 17 17 0.646
system (shared tanks)
Integral high-pressure supplied 2 14 16 0.688
system
Gaseous supplied system {500°R, | 10 I I.000
300 psia)
Gaseous supplied system (200°R, 0 12 12 0.915
650 psia)
Dual mode system 2 24 26 0.423
Monopropellant system 2 14 16 0.688
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the expendables are obtained from shared tankage, it will probably not be
necessary to make changes in the APU system. In this case, systems using
shared tankage will rate higher than those having integral tankage. With
changes in system requirements, which involve significant increases in system
output power, it will be necessary to resize most of the system components.
As a consequence, the criteria for this type of flexibility involve the total
number of major components comprising the system. Table 8-3 gives the system
flexibility evaluation. ' '

Ease of Development Evaluation

As shown in Table 8-4, the following three factors were assumed to be
indicative of the relative ease of development:

Number of rotating components in system

Number of control functions

Number of development problem areas
The sum of these factors should provide a relative index of the development
effort required for the various systems. As might be expected, the monopropel-

lant system emerges with the highest rating here,

Ease of Manufacturing Evaluation

In this evaluation (shown in Table 8-5), the total number of major compo-
nents, the number of rotating components, and the number of complex assemblies
provide the basis for the evaluation. Largely because of having a fewer number
of components, the gaseous supplied systems have the highest rating for this
factor.

Ease of Maintenance Evaluation

The maintenance evaluation given in Table 8-6 assumes that the primary
activities will involve system checkout of control functions and resupplying
expendable materials., The low-pressure cryogenic supplied system and the
200°R, 650 psi gaseous supplied system are tied for the higest ratings in
this category.

System Simplicity Evaluation

The system simplicity evaluation (Table 8~7) is based upon the total
number of major components, the number of control functions, and the number of
rotating components. The gaseous supplied systems show the highest ratings
in this evaluation.

System Experience Evaluation

The primary criteria in the system experience evaluation (Table 8-8) is
based upon the number of development problem areas. The monopropellant system
with the fewest development problem areas has the highest rating in this
category.
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TABLE 8-4

SYSTEM RATING FOR EASE OF DEVELOPMENT

Number of Number of | Number of
Rotating Control Development Total System
Components | Functions | Problem Areas | Number | Rating
Low-pressure cryogenic supplied 6 5 6 17 0.470
system (integral tanks)
Low-pressure cryogenic supplied 6 3 6 15 0.533
system (shared tanks)
Integral high-pressure supplied 4 5 2 N 0.726
system
Gaseous supplied system (500°R, 4 4 2 10 0.800
300 psia)
Gaseous supplied system (200°R, 4 3 2 9 0.890
650 psia)

Dual mode system 6 7 2 15 0.534
Monopropellant system 5 2 ! J 8 I.OOO_J
TABLE 8-5
SYSTEM RATING FOR EASE OF MANUFACTURE

Number of Number of | Number of
Major Rotating Comp lex Total System
Components | Components | Assemblies Number | Rating
Low=pressure cryogenic supplied 23 6 9 38 0.500
system (integral tanks)
Low-pressure cryogenic supplied 17 6 7 30 0.634
system (shared tanks)
Integral high-pressure supplied 14 4 7 25 0.760
system
Gaseous supplied system (500°R, 10 4 5 19 1.000
300 psia)
Gaseous supplied system (200°R, 12 4 5 21 0.904
650 psia)
bual mode system 24 6 9 39 0.488
Monopropellant system 14 5 6 25 0.760 |
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TABLE 8=6

SYSTEM RATING FOR EASE OF MAINTENANCE

Number of Number of
Control Materials Total System
Functions Supplied Number Rating
Low pressure cryogenic supplied 5 4 9 0.555
system (integral tanks)
Low-pressure cryogenic supplied 3 2 5 1.000
system (shared tanks)
Integral high-pressure supplied 5 4 9 0.555
system
Gaseous supplied system (500°R, 4 3 7 0.714
300 psia)
Gaseous supplied system (200°R, 3 2 5 1.000
650 psia)
Dual mode system 7 5 12 0.416
Monopropellant system 2 5 7 0.714
TABLE 8-7
SYSTEM RATING FOR SIMPLICITY
Number of Number of | Number of
Major Control Rotating Total System
Components Functions Components Number Rating
Low-pressure cryogenic supplied 23 5 6 34 0.529
system (integral tanks)
Low-pressure cryogenic supplied 17 3 6 26 0.693
system (shared tanks)
Integral high-pressure supplied 14 5 4 23 0.783
system
Gaseous supplied system (500°R, 10 4 4 18 1.000
300 psia
Gaseous supplied system (200°R, 12 3 4 19 0.945
650 psia)
Dual mode system 24 7 6 37 0.486
Monopropellant system 14 2 5 21 0,855
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TABLE 8-8

SYSTEM RATING FOR EXPERIENCE

Number of
Development System
Problem Areas Rating
Low-pressure cryogenic supplied 6 0.167
system (integral tanks)
Low=pressure cryogenic supplied 6 0.167
system (shared tanks)
Integral high-pressure supplied 2 0.500
system
Gaseous supplied system (500°R, 2 0.500
300 psia)
Gaseous supplied system (200°R, 2 0.500
600 psia
Dual mode system 2 0.500
Monopropeltant system l 1.000
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SYSTEM RATING

Table 8-9 summarizes the ratings discussed previously and applies the
weighting factors to establish total weighted ratings for each system.
Following is a listing of the relative standing of the various systems
together with the total weighted rating (based on a maximum possible total
score of 100).

System Total Weighted Rating
200°R, 650 psia gaseous supplied system 93.39
500°R, 300 psia gaseous supplied system 87.92
High-pressure cryogenic supplied system 73.11

(integral tanks)

Low-pressure cryogenic supplied system 73,04
(shared tanks)

Monopropellant system 69.85

Low-pressure cryogenic supplied system 55.93
(integral tanks)

Dual mode system 52.68
CONCLUSIONS

Based upon the foregoing evaluation, the gaseous supplied system is
recommended for the Space Shuttle APU. Considerable incentive is shown for
operation at Tow inlet temperature and the highest available pressure. This
system has the disadvantage of depending upon another system (APS) that has
not yet been defined. As a consequence, the APU system will be required to
have a measure of flexibility with respect to the ability to accommodate a
range of inlet conditions,
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TABLE 8-9

SYSTEM EVALUATION

Low=Pressure
cryogenlc Supplied
System

Low-Pressure
Cryogenlc Supplied

System

High-Pressure
Cryogenic Supplied

System

Gascous
Supplled System

Gasecous
Supplled System

Honopropeilant

(Integral Tanks) (Shared Tanks) (Integral Tanks) (500°R, 300 psia) (200°R, 650 psia) pual Hode System | System
Wolghting Waighted Wel ghted Wolghted Wolightod Welghted Wolghted Weighted
Evaluation Catogory Factor Rating Rating Rating Rating Rating Rating Rating Rating Rating Rating Rating Rating Rating |Roting
Welght 25 0.818 20,45 1,000 25,00 ”0.7“ 18,52 0,754 18,85 0.993 24,82 0,691 17.28 0.523 13.07
Flexibliitty 20 0.440 8.80 0.646 12.92 0,688 13.76 1.000 20.00 0.915 18,30 0,423 8,46 0.688 13.76
Easo of development 10 0.470 4,70 0.533 5,33 0.726 7.26 0,800 8.00 0,890 8.90 0,534 5.34 i1.000 5.00
Ease of monufacturing 5 0.500 2,50 0.634 3.7 0,760 3.80 1.000 5.00 0.904 4,52 0,488 2.44 0,760 3,80
€nse of maintenance 5 0,555 2.78 1.000 5.00 0.555 2.18 0,74 3.87 1,000 5.00 0,416 2.08 0.714 3.57
Simpliclty 30 0.52¢9 15.87 0.693 20.79 0,783 23,49 1,000 30.00 0.945 28,35 0,486 14,58 0,855 25,65
Exporlence 5 0.167 0,83 0.167 0.83 0.500 2,50 0,500 2.50 0.500 2.50 0,500 2.50 1.000 5.00
Total - 55.93 - 73.04 - 73.1 - 87,92 - 93,39 - 52,68 - 69.85
Relatfve system rating 3 2 1 7 5




SECTION 9

TECHNOLOGY EVALUATION

INTRODUCTION

Critical technology development areas can be defined as having one or
more of the following features:

(a) Design is complex
(b) There are no similar components in proven use

(c) A major component characteristic is not amenable to analysis and
test verification is not available

(d) Manufacturing processes are not proven

(e) Performance, life, and reliability have a major impact on system
tradeoffs and selection processes

(f) Development risk is high

To a very considerable extent, the Phase I activities have been directed to
establishing candidate system concepts with a minimum of these characteristics.
Then, in the system comparison and evaluation studies summarized in the pre-
vious section, the selection criteria led to recommendation of a system with the
fewest problem areas.

For the recommended gaseous hydrogen and oxygen supplied system, two
problem areas were identified:

(a) High turndown ratio for the flow controls

(b) Reliable Jong-life temperature sensors for O/F mixture ratio control
(past experience indicates temperature sensor signals have a tendency
to lose calibration when operated in a hydrogen environment for
extended periods.)

The low-pressure cryogenic supplied system was penalized because of the
problem areas anticipated with the propellant pumps. These problems resulted
from the low flows and high heads, the desire to use centrifugal pump designs
for reliability, and pump operation with saturated cryogenic liquids and the
resulting cavitation at the inlet. Work with small capacity cryogenic pumps
will proivde a useful technological base for future systems.

Pressure modulating control was assumed for the systems described in this
report. Pulse modulating control may offer performance advantage at the very
high turndown ratios required for the Space Shuttle APU. However, pulse
modulating control requires a large accumulator (weight on the order of 50 to
100 1b) for stability in driving a variable~delivery hydraulic pump. In addi-
tion, pulse modulating control imposes a large number of cycles on the control
valves and requires continuous operation of the combustor igniter. Both of
these characteristics tend to limit component operating life. If pulse modu-
lation control is selected, technology work in the various areas discussed
above will be desirable.
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APPENDIX A

H2-02 TURBINE PARAMETRIC DESIGN STUDIES

Parametric turbine studies were conducted to obtain the optimum turbine
configuration for the Space Shuttle APU application. These studies included
selection of the type turbine most appropriate, optimization of the various
parameters associated with the turbine design and evaluation of competitive
turbine designs over the assumed power-altitude profile to obtain the minimum
propellant requirement. The results of these studies are presented below.

A summarization of the turbine design selected as being best for the
pumped propellant system in the Space Shuttle APU application is presented in
Tabte |. A performance map of this turbine is also shown in Table 1.

SELECTION OF TURBINE TYPE

A preliminary screening was made of all turbine types which might be
competitive in the space shuttle APU application. The following candidate
turbine types were eliminated for the reasons stated.

Radial Filow--Eiiminated on the basis of stress and thermal problems
relative to other competitive types.

Reaction~~Eliminated on the basis of optimum specific speed
considerations.

The preliminary screening resulted in the following three types of
turbines being competitive in this application:

Pressure~-compounded, multi-stage, single~disk (reentry), axial impulse
Pressure~compounded, multistage multiple disk,axial impulse
Velocity~compounded, multistage, multiple-disk, axial

Final selection of the turbine type was made on the basis of performance
studies described in this appendix. This evaluation emphasized two particular
criteria: (I) minimize the integrated mission propellant requirements, and
(2) maximize the advantages in the design of the hardware. The final turbine
types eliminated were

Reentry-~Eliminated on the basis of no significant advantage
relative to the other competitive types and known problems with
seals and close clearances.

Velocity~compounded-~Eliminated on the basis of no significant
advantage relative to the other competitive types and has long
blades leading to problems with blade vibration and blade ‘root
stresses,
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TABLE |

TYPICAL SPACE SHUTTLE APU TURBINE
OPTIMUM FOR PUMPED PROPELLANT SYSTEM

A. DESIGN SUMMARY

Turbine Type: 2-Stage, 2-Disk, Pressure-Compounded, Axial Impulse
Control Hethod: Turbine Inlet Pressure Modulation with Load
Propellants: Hydrogen and Oxygen
Pesign Point: Mode Power at 10,000-ft altitude

80 shp

70,000 rpm

2260%R inlet temperature
220 psia inlet pressure
11 psia outlet pressure
600 psia max. inlet pressure (at Max. Power)

0/F = 0.45

Design Parameters:
First Stage Second Stage

Nozzle throat area, sq in. 0.0447 0.2351
Nozzle exit area, sq in. 0.0869 0.2937
Nozzle exit angle, deg 16.0 16.0
Blade inlet angle, deg 19.2 21.5
Pitch diameter, in. 5.89 6.54
Arc of admission, percent 9.2 31.0
Blade height, in. 0.265 0.239
Biade chord, in. 0.350 0.350
Tip gap, in. 0.0l0 0.0l0
Number of blades 85 85

B. PERFORMANCE MAP
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Figure la shows a typical design-point performance comparison of the
pressure-compounded reentry turbine and the two-disk pressure compounded
turbine. The data indicate that the reentry turbine offers no performance
advantages in comparison to the pressure-compounded turbine.

The performance of two-stage pressure-compounded and velocity-compounded
turbines is compared in Table 5 (presented later in this appendix) for an
assumed mission profile. The data indicate that the pressure-compounded
turbine shows a performance advantage over the velocity-compounded turbine,
particularly when the two turbines are designed at sea level, full power
output. When the design point is at altitude, mode power, the pressure-
compounded turbine shows about 6 1b propellant weight savings over the
velocity~compounded turbine. Thus, the pressure-compounded turbine offers
superior aerodynamic performance (lower propeliant consumption rate) regard-
less of the design point selected for the turbine.

The velocity-compounded turbine design used in the performance com-
parison of Table 5 is one having a near-optimum blade h/D ratio on the
first stage of about 0.05, or a blade height of 0.3 in. on the first stage.
At this condition, although the efficiency is maximized, the second-stage
has extremely long blades which would create mechanical design problems
(excessive root stresses and vibrational excitation, as discussed below).
Figure |b shows cross-sections of the turbine stages for both the pressure-
compounded and velocity~compounded turbine designs. Although the first
stage blading heights are about equal (0.265 in. for pressure-compounded
and 0.300 in. for velocity-compounded), the difference in the second-stage
blading heights is readily apparent.

In an attempt to reduce the height of the second-stage blading, a
series of velocity-compounded turbine designs have been investigated. These
designs are summarized in Table 2. 1In these designs, it has been possible
to reduce the second-stage blading height by reducing the first-stage
blading height. Thus, by halving the first-stage blade height to 0.!50 in.,
the second-stage blade height is reduced from I.[14 in. to 0.557 in. The
resulting decrease in efficiency is only about 0.3 percent, or about 4 1b
of propellant weight increase for the mission assumed in Table 5. As dis-
cussed below, a blade height of 0.557 in. is acceptable mechanically. So,
with the reduced blade height, the velocity-compounded turbine can be made
to achieve an acceptable mechanical design; however, the difference between
its performance and that of the pressure~compounded turbine has been
increased to about 10 1b of propellant.

Two separate analyses were conducted to establish the acceptability
of a given blading height. These are:

o effects of blade height on the stresses existing at the blade root

o effects of blade height on the blade natural frequency and on the
blading excitation frequencies caused by passing stator vanes
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Figure la. Comparison of 2-Disk and Reentry 2-Stage Turbines
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® \WHEEL WEIGHTS AND INERTIAS ARE ESSENTIALLY THE SAME FOR
PRESSURE STAGE AND VELOCITY STAGED TURBINES
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HIGHER THAN PRESSURE STAGED
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STATOR EXCITATION FREQUENCIES BELOW THE OPERATING SPEED
Figure Ib. Comparison of Pressure-Compounded and Velocity-Compounded

2-Stage Turbine Wheel Designs
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TABLE 2

VELOCITY-COMPOUNDED TURBINE DESIGNS

Turbine A Turbine B Turbine C

Design Point Conditions Identical for all turbines; 80 hp output,
1l psia discharge pressure, 496 psia
inlet pressure, 0.45 O/F ratio, inlet
temperature [1800°F, tip speed 1800 fps,

70,000 rpm
First-stage Blade Height, in. 0.150 0.200 0.300
Second-stage Blade Height, in. 0.557 0.75 1.114
Nozzle Admission, percent 31.21 23.25 15.50
Efficiency, percent 46.41 46.72 46.73

The blade root stress analysis indicates that the blade root stress
for blades having a taper ratio of 2 will be about 90,000 psi per in. of
blade height. Thus, if the blading is to meet the creep criteria discussed
in Appendix B (Figure 8 of Appendix B), the root stress must be less than
about 50,000 psi to meet the required combination of creep and operating
endurance. Thus, the maximum blade height should not exceed about 0.56 in.
The blading for the pressure-compounded design is well within this limitation.
That for the velocity-compounded design just meets this requirement.

The blade natural frequency analysis (assuming constant blade cross-
section and ignoring stiffening due to the centrifugal forces) shows that
blades having heights of about 0.26 in. (those for the pressure-compounded
turbine) will have a natural frequency in excess of 100,000 Hz. At a height
of 0.557 in., the natural frequency is about 11,500 Hz. The most likely
possible blading excitation source, the stator vanes (assuming 85 stator
vanes) will cause the velocity-compounded blading to become excited at
speeds well within the normal operating range of the turbine. However, the
pressure-compounded blading can be designed so that there will be no blad-
ing excitation within the normal speed capability of the turbine. There-
fore, although it would be possible to design the velocity~compounded blading
successfully, the pressure-compounded blading provides a straight-forward
design in which there will be no concern about possible blading excitation.

In summary, for a typical mission, the pressure-compounded turbine has
a performance advantage of about 10 1b of propellant (about |5 1b of stored
propellant weight, assuming very large low pressure hard shell tanks) over the
velocity-compounded turbine. Additionally, if the propellants are supplied to
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the APU as gases, then the total performance advantage, including the pro-
pellant conditioning penalty incurred to supply the APU gas, is about 20 Ib,
assuming 300°R gas supply temperature at the APU. Part of this weight
advantage is due to the performance degradation required on the velocity-
compounded turbine to achieve acceptable mechanical design. However, even
at this weight penalty, the velocity-compounded turbine will have higher
blade root stresses and considerably lower blade natural frequencies.
Therefore, it can be concluded that the pressure-compounded turbine should
be selected for the Space Shuttle APU application. It shows a performance
advantage, and has a slight mechanical design advantage.

PARAMETRIC STUDIES

Extensive investigations were conducted to determine the sensitivity of
design point performance to various turbine design variables. These investi-
gations resulted in the establishment of optimum values for some of the
turbine design variables while appropriate values of other variables were
obtained in conjunction with the stress and thermal analyses. The turbine
inlet temperature and pitch line velocity were in this latter category.

The power level-aititude-duration profile used in the studies conducted
(including the off-design performance comparison of this appendix , as well)
is presented in Table 3.

TABLE 3

POWER LEVEL-ALTITUDE-DURATION PROFILE

Ambient Pressure, Duration,
Power Level psia min
Maximum, 100 percent V4.7 9
Maximum, 100 percent 0 9
Mode, 22 percent 10 144
Idie, 7 percent 0 18

0f the four operating conditions shown in Table 2, two are of special
significance from the standpoint of the turbine design. They are

Maximum Power (100 Percent) at Sea Level--This operating condition
establishes the APU power rating. In addition, because of the
high propellant consumption rate at this condition, it must be
considered as a possible design point even though the operating
duration is relatively short.
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Mode Power (22 Percent) at Altitude (10 psia)--Operation at this
condition consumes the majority of the total integrated mission
propellant requirement because of the long duration. Therefore,
this operating condition must be considered a possible design point.

The operating condition at which the turbine should be designed is not
clear-cut. In fact, changing the relative durations of the above two operating
conditions can change the design point from one condition to the other. 1In
the studies conducted it was always assumed that one or the other of these
two operating conditions was the design point. However, it is not incon-
ceivable that the total integrated mission propellant requirement could be a
minimum with a design between that obtained at each operating condition.

Table 4 presents a list of the turbine design variables investigated for
the pressure-compounded, multistage, multiple-disk, axial impulse type turbine,
The range covered for each variable and the value selected for the final
turbine design are also listed in the table. The values selected were based
on the following:

Pitch line velocity and inlet temperature determined by stress
considerations

Design power level, inlet pressure, and discharge pressure
determined on a system level for minimum propellant consumption

0/F ratio determined by cycle heat balance

Other parameters optimized on an SPC basis considering various
lTimitations

In general, the data presented are indicative of turbine design point
performance. Consequently, they are applicable to both pressure-modulated
and pulse-modulated turbine designs (this is true of Figures 2 through 12,
excepting Figure 3,which shows off-design data assuming pressure modulation).

Number of Stages

As shown by the representative results presented in Figure 2, there is
a substantial performance incentive associated with the use of a multistage
turbine. However, there is no incentive to use more than three stages. The
decision between two- and three-stage turbines required an off-design point
performance evaluation.

Figure 3 shows the off-design point performance at the various power
operating conditions of interest for both two- and three-stage turbines.
Based on this performance, it was estimated that the three-stage turbine
would save approximately 6 1b in propellant weight. However, the three-stage
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TURBINE DESIGN VARIABLES INVESTIGATED

TABLE 4

PRESSURE-COMPOUNDED, MULTISTAGE, MUTIPLE-DISK, AXIAL IMPULSE TURBINE

Variable

Range Covered

Value Selected

Number of stages
Rotational speed, rpm
Pitch 1ine velocity, fps
Inlet temperature, °R

Inlet pressure (maximum), psia

Discharge pressure, psia

Power level (maximum/mode), hp
Chord width, in.

Blade height/diameter ratio
Stage pressure ratio split

Tip clearance, in.

Number of blades

| to 4

50,000 to 90,000
1200 to 2200
2060 to 2660

35 to 2000

0 to 25

230/50 to 239/80
0.30 to 0.70
0.030 to 0,100
I:1 to 5:1

0.005 to 0.020

75 to 130

2
70,000
2000
2260

Depends on system
configuration

*
239/80
0.35

0.045

0.010

85

*16 psia at sea level with the 239

with the 80 hp power level.
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turbine would outweigh the two-stage turbine by about 9 1b. This slight net
weight disadvantage of the three-stage turbine coupled with the more complex
design resulted in the selection of the two-stage turbine for the Space
Shuttle APU application.

Shaft Speed

Typical two-stage turbine design point performance as a function of
shaft speed is presented in Figures 4 and 5. Figure 4 has turbine inlet pres-
sure as a parameter and is typical of performance at the maximum power at
sea level design point. Figure 5 uses 0/F ratio as a parameter and is
typical of performance at the mode power at altitude design point. Later
studies have shown that the 0/F ratio at the mode power design point will be
approximately 0.45. Based on the results of these figures, a turbine
rotational speed of 70,000 rpm was selected as being near optimum.

Turbine Pitch Velocity and Inlet Temperature

These parameters are lumped together since they are linked with stress
limitations for the turbine design. As shown by Figure 6, the optimum pitch
velocity increases with inlet temperature. This is in opposition to limitations
imposed by stress considerations. However, the energy available per unit flow
rate of gas increases linearly with increasing turbine inlet temperature
while the optimum pitch line velocity (and, hence, turbine efficiency) increases
at a much slower rate with temperature. Therefore, the best solution is to
maximize the turbine inlet temperature consistent with an adequately stressed
turbine wheel design.

Based on this consideration and using the best high temperature materials
available, arturbine inlet temperature as high as 2260°R is felt to be usable
in the Space Shuttle APU application. The pitch line velocity corresponding
to this temperature is 2000 fps. A 2260°R inlet temperature and 1800 fps
pitch-line velocity on the first stage have been used in these parametric
studies.

Turbine Back Pressure

The APU will operate over a range of altitude from essentially space
vacuum to sea level. 1In general, better turbine performance will be obtained
at reduced back pressure, although there are practical limits on the usable
pressure ratio. Figure 7 shows the effect of turbine back pressure on APU
performance. This tradeoff is important to the optimum sizing of the components
and turbine discharge ducting.

As can be seen from the significant variation of SPC with discharge pres-
sure in Figure 7, the operating altitude and exhaust duct pressure loss are
important factors in turbine performance. The approximate tradeoff factor
for optimization of the exhaust gas ducting and heat exchangers is 6.3 1b/psi
of turbine back pressure.
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In the latest studies conducted, the back pressures shown below were used.

Ambient Pressure, Turbine Back Pressure,
Power Level psia psia
Maximum, 100 percent 14,7 16
Maximum, 100 percent 0 4
Mode, 22 percent 10 H
Idle, 7 percent 0 |

These back pressures are consistent with good turbine performance and reasonably
small weight penalties associated with the ducting and heat exchangers.

Blade Height and Pressure Ratio Split

Figure 8 shows the effect on turbine efficiency that the pressure ratio
split between stages has at two different design points. The maximum
efficiency occurs when the ratio of first stage pressure ratio to second-
stage pressure ratio is three. This value has been used for all the turbine
configurations in the off-design performance analysis studies conducted.

The effect of turbine blade height on efficiency is shown in Figure 9,
Here the turbine efficiency is plotted as a function of the first stage blade
height to pitch line diameter ratio (h/D) with first stage to second-stage
pressure ratio as a parameter. There is an optimum h/D ratio for each pres-
sure ratio split. Since the optimum pressure ratio split has been shown to
be three in Figure 8, the optimum h/D is seen to be 0.045 from Figure 9. This
value has been used in the various turbine designs studied.

Blade Chord Width

The variation of turbine efficiency with blade chord width is shown in
Figure 10. The variation is small but does have an optimum value of approxi-
mately 0.35 in. This is the value used in the turbine studies conducted.

Generally, the efficiency drops as the chord gets larger because the rotor
coefficient decreases. However, Reynold's number effects take over at small
chords and the result is an optimum chord width., The recommended lower limit
of chord width is shown in Figure 10 and is determined by the minimum acceptable
chord Reynold's number of 20,000.

Rotor Tip Clearance

Figure |l shows the effect of rotor tip clearance on turbine efficiency.
The decreasing turbine efficiency with increasing tip clearance is due to
leakage losses, The larger the tip clearance, the larger the leakage area,
The minimum clearance that can be used is determined by the relative expansions
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of the turbine rotor and turbine housing. Both the housing and rotor are
subject to thermal expansion and, in addition, the rotor is subject to
centrifugal expansion. The relative expansion under all operating conditions,
both transient and steady state must be considered. A rotor tip clearance of
0.010 in. has been used in the studies conducted.

0/F Ratio

As shown by Figure 12, SPC will increase with 0/F ratio for a given
turbine inlet temperature. The 0/F ratio will be determined by an energy
balance for the cycle and will depend upon turbine inlet temperature, propel-
lant inlet state, and the waste heat fed back into the cycle. By means of
recuperation (using the turbine exhaust gas to preheat the propellants), the
0/F ratio can be reduced for a given temperature. Using other waste heat
(from the generator, gearbox, hydraulic fluid, combustor, turbine housing,
etc.) for propellant preheating serves as an efficient means of disposing of
waste heat while improving cycle performance.

PERFORMANCE STUDIES

The objective of this study was to determine the optimum turbine design
for the space shuttle APU application using hydrogen and oxygen propellants.
As stated previously, there were three basic types of turbines in contention
for use in this application!

Pressure compounded, multistage, single-disk (reentry), axial impulse
Pressure-compounded, multistage, multiple-disk, axial impulse
Velocity-compounded, multistage, multiple-disk, axial
Also there were two possible design points for the turbine:
Maximum power {100 percent) at sea level
Mode power (22 percent) at altitude
Since it was not clear-cut which turbine type was superior or which operating
condition was the design point, it was necessary to design turbines of all
competitive types at each of the possible design points. These turbine designs
were then evaluated on the basis of propellant consumed over a specified
power level-altitude-duration profile. The results are presented in Table 4.
The data assume that pressure modulation is used for turbine power/speed control.
The studies presented in this table were conducted at two different
times and, as a result of updating, two different power profiles were used.

The first four columns in Table 4 compare the various candidate pressure-
compounded turbine types with a power profile as follows:

Maximum power 230 shp
Mode power 50 shp
Idle power 16 shp
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A comparison of pressure—compoﬁnded and velocity-compounded turbines is made
in the last four columns of Table 5. The power profile used here was:

Maximum power 239 shp
Mode power 80 shp
Idle power 50 shp

As can be seen in the comparison of the pressure-compounded turbines,
the 3-stage, 3-disk turbine has the lowest propellant requirement. However,
it will weigh approximately 9 1b more than the 2-stage, 2-disk turbine and
hence, it has no advantage for the increased complexity involved. The 2-stage,
I-disk reentry turbine also results in a propellant consumption less than the
2-stage, 2-disk turbine but the small potential weight saving using a reentry
turbine does not warrant the complexity and known problems involved. There-
fore, the use of a 2-stage, 2-disk pressure-compounded turbine appears to be
optimum for the power profile used. It also appears that the 2-stage, 2-disk
turbine designed at the mode power point has a lower propellant requirement
than the same turbine designed at the sea level, maximum power operating
condition.

The last four columns of Table 5 show a comparison of pressure-compounded
vs velocity-compounded turbines. All four turbines are of the 2-stage,
2-disk variety. Two are designed at the sea level maximum power point and
two at the mode power point at altitude. Once more it is found that the sea
level maximum power point results in significantly more propellant required
than the mode power point.

A comparison of the pressure-compounded and velocity-compounded turbines
shows that the pressure-compounded variety requires less propellant than the
velocity-compounded for corresponding design points. Thus, on the basis of
the comparisons made in Table 5, the 2-stage, 2-disk, pressure-compounded
axial impulse turbine designed at the mode power conditions has been selected
for use in the Space Shuttle APU application.

TURBINE INLET PRESSURE

Since it is desirable to find an optimum value of turbine intet pressure,

a series of turbine designs were obtained to determine the effect of inlet
pressure and pressure ratio on the turbine performance. Figures 13 and 14
show the design point SPC variation with inlet pressure and pressure ratio,
respectively. Curves are shown for designs at the mode power point and the
maximum power operating condition at sea level. As can be seen, an optimum
value is not obtained and it is concluded that the turbine design alone does
not establish the optimum inlet pressure.

The optimum turbine inlet pressure is determined by the APU system and
can only be obtained by evaluating the APU performance with turbines designed
for operation at various pressure levels. Therefore; nine turbines have been
designed and system performance obtained for each one (see Sections 3 through
5 of this report for details). The result of this study is that the optimum
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TABLE 5

INTEGRATED MISSION PROPELLANT CONSUMPTION OF VARIOUS
CANDIDATE TURBINES

MAX. POWER = 230 SHP, MODE POWER = 50 SHP, IDLE POWER = \6 SHP

MAX. POWER = 239 SHP, MODE POWER = 80 SHP, IDLE POWER = 50 SHP

Type of axial 2-stage, 2-disk, | 2-stage, 2-disk,|3-stage, 3-disk,| 2-stage, l-disk 2-stage, 2-disk,| 2-stage, 2-disk,| 2-stage, 2-disk,| 2-stage, 2-disk,
impulse turbine |pressure pressure pressure reentry, pressure| pressure pressure velocity velocity
compounded compounded compounded compounded compounded compounded compounded compounded
Design point 230 shp at sea 50 .shp at 50 shp at 50 shp at 239 shp at sea 80 shp at 239 shp at sea 80 shp at
level altitude altitude altitude level altitude level altitude
Design inlet | 600 300 300 300 1250 465 1250 465
pressures,
psia outlet| 20 10 10 10 6 Nl 16 1
Max. power at sea SPC = 1.55 SPC = 1,57 SPC = 1.5l SPC = 1.55 SPC = 1.47 SPC = 1.46 SPC = 1.59 SPC = 1.46
level, 9 min.
@ W= 53.5 W= 54.2 W= 52.1 W= 53.% W= 52.6 W= 52.3 W = 57.0 W= 52.4
o
E Max. power at SPC = 1.39 SPC = 1.47 SPC 1.43 SPC = 1.50 SPC = .29 SPC = 1.35 SPC = 1,32 SPC = 1.32
o altitude 9 min.
ég W= 48.0 W=50.8 W= 49.4 W= 5.8 W= 46.2 W = 48.5 W= 47.2 W= 47.2
gE Mode power at SPC = 1.75 SPC = 1.59 SPC = .57 SPC = 1.55 SPC = 1.57 SPC = 1.48 SPC = 1.84 SpCc = 1.52
o 3| altitude 144 min,
i W= 210.0 W= 190.9 W= 188.5 W= 186.0 W= 3017 W= 284.) W= 352.5 W= 29.5
[=
&5 Idle power at SPC = 1,53 SPC = 1.71 SPC = 1.70 SPC = 1.63 SPC = 1.16 SPC = 1.23 SPC = .22 SPC = .21
altitude, 18 min. .
W= 7.4 W=28.2 W= 8.2 W=171.8 W= 17.4 W= 18.4 W=18,3 W= 18.2
Total propeilant {W = 318.9 W= 304.1 W= 298.2 W= 299.1 W= 417.9 W = 403.3 W = 475.0 W = 409.3
consumed, 1b
Integrated SPC
1b/shp-hr 1.647 1.57 1.538 1.544 1.50 |.445 1.703 I.468
SPC = Specific propellant consumption, tb per shp-hr.
W = Propellant consumed, 1b
NOTE: The results presented above are based on an QO/F ratio of 0.67 at the two max. power conditions, and O/F ratio of 0.45 at the mode power condition, and

an 0/F ratio of 0.40 at the idle power condition.
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turbine is designed at the mode power point with the inlet pressure at the
sea level maximum power point being 600 psia for the hydrogen-oxygen systems
with high pressure tanks or low pressure tanks with pumps. Clearly, if the
APU is supplied with high pressure gas from another vehicle system, there is
no optimum pressure; the higher the pressure, the better the performance.

Figures I5 through 23 present the performance maps of the nine turbines
evaluated in the system performance program. All nine turbines are designed at
70,000 rpm and an inlet temperature of 2260°R. The other design conditions
are as follows: '

Power Pressures, psia
Figure
No. Level Value, hp Inlet Outlet Maximum 0/F Ratio
I5 Maximum 239 1500 16 1500 0.67
16 Maximum 239 1250 16 1250 0.67
17 Maximum 239 900 16 900 0.67
|8 Maximum 239 600 16 600 0.67
i9 Maximum 239 280 16 280 0.67
20 Mode 80 540 i 1500 0.45
21 Mode 80 464 I 1250 0.45
22 Mode 80 330 I 900 0.45
23 Mode 80 220 I 600 0.45
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APPENDIX B

TURBINE MECHANICAL DESIGN

INTRODUCTION

Although most of the Phase I work was oriented towards eéstablishing the
effect of various component design parameters (such as rotational speed,
number of turbine blades, etc.) on the system performance, it is also necessary
to perform sufficient mechanical design to ensure the feasibility of obtaining
the desired component design parameters. This appendix presents the mechanical
design that has been accomplished.

The mechanical design activities have been concentrated on the turbine
rotating assembly and on the overall turbine power unit configuration. 1In
support of these activities, it has been necessary to establish design criteria
in such areas as overspeed criteria, material allowable stresses, and turbine
containment requirements. Thus, the appendix is divided into the following
major topics:

° Design criteria
° Rotating assembly design
° Turbine power unit configuration

DESIGN CRITERIA

The primary design criteria of interest in Phase I are those effecting
the turbine performance potential. In particular, these are:

Overspeed Criterion--The centrifugal stresses on the turbine disks
are proportional to the square of the rotational speed. Selection
of a high burst speed will necessitate lowering the allowable stress
of the disk material at the normal operating conditions.

Disk Growth--The turbine disk will expand due to the action of the
centrifugal forces on the disk. Most of this expansion will be
elastic so that the disk will return to the same shape at zero speed.
However, the high temperature portion of the disk will be subject

to a plastic-like phenomena called creep in which a gradual expan-
sion with time occurs,

Low Cycle Fatigue-~Even at relatively low material stresses, there
is some hysteresis in the material stress-~strain curve which will
tend to cumulatively act to produce a fatigue effect.

Maximum Allowable Stress--Independently of the above considerations,
good design practice dictates that some safety factor, or confidence
factor be applied to the tested values of the material yield and
ultimate stresses.
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Overspeed/Containment Criteria

Table | shows the overspeed and containment criteria used for rotating
machinery in various aircraft and space vehicle applications. Based on these
data, the recommended overspeed criterion for the Space Shuttle APU is
130 percent of the nominal speed. At this speed, the turbine housing should
be capable of containing the turbine disks should a disk burst occur. For
the APU, the nominal speed, based on aerodynamic design considerations
(described in Appendix A), is 70,000 rpm for optimum performance. Allowing
up to a 5 percent variation in turbine speed (although the final turbine
controls may provide closer speed regulation), the design speed is 73,500 rpm.
This is the maximum turbine rotational speed expected under any normal opera-
tion, and, applying the overspeed criterion, the burst speed becomes
91,000 rpm.

TABLE |

OVERSPEED/CONTAINMENT CRITERIA

Speed Overspeed
Type of Application | Design Overspeed Containment Control| Trip
Aircraft gas turbine [ 125 to 135 110 percent Yes Yes (110
APU's percent percent)
Aircraft cooling 135 to 150 135 to 150 No No
turbines percent percent
Missile APU's 150 percent None Yes No
Closed Brayton cycle | 150 percent None Yes No
power turbine
Recommended Space 130 percent of 130 percent of | Yes Yes
Shuttle APU turbine [ Nominal design Nominal design

Candidate Disk Material Properties

There are a number of candidate materials for the turbine disks. However,
based on the yield strength, ductility, and fatigue strength data presented
in Figures |, 2, 3, and 4, the most likely candidate material is Udimet 700.
Although the manufacturer's published yield strength data shown in Figure |
indicate that IN-100 has a slightly higher yield strength than Udimet 700,
AiResearch testing of typical material samples (Figure 2) indicates that the
obtainable strength in cast IN-I100 specimens is considerably less than the
manufacturer's quoted values. Most probably this difference is strongly
dependent upon the specimen shape and the details of the casting process.
Additionally, Udimet 700 has excellent ductility, allowing it to absorb
the high local temperature gradients occurring on startup.
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The major disadvantage of Udimet 700 is its high cost and its poor
manufacturability. 1In these respects, IN-100 appears superior, Thus, for
turbine wheels in which the rim is slotted so that the temperature gradients
do not cause high hoop stresses in the rim, an IN-100 wheel would be desirable.
Final selection of the turbine wheel material will not be made until Phase II
of the study is initiated.

Using Udimet 700 as the baseline material, it is possible to apply the
selected design criteria (shown at the top of Table 2) to determine the
allowable stress at the design speed of 73,500 rpm. Table 2 shows this
process, indicating that the governing criterion for the allowable stress is
the low cycle fatigue requirement of 1500 cycles of startup/shutdown transients.
Figure 5 shows the Soderberg diagram used to establish the low cycle fatigue
allowable stress. This diagram is based on the Udimet 700 stress-strain curve
shown in Figure 6. The data are for a temperature of 1000°F, which is
approximately the maximum temperature occurring at the neck of the turbine
disk. Thus, the maximum stress in the turbine disk neck portion (at 1000°F)
should be limited to 80,000 psi at the design speed. Although the turbine
rim is hotter, it is much more lightly stressed. Similarly, because the
center portion of the disk operates at temperatures well below I1000°F, higher
stresses are allowable there. Figure 7 shows the variation in second-stage
weight with the allowable stress. The second-stage is the heavier of the two
turbine stages since it operates at a higher pitch line velocity (2000 fps,
as compared to 1800 fps for the first stage). The data indicate a substantial
weight penalty occurs for low-allowable stresses. They also show that the
weights of slotted and solid disks are equivalent,

Turbine Blading Design

Because most of the turbine disk operates at temperatures well below those
at which significant creep occurs, only the blading creep need be established,
That portion of disk growth due to expansion of the disk under the centrifugal
loads can be accommodated in the design of the turbine casing. However, the
gradual growth of the blades with time then becomes the determining factor on
the clearance between the blade tip and the casing.

The blading height for pressure-compounded turbines is on the order of
0.25 in. for optimum designs, and the blade tip-casing clearance obtainable
in turbines of this size and type is about-0.010 in. Thus, the maximum
possible blading growth is about 4 percent., However, the creep data shown
in Figure 8 indicate that at a temperature of 1960°R (about 100°R above the
maximum blading temperature), the blading will have | percent creep growth
in 1000 hr when operated at a stress of 35,000 psi. Studies of the blading,
assuming a tapered blade section (accomplished by placing a tapered hollow in
the blade center as shown in Figure 9), indicate that the blade root stress
will be about 40,000 psi. This stress rapidly decreases along the blade,
becoming zero at the blade tip. Therefore, the integrated creep along the
blade is less than 0.2 percent., Thus, because of its short blading, the
pressure-compounded turbine will be well within the disk growth creep criterion
of 0.1 percent overall (equivalent to about |.5 percent allowable creep on
the blading alone).
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TABLE 2

UDIMET 700 TURBINE DISK ALLOWABLE STRESS

DISK ALLOWABLE STRESS AT DESIGN SPEED AND MAXIMUM TEMPERATURES SELECTED AS THE LOWEST OF THE
FOLLOWING:

e 90% OF THE 0.2% YIELD STRESS (APPLICABLE TO COMBINED CENTRIFUGAL AND
THERMAL STRESSES )

o (80% OF THE ULTIMATE STRESS] x (g%%%%ﬁggg%§2
CENTRIFUGAL STRESSES)

® STRESS AS DICTATED BY 1500 CYCLES FROM ZERO TO DESIGN SPEED AND BACK TO
ZERO WITH FULL TRANSIENT TEMPERATURE GRADIENTS

e STRESS AS DICTATED BY 0.1% ALLOWABLE DISK GROWTH DUE TO EXPANSION FROM
CENTRIFUGAL FORCES AT DESIGN SPEED

2
) (APPLICABLE ONLY TO THE

AS APPLIED TO A UDIMET, 700 DISK OPERATING AT 73,500 RPM DESIGN AND 91,000 RPM BURST WITH MAXIMUM
DISK TEMPERATURE = 1000°F (EXCLUDING BLADES AND RIM, BOTH OF WHICH ARE ONLY LIGHTLY STRESSED):

e 90% OF THE 0.2% YIELD = 106,000 PSI

(DESIGN SPEED)2

e (80% ULTIMATE) x EURST SPEED ) = 83,500 PSI (APPLICABLE ONLY FOR CENTRIFUGAL

STRESSES )
LOW CYCLE FATIGUE STRESS = 80,000 PSI
ALLOWABLE DISK GROWTH STRESS = 110,000 PSI (ASSUMING CONSTANT-STRESS DISK)

CONCLUSION: FOR UDIMET 700 DISK THE ALLOWABLE STRESS SHOULD BE 80,000 PSI
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ROTATING ASSEMBLY DESIGN

The rotating assembly design has resulted in a preliminary layout with
accompanying analyses necessary to establish design validity. The design
process consisted of examinations of the turbine operating conditions (based
on mechanical design considerations, as opposed to aerodynamic, or performance
considerations), and the stage assembly/support concepts prior to initiation
of the layout. These studies establish the overall mechanical design and the
layout and then translate this into a final, detailed configuration. The dis-
cussion below parallels the design activity, presenting the materials as
follows:

© Turbine operating conditions
° Stage assembly/support concepts
© Rotating assembly layout

Turbine Operating Conditions

The aerodynamic performance studies presented in Appendix A show that
there is incentive to operate the turbine at a high speed with a high inlet
temperature. Although there is a definite optimum for both the pitch-line
velocity (occurring at about 2000 fps) and the rotational speed (occurring
at about 70,000 rpm), performance continues to improve as the turbine inlet
temperature is increased. Thus, the limitation on inlet temperature is
established by the mechanical desigm of the rotating assembly. Additionally,
since there is a strong intertie between the turbine inlet temperature and
the pitch-line velocity (stress is proportional to the square of the pitch-line
velocity), it is necessary.to consider the parameter combination best meeting
the mechanical design limitations while still offering good performance,

Thermal studies presented later in this appendix show that the neck
portion of the turbine disk (having both high stresses and high temperatures)
operates about 600°R below the turbine inlet temperature. The material yield
strength data presented in Figure | indicate that there is a rapid decrease
in material strength for temperatures exceeding 1200° to 1400°F. This would
correspond to a turbine inlet temperature of 1800° to 2000°F. Thus, 2000°F
can be taken as the maximum desirable turbine inlet temperature.

Similarly, investigation of the effect of pitch-line velocity indicates
that increasing the pitch-line velocity from 1800 fps to 2000 fps causes
about a 37 percent increase in the disk stresses for a fixed disk shape. Thus,
_there is a significant increase in the difficulty of mechanical design while
only a slight increase in the performance (about 2.5 percent reduction in
propellant consumption). Therefore, a pitch-line velocity of 1800 fps has
been selected for use during the Phase I studies. Also, the turbine inlet
temperature has been set at 1800°F, although about 8 percent propellant
consumption reduction could be obtained by using 2000°F. During Phase II,
further studies will be performed to establish the final selection of turbine
inlet temperature and pitch-line velocity.
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Stage Assenbly/Support Concepts

Since the selected turbine uses only two stages, it is possible to
support it as a cantilever. Thus, it is desirable to place the second stage
on the inboard side of the cantilever since it operates at a lower temperature
than the first stage and since it is heavier than the first stage (because
the second stage operates at a higher pitch-line velocity).

Table 3 shows some candidate stage assembly concepts that have been
considered. Of these concepts, the preferred confiqgurations are either the
electron-beam welded configuration or the off-centerline bolts configquration.
Electron-beam assembly requires no special fastening parts, but does not
facilitate single-stage replacement. Unfortunably, the primary turbine disk
materials have a low degree of weldability; thus welding is not recommended.
The off-centerline bolting concept will have a slightly higher weight but
single-stage replacement is simple. Therefore the preferred assembly concept
is bolting.

Rotating Assembly Layout

Building on the selected turbine operating conditions and the preferred
stage assembly concepts, a rotating assembly layout has been made. This
layout is shown in Figure [0. The turbine stages are cantilevered with the
second stage inboard. Hydrogen is used to cool the turbine disks--accomplished
by flowing hydrogen gas through cooling passages in the turbine case., A
combination of radiation and conduction in the clearance between the casing
and the disk ensures effective heat transfer. The bearings are lubricated and
cooled by oil flowing from jets in the turbine housing. An alternate method
of bearing cooling combines the jet cooling with cooling obtained by passing
oil through the center of the rotating shaft and out across the surface of the
inner race. This is shown in the layout. However, thermal analyses presented
in this appendix show that adequate cooling is provided by the jet oil flow
alone,

An alternate method of transferring torque from the turbine support
shaft to a high speed pinion is shown in Figure |l. This method, although it
requires additional bearings, is preferred over that shown in Figure 10 since
it reduces the machining operations on the turbine shaft and allows incorpora-
tion of a shear section to eliminate damage to the gearbox and/or turbine in
event of overtorquing or sudden jam-up.

To ensure the practicability of the proposed design, the following
supporting analyses have been performed:

Thermal analysis
Stress analysis (first stage disk only)
Critical speed analysis

Bearing operating condition analysis
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STAGE ASSEMBLY

THROUGH-BOLTS
ON CENTERLINE

SINGLE PIECE

\ CURVIC

COUPLINGS

® DIFFICULT TO MACHINE CURVIC COUPLIKGS
IH UDIMET 700

® DISK THICKNESS GREATLY INCREASED IN
ORDER TO OFFSET STRESS CONCENTRATION
AT HOLE

® INCREASED DISK WEIGHT AND INERTJIA

® LOW HEAT TRANSFER BETWEEN STAGES

¥ HINIMUM WEIGHT CONFIGURATION

» CAN NOT OBTAIN IDEAL HMATERIAL GRAIN FLOW IN
BOTH STAGES

® HIGH COST DUE TO PROBABLE HIGH REJECTION RATE
(BECAUSE OF EXTENSIVE MACHINING)

® HIGH HEAT TRANSFER BETWEEN STAGES
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TABLE 3

CONCEPT COMPARISON

INERTIA WELDING

ELECTRON - BEAM
WELDING

OFF-CENTERLINE BOLTS

® DISKS MUST BE IN ROUGH FORM WITH LARGE
OIAMETERS FOR CLAMPING CHUCKS - LATER
FIN1SHING MUST BE DONE ON ENTIRE ASSEMBLY

® PATERIAL FLO4 IS UNEVEN AND EXACT
POSITIONING IS NOT POSSISLE

® RELATIVELY LOW HEAT TRANSFER BETWEEN STAGES

DISKS CAN HAVE ALL HACHINING EXCEPT BLADES
DONE PRIOR TO WELDING

PRECEISE POSITIONING IS POSSIBLE

DISK SHAPE FACILITATES ACCESS TO WELD SURFACE
FOR FINISH GRINDING

SINGLE-STAGE REPLACEMENT 1S DIFFICULT

RELATIVELY LOW HEAT TRANSFER BETWEEN STAGES

3 BOLTS 120° APART—\

® REQUIFES REINFORCING PADS ON TURBINE DISKS

® SIHPLE ASSEMBLY

® REPLACEHENT OF A SINGLE STAGE XS EASY

® LOJ HEAT TRANSFER BETWEEN STAGES
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° MINIMIZES MACHINING OPERATIONS ON TURBINE
SHAFT

° QUILL JOINT OFFERS A DEGREE OF TORSIONAL DAMPING
AND FLEXIBILITY

® ALLOWS INCORPORATION OF A SHEAR SECTION TO
MINIMIZE OVER-TORQUE DAMAGE

“////’— DRIVEN GEAR [ REQUIRES PRECISE ALIGNMENT OF 4 BEARING SURFACES
® REDUCES RADIAL LOADS ON SUPPORT BEARINGS
HIGH-SPEED PINION L COMPLICATES GEARBOX
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Figure Il. Alternate High-Speed Pinion Splined Quill Shaft Drive Concept



l. Thermal Analysis

Available computer programs have been used to establish the steady-state
and transient temperatures occurring throughout the rotating assembly. Two
areas are of particular interest, the outboard bearing, and the first-stage
turbine disk.

a. Hot End Bearing

Figure 12 shows the outboard bearing heat generation as a function of
the axial and radial load on the bearing. The bearing configuration is as
shown in Figure 10. The heat generation calculations are based on a method
presented in Rolling Bearing Analysis (pages 421-450) by T. A. Harris
published by John Wiley and Sons in [966. Figure |3 presents the bearing
operating temperature as a function of the heat generated for various cooling
schemes., These schemes consist of a combination of the bearing jet lubricating
flow and oil flow through the center shaft. The data indicate the acceptable
bearing temperatures are obtained solely by cooling with the bearing jet oil
flow of 20 Ib/hr. Transient studies also indicate that the bearing tempera-
ture remains within the timitations of the lubricant during the heat soakback
occurring after shutdown. 1In operation, the bearing temperature is primarily
dependent upon the temperature of the jet oil. During shutdown, the bearing
temperature is primarily dependent upon the temperature of the second-stage
turbine disk.

b. First-Stage Turbine Disk

Figure 14 shows the steady-state and transient temperatures for the
first-stage turbine disk. These data assume that the turbine housing is
cooled by cold hydrogen gas passed through the casing as shown in Figure 10.
The data indicate that the maximum blade temperature is about 1400°F, about
400°F below the turbine inlet temperature of 1800°F. Most of the turbine
disk operates at a temperature of about 700°F, with the neck portion at
about [200°F.

2. Stress Analysis

The data of Figure |4 also show the steady-state stress distribution on
the first-stage turbine disk. Although it operates at a higher pitch-line
velocity, the second stage has considerably lower operating temperatures and
thermal gradients. During the Phase II studies, detailed analyses will be
performed on both turbine stages.

The stress data of Figure |4 show a maximum stress of about 85,000 psi
occurring at the center of the disk. At the neck, the tangential stress is
about 30,000 psi (compressive) and the radial stress is about 50,000 psi
(tensile). These values are well within the 80,000 psi allowable stress that
has been established by the Soderberg diagram of Figure 5.

It should be noted that the turbine disk is assumed to be a solid rim

disk. The stresses due to thermal gradients can be partially relieved if the
rim portion of the disk is slotted. However, the data of Figure 7 indicate
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that there is little weight incentive to do this. During Phase II, stress
analyses for the transient temperature distributions will also be performed.
These analyses may indicate that a slotted rim disk, such as is used in some
aircraft turbines, will be desirable.

3. Critical Speed Analysis

Figure I5 shows the analytical model of the rotating assembly that is
used as the basis of the critical speed study. Figure I6 shows the variation
in the rigid body natural frequencies as a function of the bearing mount
spring rate. The data indicate that a spring rate on the order of 15,000 1b/in.
will place the rigid body modes substantially below the turbine operating
speed.

For the selected bearing mount spring rate (equal to that commonly used
by AiResearch in design of high-speed rotating equipment of this size),
Figure |7 shows the vibrational amplitude vs frequency and gives the mode
shapes of the two rigid body modes. The data are based on a rotating assembly
balancing accuracy of about 0.18 gr-in. They indicate that the maximum
deflection of the turbine disk is well within the disk-shroud clearance of
0.0{0 in. at maximum speed.

4, Bearing Operating Condition Analysis

The bearings used on the rotating assembly layout of Figure 10 have an
operating DN number of 1.84 million at the design speed of 73,500 rpm. This
DN is well within the present state of the art, as demonstrated by the
bearing test data summarized in Table 4. The data were obtained as part of
AiResearch IR and D activity in support of development of an engine-driven
compressor for the Boeing Model 2707 (SST) aircraft. Four bearings of each
type were tested.

TABLE 4

BEARING TEST DATA

Bearing construction Balls and races: M-30 separator:
Silver plated AISI 4340

Bearing lubrication 0il: | gpm/bearing supplied at 300°F
Bearing manufacturer Industrial Tecktonic, Inc., Torrance,
California

Test times Bearing 204 (20 mm x 47 mm x |4 mm):
3640 hr at 74,000 rpm

Bearing 205 (25 mm x 52 mm x |5 mm):
3800 hr at 75,000 rpm

Bearing 305 (25 mm x 62 mm x 17 mm):
2450 hr at 65,000 rpm
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TURBINE POWER UNIT CONFIGURATION

The other major component of the turbine power unit, in addition to
the rotating assembly, is the gearbox. The gearbox must provide the following
functions:

Outbut pad for electrical generator

Output pad for hydraulic pumps

Means of flowing oil through the gearbox and the rotating assembly
Input pad for the rotating assembly

Structural support for the entire turbine power unit

It should be noted that the design of the hydraulic pump and the generator is
outside the scope of this study contract. However, it is necessary to
briefly consider these units when designing the gearbox. For this study, the
hydraulic pumps are assumed to be Vickers designs (PV3-300 for a 70 gpm pump
operating at 5000 rpm, and PV3-115 for a 35 gpm pump operating at 7000 rpm),
and the electric generator is assumed to reassemble the Bendix 28B262-5
rotating rectifier generator operated at 12,000 rpm, although modifications
would be required for cooling with hydrogen gas instead of air.

Single vs Twin Hydraulic Pumps

Studies of the gearing required for the single pump configuration
indicate that the gearbox weight will be about 50 percent higher than for the
two-pump gearbox. Schematics of the gearing arrangements for the two concepts
are shown in Figures 18 and 19. The added weight penalty for the single pump
configuration is largely due to the fact that the single pump operates at a
lower speed and consequently requires more than twice the torque required to
drive one of the 35 gpm pumps. Although the single pump weighs slightly less
than two 35 gpm pumps, the total weight of pumps and gearbox favors the twin
pump configuration. Additionally, using twin pumps allows one of the pumps
to be depressurized at low power levels, thus reducing the pump parasitic
power requirements below those of the single pump configuration.

Type of Gearing

Both spur and planetary gearing were considered for this application.
However, the speed reductions are such as to allow driving the alternator with
only a single stage of spur gearing. Thus, spur gears show a decided weight
advantage over planetary gearing. If a higher turbine speed had been
selected, such as 90,000 rpm, planetary gearing would probably show a weight
advantage since two stages of spur gearing would be required to drive the
alternator,
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Figure 18, Twin Pump Gearing Configuration
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0.D. = 1.825 IN.
FACE WIDTH = 0.95 IN.
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TURBINE
DRIVE SHAFT

TEETH = 17
0.D. = 1.22 IN.

FACE WIDTH = 0.78 IN. TEETH = 99

0.D. = 6.30 IN.
FACE WIDTH = 0.25 IN.
$-61331

Figure 19. Single Pump Gearing Configuration



Turbine Power Unit Layout

AiResearch Drawing SK6448l1 shows a layout of the turbine power unit,
presenting a cross-section of the gearbox. The layout is for an APU having
two 35 gpm hydraulic pumps. The turbine rotating assembly is located on one
side of the gearbox with the pumps and generator on the other side. The
gearbox casing provides mounting flanges for the rotating assembly, pumps,
and generator, and has three points for attaching the turbine power unit to
vehicle structure. Lubrication of the gearbox and turbine bearings is accom-
plished by passing oil through a gear pump (located at the top of the gearbox,
driven from the hydraulic pump gearing) which feeds the oil to the various
gear meshs, cooling passages, and bearings. Pickup and return of the oil to
the gearbox is accomplished by use of a rotating sump which provides a pres-
sure head to drive the oil back to the gear pump. The oil flow passages
between the various gears and the return lines to the gear pump are shown in
the gearbox end view on the drawing, and schematically in Figure 20,

174
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Figure 20, Zero "G" Lube System
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APPENDIX C

CRYOGENIC TANKAGE

INTRODUCTION

This appendix presents the parametric study conclusions and results for
the APU cryogenic tank system., The study parametrically evaluated tank opti-
mization and performance for various orbiter and booster configurations.

An existing AiResearch computer program was used to evaluate the optimum
vent pressure for various delivery pressures for both the hydrogen and oxygen
tanks. These optimum vent pressures were then used to evaluate tank per-
formance. The performance calculations considered parameters such as hard
and soft shell tank design, percent of contents used on first day, orbiter
and booster standby times, and also the various tank sizes. The range of
parameters investigated was from 100 to 2000 1b deliverable contents; and
from 35 to 800 psia delivery pressure.

ASSUMPTIONS

General

The tanks were designed with 5 percent residuals and 5 percent
ullage volume.

The fill factor used was 95 percent.

Structural mounting fittings constitute 15 percent of inner shell
weight,

Oxygen tanks were designed considering the lightest configuration
between aluminum and Inconel

Hydrogen tanks were designed considering the lightest configuration
between aluminum and titanium

Orbiter calculations considered a 6-day quiescent period after the
first day's fluid withdrawal

Booster calculations considered minimum flight time and no quiescent
period

2.5 Btu/hr allowed for line heat leak
Ambient temperature was 500°R
Minimum annulus for hard shell design was 1.5 in,

}0 g acceleration
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Equations

Structural

0.007-in. manufacturing tolerance

Safety factor was 1.5 except for supercritical where safety factor
was 2.2.

2
P = 1.6 Et buckling mode for outer shell
CR DZ
PVENT = 2t0 burst mode for inner shell

TANK WET WEIGHT
DELIVERABLE CONTENTS

LOAD FACTOR =

Parameters
Aluminum p = 0.1 1b/in.5c = 39,000 psi
Inconel P = 0.3 Ib/in.> o = 158,000 psi
Titanium o = 0.161 Ib/in.Sg= 144,000 psi E=16x 10° psi
Insulation = 1.5 Ib/ft>
Fiberglass = 22.4 Ib/ft3

Protective outer cover on soft shell = 0.08 Ib/in.3

Minimum Thickness

Quter shell = 0.035 in.

Inner shell 0.035 in.
Soft shell outer cover = 0.010 in,

Foam insulation = 0.251in.

INSULATION CONCEPTS

Two i

nsulation concepts were considered:

Vacuum Jacketed Superinsulation--This concept consists of an inner

tank shell designed to fail in a burst mode and an outer shell
designed to fail in a buckling mode due to extreme ambient pressure.

A vacuum is maintained between the two shells. This hard shell design
lends itself to very predictable insulation characteristics. For
extended ground prelaunch wait or extended atmospheric flight, the
advantages of the vacuum insulation may justify the weight penalties
associated with this shell design.
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Ambient Pressure Superinsulation--This concept consists of insulation
that operates at ambient pressure and is covered by a soft nonpres-
sure carrying shell. For operation occurring principally in space,
this type of insulation can be very efficient. For details of both
concepts see Figure !,

OPTIMIZATION

Tank optimization consisted of five sections, each section being inter-
dependent on the other, Optimization yields the most efficient pressure band
for a given delivery pressure and a given tank size. The optimization also
considers the proper material selection for the different hydrogen and oxygen
tanks and it considers the proper insulation requirements for the different
orbiter and booster mission requirements. Throughout the optimization study,
reference is made to the term load factor. Load factor is defined as the
tank wet weight divided by the tank deliverable contents. The optimizations
investigated are:

Material selection
Vent pressure range
Insulation thickness
Fluid usage profile
Delivery pressure

Material Selection

The main difference between oxygen and hydrogen tank material selection
is that the highly corrosive atmosphere of oxygen must be considered. Past
AiResearch experience dictates use of Inconel or aluminum for oxygen tanks.,
For hydrogen tanks aluminum or titanium are efficient materials. Figures 2 and
3 compare the inner shell weight for hydrogen and oxygen tanks for the materials
evaluated. The minimum material thickness of 0.035 in. makes aluminum prefer-
able at low pressures, and titanium or Inconel preferable at high pressures.

Vent Pressure

It is important to parametrically study the effect of a variable vent
pressure (pressure band) on the total tank wet weight and thus the tank load
factor. For any given energy (heat input and standby time) requirement
there exists a tradeoff between increased insulation weight and increased tank
shell weight due to the higher tank pressures that arise when more heat leak
is allowed into the tank. Tables | and 2 show the results of the high pressure
case when the pressure band was varied for two different size tanks. Note
that for constant tank deliverable contents, the tank wet weight is proportional
to the load factor. Figures 4 and 5 are typical low pressure results of this
tradeoff.
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OUTER SHELL

VACUUM SUPERINSULAT ION '
(1.5 IN. MIN.) —_J////
INNER SHELL

ADVANTAGES

EQUAL INSULATION CHARACTERISTICS
IN SPACE AND IN ATMOSPHERE

e OUTER SHELL PROTECTS TANK
FROM FOREIGN OBJECT
LOAD~-CARRYING PADS PUNCTURE
(6 PLACES)
DISADVANTAGES
® HIGH WEIGHT PENALTY FOR
TWO PRESSURE VESSELS
a. HARD SHELL DESIGN
GIRTH RING
EXTERNAL
PROTECTIVE
UTER COVER
out ADVANTAGES
FOAM ® EXCELLENT INSULATION
INSULATION CHARACTERISTICS FOR SMALL
WEIGHT PENALTY
INNER SHELL
DISADVANTAGES
LOAD-CARRYING PADS ® CONTAMINATION DURING GROUND
(6 PLACES) HOLD RADICALLY REDUCES
LOAD CARRYING INSULATION EFFECTIVENESS
STRAP @ DIFFERENT INSULATION
CHARACTERISTICS BETWEEN
5 SPACE AND ATMOSPHERIC
SUPERINSULATION—"""%y FLIGHT

b. §OFT SHELL DESIGN

Figure 1.
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HYDROGEN TANK

TABLE

OPTIMUM PRESSURE BAND VS WET WEIGHT

250-1b

Deliverable Contents

750-1b

Ppeliverable Contents

Operating pressure, psia| 200 | 400 | 600 | 800 | 200 400 600 800
Pressure band, psi 50 100 23 75 30 100 25 75
Wet weight, 1b 590 | 621 674 | 722 1622 1736 1889 | 2043
TABLE 2
OXYGEN TANK OPTIMUM PRESSURE BAND VS WET WEIGHT
250-1b 750-1b

Deliverable Contents

Deliverable Contents

Operating pressure, psia

Pressure band, psi

Wet weight, 1b

200 | 400 | 600 | 800
300 | 200 | 200 | 600

320 | 312 | 311 357

200

300

913

400

200

91

600

100

921

800

600

998
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Insulation Thickness

There is a tradeoff for hard-shell tank designs between increased
insulation thickness and percent of deliverable contents vented. Figures 6
and 7 show the tradeoff for an orbiter hard-shell design.

Fluid Usage Profile

One of the important parameters in tank optimization is the fluid usage
profile. For the orbiter the first large withdrawal of propellant occurs on
the first day and then there is a 6-day quiescent period before the remaining
propellant is used. Thermodynamically, the amount of propellant used on the
first day directly affects the amount of heat that the tank can absorb during
the quiescent period before venting occurs. The booster mission requires no
quiescent period and thus the insulation requirements are sufficiently met at
minimum thickness values. Figures 8 and 9 show a typical result of the
relationship between percent of contents used on first day vs load factor for
large and small tanks.

Delivery Pressure

Figure 10 shows the effect of delivery pressure on the tank load factor.
These data are required to select the operating conditions for the super-
critical tank system described in Section 4.

TANK PERFORMANCE

The following discussion is based on the paramtric data obtained in the
optimization study discussed earlier in this appendix. Table 3 outlines the
results of a typical tank optimization. The following figures represent
extensive tank performance evaluation based on the criteria listed in the
assurptions section of this appendix. This section outlines tank performance
in terms of load factor. Load factor is equal to wet weight divided by
deliverable contents. Figures 1l through 18 show these results for high and
low pressures for both orbiter and booster configurations. Figures |9 through
22 show the performance comparison between the tank insulation concepts.
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TABLE 3

ORBITER HARD-SHELL OPTIMIZATION DATA

Oxygen Hydrogen Oxygen Hydrogen
Delivery pressure 35 psia 35 psia 300 psia 300 psia
Inner shell Aluminum Aluminum Aluminum Titanium
Quter shell Titanium Titanium Titanium Titanium
Inner shell thickness, in¥ 0.035 at 200 1b [0.053 at 200 1b |0.116 at 200 1b [ 0.047 at 200 1b
0.06 at 1000 1b [0.035 at 1000 1b |0,048 at 1000 1b | 0,08 at 1000 1b
Outer shell thickness, in¥ 0.035 at 200 1b 0.053 at 200 1b 0.035 at 200 1b 0.054 at 200 1b
0.037 at 1000 1b | 0,090 at 1000 1b | 0,037 at 1000 1b | 0.09 at 1000 1b
Insulation thickness, in. 1.519 1.519 1.519 t.519
Fluid vented, 1b* 0 at 200 Ib 0 at 200 1b 0 at 200 1b 10 at 200 1b
0 at 1000 1b 10 at 1000 1b 0 at 1000 1b 10 at 1000 1b
Maximum operating pressure, psia 150 100 550 325
Wet weight, 1b 242 at 200 1b 378 at 200 1b 255 at 200 1b 418 at 200 1b

1168 at 1000 1b

1710 at 1000 1b

1206 at 1000 1b

1934 at 1000 1b

*Reference to 200 1b at 1000 1b is tank deliverable contents.
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APPENDIX D

HEAT EXCHANGERS

INTRODUCTION

This appendix describes the design studies of the five heat exchangers
used in the preferred propellant conditioning system, the recuperative system
with recycle. Figure | shows the relative system locations of these units,

DESIGN CONSIDERATIONS

When making a optimization design study, the many factors to be con-
sidered include:

Type of heat exchanger--plate fin or tubular, with or without
buffer zone

Service life and safety requirements--including corrosion and
fouling considerations

Maintainability

Material

Type of tubing--plain tube, finned tube or dimpled tube

Type of surface matrix for plate fin and outside the tubes
Size and thickness of plate fin and tubing

Cost--construction cost, development cost and maintenance cost
Unit weight and volume

Shape of unit--cylindrical shell or box type shell, dimensional
ratios, and dimensional limitations, if any

Flow arrangement--cross flow, cross counter or cross parallel flow
Location of the fluids--hot fluid in shell or cold fluid in shell
Number of passes--hot side and cold side

Pressure drop allowance and effectiveness--a tradeoff consideration
for the system; optimizing improved system performance vs heat

exchanger weight

It is almost impossible to optimize every factor listed above. Many of these
factors must be predetermined when making parametric studies.
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Plate fin heat exchanger designs were excluded from consideration because
each of the system heat exchangers has at least one high pressure fluid
stream. The plate-fin heat exchanger is usually optimum for low pressure
service only.

Most of the APU heat exchangers will see large temperature gradients,
particularly during startup. However the shell-and-tube heat exchangers are
well adapted to these gradients. The selected tubing can take pressures
of 600 psid with stress of only 3750 psi. By placing expansion bends in
the tubes, the differential deflection between the tubes and the shell can
be accommodated by slight flexing of the tube.

The service life and safety requirements determine whether a buffer zone
is needed and also partially determine material and thickness of the parts.
It is assumed that a buffer zone is not required for any of the heat exchangers,
Dimpled stainless steel tubing with a O.f-in. 0D, 0.008~in. wall thickness
is used for all heat exchangers except the oxygen preheater which uses plain
tubing. Shell side surface matrix (tube spacing and pitch, in-lined or
staggered) is so chosen that good dimensional ratios and minimum unit weight
are obtained for the desired pressure drops.

PARAMETRIC STUDIES

An AiResearch tubular heat exchanger design program (H0424A) was used for
the design study. This program takes the physical property data of the fluids,
the tested friction factor and Colburn modulus (F and J curves) data, and the
given problem statements. The program iterates to a solution by using the
physical properties of the fluids at average film temperatures in the heat
exchanger,

Figures 2, 3, and 4 present typical parametric studies performed when
sizing these heat exchangers. Figure 2 shows the number of tube passes vs
heat exchanger core weight. Figures 3 and 4 show the effect of design point
pressure drops on the hydrogen recuperator weight when the number of passes
are selected in Figure 2., Pressure drops and number of passes have been
optimized in terms of unit weight and volume for all the heat exchangers.

Figure 5 shows weight increase as a function of effectiveness for the
oxygen preheater. The selection of the design point effectiveness is a
tradeoff consideration for the system performance. Since the oxygen preheater
is a small unit, with a small weight increase, high effectiveness (thus better
combustor performance) is selected as a design point condition,

HEAT EXCHANGER DESCRIPTION

Oxyagen Preheater

This is a 6-pass cross-counterflow shell and tube heat exchanger with hot
hydrogen inside the tubes and cold oxygen outside the tubes, Plain tubes are
used instead of dimpled ones for this heat exchanger to ensure high reliability.
A buffered heat exchanger could be used if even higher safety precaution is
required.
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This heat exchanger is designed for the following operating conditions:

Hot Fluid Cold Fluid

(H, at 1200 psi) (02 at 1250 psi)
Flow, 1b/min 3.6 2.16
Inlet temperature, °R 1233.0 193.0
OQutlet temperature, °R 1195.2 1100.9
Inlet pressure, psia 1200.0 1250.0
Pressure drop, psi =1.0 < 5.0
Effectiveness 0.036 0.873
Heat transferred, Btu/min 474.0

Hydrogen Preheater

This is a 2-pass cross-parallel shell and tube heat exchanger with hot
hydrogen inside the tubes and cold hydrogen outside the tubes. This heat
exchanger is designed to equalize the temperatures of the incoming and recycle
hydrogen flow streams to ensure efficient ejector performance. A cross-
parallel flow arrangement ensures equalization at all off-design conditions.

The design point conditions for this heat exchanger are:

Hot Fluid Cold Fluid

(H2 at 1200 psia) (H2 at 1200 psia)
Flow, 1b/min .68 3.6
Inlet temperature, °R 1233.0 72.0
Outlet temperature, °R 471.4 390.0
Inlet pressure, psia 1200.0 1200.0
Pressure drop, psi s 0.1 s 1.0
Effectiveness 0.656 0.274
Heat transferred, Btu/min 4482.0
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Hydraulic 0il Cooler \

This is a one-one pass cross-flow shell énd tube or box type tubular
heat exchanger with hydrogen inside the tubes and hydraulic oil outside the
tubes. Because of the low effectiveness, the cross flow arrangement is
selected to obtain better pressure drop and dimensional ratio combinations.
This heat exchanger is designed for the following operating conditions:

Hot Fluid
(MIL-H-5606 Cold Fluid
Hydraulic 0il) (H2 at 1200 psi)
Flow, 1b/min _ 546,0 5.52
Inlet temperature, °R 720.5 460.0
Outlet temperature, °R 710.0 587.7
Inlet pressure, psia 200.0 1200.0
Pressure drop, psi < 2.5 < 1.5
Effectiveness 0.04 0.49
Heat transferred, Btu/min 2562.0

Lube Q0il Cooler

This is a 6-pass cross counterfiow shell and tube heat exchanger with
hydrogen inside the tubes and lube oil outside the tubes. The design point
conditions for this heat exchanger are:

?;;Lflf;gos Cold Fluid

Lube 0i1) (H, at 1200 psi)
Flow, 1b/min 15.0 5.28
Inlet temperature, °R 660.0 554.0
Outlet temperature, °R 591.2 581.0
Inlet pressure, psia 200.0 1200.0
Pressure drop, psi % 4.0 =1.0
Effectiveness 0.649 0.255
Heat transferred, Btu/min 510.0
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Hydrogen Recuperator

This is a 6-tube-pass, |-shell-pass cross-counterflow box type tubular
heat exchanger with hydrogen inside the tubes and hot combustion products
outside the tubes. Since the pressure drop on the shell side is more important
than that on the tube side, this heat exchanger is designed to minimize the
shell side pressure drop with a box type construction and multipass on the
tube side. This heat exchanger is designed for the following operating
conditions:

Hot Fluid
(H2-H20 Hot Gas, ?old Fluid '
0/F = 0.65) (H, at 1200 psia)
Flow, 1b/min 6.6 6.0
Inlet temperature, °R 1500.0 628.0
Qutlet temperature, °R 700.0 1141.6
Inlet pressure, psia 20.0 1200.0
Pressure drop, psi < 1.0 =5.0
Effectiveness 0.917 0.589
Heat transferred, Btu/min 10866.0

HEAT EXCHANGER PERFORMANCE

Heat exchanger performance is computed with AiResearch Tubular Heat
Exchanger Performance Computer Program (HO415P). The performance curves
including ThA and pAp vs w of each flow for every heat exchanger except the
oxygen preheater are presented in Figures 6 to 9. These curves are plotted
at given inlet temperatures of the fluids and at the given flow rate of the
other fluid. This means that these curves are obtained at the design point
film temperatures. When using these curves at conditions other than specified,
necessary corrections must be made such that corrected flow rates are used.

FUTURE HEAT EXCHANGER DESIGN ANALYSES

The tubular heat exchanger design and performance programs (H0424A and
HO415P) use fluid property values at arithmetic average film temperatures
and the tested f and J factor curves.

The physical properties of hydrogen and oxygen at the working pressures
are strong functions of the temperature and the slopes of these functions
change irregularly (especially at temperatures below 500°R). The conventional
method of using arithmetic average film temperatures to determine fluid
properties becomes doubtful because the property values at this temperature
may be far different from the actual mean property values. This deviation
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may or may not cause error in the design work, and if there is an error intro-
duced, the magnitude of this error is not easily predictable. This possible
error will not effect the overall system performance study significantly since
the total heat quantities on most of the units will be unaltered. The probable
result will be an inaccurate sizing of the heat exchangers which can be correc-
ted at a later date.

Work is being done on advanced performance prediction techniques that
will eliminate the possible error. A nodal heat exchanger program is being
developed so that the internal heat exchanger performance can be studied.
Each node of the heat exchanger is formed as a small heat exchanger. The
temperature spans across these nodes are small enough that the fluid property
variation will be insignificant and the conventional method can be applied.
This advanced program will be made for final design of all system heat
exchangers.

Because the oxygen temperature change in the oxygen preheater is large,
the property values change severely. This change makes performance curves
obtained from normal calculation methods incorrect. A fixed performance is
assumed at this time when making system studies. This fixed performance
assumption does not effect the overall system performance since the total com-
bustor inlet enthalpy is unaffected.
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APPENDIX E

CYCLE PERFORMANCE ANALYSIS

INTRODUCTION

This appendix describes a computer program used to calculate APU
performance at various operating conditions. The program outputs the component
performance {efficiency, effectiveness, etc.) and the state poi nts throughout
the system. These data establish the feasibility of the selected cycle con-
figuration and provide a basis for further refining the component design
problem statements. Additionally, by operating the program at a series of
points, it is possible to establish the APU performance solely as a function
of the output power required and the ambient pressure. These performance
data can then be used to establish the propellant requirements for an entire
mission {as described in Appendix F).

SYSTEM CONFIGURATION

Figure | shows the system configuration used as the basis for the program
logic. This configuration uses cryogenic pumps to compress the hydrogen and
oxygen to the required pressure. The pumps are electrically driven (0.85 motor
efficiency used) with power being supplied from the generator on the gearbox.
Thus, it is necessary to use a slightly larger generator with this cycle than
with one having high-pressure tankage. Although this appendix describes the
program version used for the pumped cryogenic system, minor modifications
have been made to create program versions applicable to all the hydrogen-
oxygen systems considered in the study.

Figures 2 through 8 present the component performance data used in the
program, Figure 2 shows the hydrogen pump performance and Figure 3 gives the
oxygen pump performance. (These are for an APU system operating at a maximum
pressure of about 1250 psia.) Figure 4 shows the ejector performance. The
heat loads (power losses due to component inefficiencies or cooling needs) are
given in Figures 5 through 8 for the turbine, the hydraulic pumps, the genera-
tor, and the gearbox. Additionally, it is assumed that [5 percent of the net
output hydraulic power is returned to the APU system in the form of waste heat
(hydraulic fluid temperature rise). Performance maps for the hydrogen pre-
heater, the hydraulic fluid heat exchanger, the lube oil heat exchanger, the
recupcrator, and the oxygen preheater are given in Appendix D.

The turbine performance map consists of a plot of turbine efficiency as
a function of the output power, the discharge pressure, and the 0/F ratio.
Appendix A shows the various turbine performance maps that have been used in
this cycle analysis program. Assessing system performance in terms of the
turbine design point (discharge pressure and output power) has made it possible
to optimize the system peak pressure. For systems having peak pressures other
than 1250 psia, the pump performance maps and the system line pressure drop
relationships are also altered.,
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Table | shows the line pressure drops (in terms of the density-pressure
drop product divided by the square of the line flow) for a system operating
at 1250 psia. For lower pressure systems where pressure drop is more critical,
it is necessary to use larger line sizes. Thus, lowering the system pressure
results in an increase in the system line weight.

CALCULATION PROCEDURE

The procedure used to determine the system performance is one originally
developed for prediction of aircraft environmental control system performance.
It consists of an iterative convergence to a set of state points satisfying
the component performance capabilities and the required system boundary con-
ditions (output power, ambient pressure, etc.). Initially, the first guess
system flows are obtained by calculating the approximate output power {since
the hydrogen and oxygen pumps are driven from the gearbox, an exact power
calculation is not possible until the system flows are established), and by
using the flow relationship through the turbine nozzle and the relationship
between turbine throughflow, pressure ratio, 0/F ratio, and turbine output
work to calculate approximate flows for the guessed 0/F ratio. Then a series
of five separate, nested convergence loops are applied to make the system meet
the various boundary conditions imposed upon it. The five convergence loops
are as follows:

(1) Turbine Discharge Pressure--Iterate to make the turbine discharge
pressure, less the line losses in the exhaust line, equal to the
ambient pressure.

(2) Generator Cooling Discharge Temperature--Iterate by -altering the
amount of flow recycled from the recuperator to the ejector to make
the fluid temperature at the generator discharge equal to 460°R
(this provides an ideal heat rejection temperature for the hydraulic
and lube oil heat exchangers).

(3) Turbine Nozzle Inlet Pressure--Iterate to make turbine flowthrough
equal to first-guess flow required for power; flow can be reduced
by lowering the nozzle inlet pressure, which occurs when the control
valves in front of the combustor are partially closed. If the cal-
culated flow with the throttle valves full open is less than the
first-quess required flow, then the program sets the required flow
equal to the calculated flow (which, as will be established by
iteration loop 5, probably means that the system cannot provide the
required output power).

(4) Turbine Inlet Temperature--Adjust the O/F ratio to make the
combustor discharge temperature equal to the design turbine inlet
temperature (1800°F).

(5) Power Balance~-Adjust the propellant flow to provide the required
output power (if throttle valves are wide open and power generated
is less than required, then printout to indicate this).
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TABLE |

DUCT PRESSURE DROP FACTORS FOR 1250 PSIA SYSTEM

) No. of | Nominal Nominal
it [ouces| VSRS gt | 30 e Prastre | Temgrare,| o
Oxygen i-2 | 0.5 | 240 4 45 193 1,795
3-4 | 0.25 60 | 1260 193 13,330
5-6 | 0.25 12 | 1260 540 3,510
7-8 | 0.25 12 ! 1255 540 3,510
9-10| 0.25 24 2 1250 540 7,000
Hydrogen | I1-12| 0.75 240 4| a0 72 253
13-14 | 0.375 60 | 1280 72 1,840
15-16| 0.375 24 1 1275 390 851
17-18| 0.625 60 ! 1275 417 228
19-20 | 0.625 60 2 1275 427 228
21-22 | 0.625 24 | 1275 514 102
23-24| 0.625 60 3 1275 540 256
25-26 | 0.625 24 | 1270 562 102
27-28 | 0.625 24 2 1270 573 125
29-30| 0.75 12 ! 1265 1184 22.8
30-31 | 0.75 12 | 1265 1184 22.8
32-33| 0.375 12 | 1265 475 53
34-35| 0.375 12 | 1265 475 53
30-36 | 0.75 120 3 1260 1184 140
37-38 | 0.5 12 [ (255 1184 41
39-40| 0.5 12 | 1255 1184 41
41-42| 0.5 24 2 1250 1184 285
Hydrogen-| 43-44 | 0.75 12 2 1250 2260 35.6
Steam 45-46 | 2.50 24 ! 16 1570 0.15!
Exhaust
47-48 | 2.50 240 4 15.5 700 0.9

#puct numbers refer to duct locations shown in Figure |I.
w#Z factor is (density x pressure drop)/(flow squared) where density is in 1b
per cu ft, pressure drop is in psi and flow is in Ib per min.
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In each of these iterations, only a single variable is being altered. The
other variables are held constant, Thus, in iterative loop | for example,
the propellant flow remains constant as the discharge pressure is varied to
obtain compatibility with the ambient pressure. Consequently, each iteration
on loop 2 requires a series of iterations on loop | in order to obtain dis-
charge pressure convergence. Similarly, each iteration on loop 5 requires
iteration to convergence on all of the prior iterative loops.

FLUID PROPERTIES

Because the APU system operates with fluids at cryogenic temperatures,
it is not possible to use perfect gas laws. Therefore, it becomes necessary
to provide the computer program with maps of the various fluid properties
(density, pressure, temperature, and enthalpy data are required). Figures 9
and 10 show typical fluid property maps. The data sources for the fluid
properties used in the cycle performance program are as follows:

Oxygen--"The Thermodynamic Properties of Oxygen," by Richard Byron
Stewart, a PhD thesis at the University of Iowa, 1966,

Hydrogen Below 100°K--A computer program by Hans Roder of NBS (‘the
source for the data of NBS Nonograph 94)

Hydrogen Above |00°K--A computer program by McCarty of NBS

Water--"Thermodynamic Properties of Steam,” by Keenan and Keyes,
1959 printing

Data retrieval of the fluid property information is based on a map reading
program developed as a result of AiResearch IR and D activity.

OUTPUT INFORMATION
Figure 1| shows a sample of the program output. The data are sufficient

to specify the state points at each location in the system and to establish
performance, both at the component and system level.
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COMBUSTOR [NFORMAT]ON

HYDROGEN FLOW €77 OXYGEN FLOW 3,04
INPUT PRESSURE IN 300,14 PRESSYRE QUT 97,0
DUCT PREBSURE LOSS cozFFxcltnvs SL0E+4 TEMPERATYRE [N W2 1144,2 TEMPERATURE [N 02 1202 2
1805,9 454.0 144.0 14,0 2,9 3,7 16,0 FLOW P IN Pour T IN TQUT W IN W QUT
8.0 zu.l 20,4 s,0 24,0 8.8 12,9 COOLING SIDE 7,86 375,14 375,1 608,0 408,0 2049,8 20478
6,4 22,7 143,90 144,0 13,9 6,4 6,4 HEAT REJECTED 0
12,900 10,400 1193 +900
TURBINE INFQRMAY|ON
SFT TUR ON F lF JPP SF JP W TUR QBCA P rnxgn TURB NQZ INLET FLOW 7,78 SPECIFIC HEAT RATIO 1,359
1,000 1000 2,000 1,000 5,000 40203 11478 PRESSURE IN 295,53 PRESSURE QUT 18,2
TUR'LKGA ETA COMS Luas P WP ETA LOPP T'T4R IN T ALTI 0 TEMPERATYRE [N 2240,0 TEMPERATURE OUT 163¢,5
10002 98 .20 50 2260.0 60,0 ENTHALPY IN 8387,3 ENTHALPY OUT 3806,3
PRESSURE RATIO 14,28 EFFiCIENCY V531
PGINT INPUT DATA FLOW P IN P our TOUT HWIN W OUTY
NYDRA WP ELEC P AMB COOLING SIDE 7,66 375,35 375,85 57!.7 608,0 1947,4 2049,8
200,00 10.00 14470 HEAT REJECTEQ 784,9
PUT DATA REGUPERATOR lNFORMATlON
DR!V! Powi WP LO8S FLOW  PRE IN P OYY T T our HIN M OUT  RFP
HYD PUMP  ALTERTOR LUS PUMP W2 PUMP 02 PUMP GEAR 80X COLD §I0E 7, eo 374,4 )Jt.o 600.0 1202,3 2049,0 4489,5 79
232,00 18,9 140 2,40 13 12,08 WOT 8]0k 7, 17,9 19,7 1834,5 703,4 :llo.z 1848,7 007
* TURBINE Equusr QVERBOARD ' PREBSURE ¢ 14,91
TURBINE QUTPUYT PONER » 262,17 o/F & 432 BPC = 1,784 H2 PREMEATER lNFOlHAY!DN
WOW  PRE IN P OUY TIN T our H IN W OUT  EFF
PROPELL ANT uvonoe!n OXYGEN coLO lxsi 4.71 384,53 384,98 66, ¢ 431,2 =73,3 3343,8 ,S;s
FLOW RATE 3,04 HOT 810 2.0 334,9 334,80 1202,) 332,84 419,89 178),0 980
PRESSURE Js.no 35,00
TEMPERATYRE 41,60 176,60 JET PUMP PERFORMANGE
ENTHALPY 96,4 54,8 FLOW PARS FLOM PRESSURE  TEMPERATURE
runr xnroan‘vlon PRIMARY JET ,00 “©77 84,34 411,18
HYDROG OXYGEN SECONDARY JET 200 2,0 32,73 532,09
PRESSURE N ss.n 35,0 REGULTANT 7,66 304,34 455,94
PREGEURE QUT 384,89 384,3 FLOW RARA RATIO ,000 P PR{/P SEC 10000
TEMPERATURE [N 416 1706 VET PUMP RISE 10000
TEMPERATYRE QUT 46,4 179.9
ENTHALPY IN “96,¢ *84,9 ALTEINATOR xurounATION
ENTHALPY OUT 75,3 49,6 FLOW P IN POUT T IN TQUT HWIN W OUT
EFFICIENGY 72 N 1 GOOLING SIDE 7,66 :sJ.o sa: 6 453,9  462,0 4508,3 1530,3
HEAT REJECTED
02 PREHEATER lNlDRHAT!ON HYDRAULIC olL COOLER lNFORHATlON
FL PRE IN » QUT TIN Y OUT M IN  HOyUr EFF FLOW PRE IN P OUT T oour HIN HOUT EFP
cOLO S1DE 3 ox 384,3  384,3 ;79.0 1202,2 =49,8 270, u 1,000 COLO SIDE 7,46 382,80 02,4 402 0 397.0 liio l 10739 ,433
NOT SIDE 4,77 ::4.7 334,64 1202,3 11#44,3 4119,5 3947,5 087 HOT SIDE 544,00 30,0 30,0 eez.o 73,8 W0 .06
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CONTROL VARVE
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2630,5
LUBE Q1L COQLER INFORMATION

I8 1T IN CONTROL Y € FLOW PRE IN P OYT T IN TOUT HIN N OQUT EFF
PRESSURE IN 333.0 384,0 COLD SIDE 7,66 382,2 376,86 537,46 378,77 1873,8 1947,¢ 490
PRESUAE 0 300,7 300,7 WOT SIDE 14,80 30,0 30,0 6633 387,93 0 0 77
TEMP llYUli IN 1144,2 1202,2 HEAT REJECTED 363,3
27
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Figure Il. Typical Cycle Performance Program Output




APPENDIX F

VEHICLE POWER PROFILE/ALEITUDE/PROPELLANT CONSUMPTION

INTRODUCTION

This appendix describes the method used to determine the APU performance
during any specified vehicle mission. It also presents the mission power/
altitude/time profiles supplied by NASA for the booster and orbiter vehicles.
INPUT INFORMATION

The computer program requires. four inputs:

° A map of the APU propellant consumption as a function of the
output power and the ambient pressure

° A map of the vehicle power requirements as a function of time
° A map of the vehicle altitude as a function of time
© A map of the ambient pressure as a function of altitude

APU Propellant Consumption Map

The APU performance can be specified solely as a function of the output
power and the ambient pressure. Although there is a slight difference in the
map depending upon the relative split between output hydraulic and electric
power, the electric power level of 10 hp has been assumed as the basis for
the performance map. This power level primarily effects the output power
level at which it is necessary to operate with both hydraulic pumps pressurized
(thus causing a step increase in the propellant consumption). Sampie APU per-
formance maps are shown in Section 3 through 5 for both the hydrogen and
oxygen flow requirements. These sample maps are for APU's having turbines
designed at various power outputs/discharge pressures and maximum inlet pres-
sures. The maps were obtained by using the program described in Appendix E to
establish performance at various power levels and ambient pressures.

Mission Profile and Power Requirements Maps

As with the APU performance maps, it is possible to place the mission
profile and power requirements in a tabular form for input to the program.
Figures | and 2 show the mission power/altitude/time profiles specified by
NASA for use during the latter part of the Phase I study. These data are
given in terms of the gearbox output power required for driving the pumps and
the generator. (The sample APU performance maps of Figure | are given in

terms of the net power available after allowance for the hydraulic pump and
generator losses.)
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0 200 400 &nC 800 1000 1200 8000 8400 8600 8800
TIME, SEC
! Hydraul Ic Electric Total Input

Time, sec Period, Hydraul ic Shaft Electric Shaft Shaft Energy,
From Ta sec hp Output hp Input hp Output | hp Input hp hp-sec
-1000 =800 200 7 23 i3 |7 40 8,000
~-800 =500 306 75 95 13 17 1z 33,600
-500 0 500 7 39 13 17 56 28,000
] 5 5 50 82 36 42 124 720
5 45 40 90 22 13 17 139 5,560
45 75 30 140 172 13 17 147 4,410
75 s 40 190 222 13 17 239 9,560
115 155 40 17 149 13 17 166 6,640
155 195 40 100 132 I3 17 149 5,960
195 230 35 7 39 13 17 56 1,960
230 240 (8] 100 132 13 17 149 1,490
240 600 360 7 23 10 14 37 13,320
600 6i0 10 8¢ 96 10 14 110 1,100
610 700 58 7 23 i0 14 37 2,146
610 700 32 27 43 10 14 57 1,824
700 8400 5700 7 23 10 14 37 210,900
700 8400 2000 I5 3 [{¢] i4 45 90,000
8400 840 to 45 1] 10 14 75 750
8400 8700 20 20 52 10 117 66 1,320
8410 8700 270 7 39 10 14 53 14,310
8700 8702 2 180 2i6 10 14 230 460
8702 8760 58 7 39 0 14 53 3,074
8760 9000 140 25 57 i0 14 7t 9,940
9000 9600 600 20 52 10 14 66 39,600
Total energy hp=hr = 137.37 hp=hr

-Notes: 1. Hydraulic power conversion based on two pumps per APU with one pump

depressurized during prolonged low power need.
2. Pump losses 16 to 20 hp for one pump and 32 hp for 2 pumos. Pump loss

reference from Vickers PV3-300 at 5000 rpm.

3. Electric power based on 30 kw shared among 3 alternators,

Figure I.

Booster Mission APU Power Schedule
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ORBITER POWER AND TIME SCHEDULE

Gearbox Output Input Energy,
Function Power, hp Time, sec hp-sec

Boost 20 250 5000
Propellant valves punch 90 1o 900
TVC and valves 40 240 9600
TVC - spikes 40 12 480
Descent checkout 40 200 8000
Quiescent 20 1400 28000
Spikes 20 112 2240
Reentry 60 1000 60000
Reentry spike 40 10 400
Quiescent 20 300 6000
Approach 200 2 400
Landing 50 100 5000

125,920

Total Energy = 35 hp~hr + 20 percent startup and shutdown = 42 hp-hr

Figure 2. Orbiter Mission APU Power Schedule
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Ambient Pressure/Altitude Map

Since the turbine performance maps are presented as a function of ambient
pressure, and since the mission profile data are given in terms of ambient
altitude, it is necessary to provide a map specifying the relationship between
pressure and altitude. The ICAD standard atmosphere and the NASA tentative
upper atmosphere have been used as the basis of these data. '

OUTPUT

Figure 3 shows a sample output obtained from the computer program. The
data give the propellant consumption for each mission segment, showing the
quantities attributable to the base power level and these due to power spikes
occurring during the segment. The total energy output, the average power
output, and the total propellant requirements for the mission are also
provided. All data are in terms of net output power, after accounting for
hydraulic pump and generator losses. The total propellant is unaffected by
this method of accumulating energy output.
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2ROPELLANT AND POWER STUDY = - BOOSTER MISSION-« 300 PS{ PUMP TURB 9

SEG  T{tE TrHE 3ASE  SPIXKE SPIKE NO OF  AVERAGE BASE §PIKE MYDROGEN CONSUMED  OXYGEN CONSUMED
START  EVNJING WP OUT HP OUT DURATN SPIKES ALTITUDE & GEN'D E GEN'D BASE WP SPIKE WP BABE WP SPIKE WP
1 -100.3 ~8n3.0 20,0 -0 =0 0 66,7 0 5,23 100 2.29 W00
2 ~-#n0,0 =-500,0 - A8,0 =0 =0 .0 440,0 0 13,33 W00 7043 100
3 -500,0 ] 20,0 -0 -0 ] 166,7 0 13,02 «DD 5,73 «00
4 .Q 5.0 n6,0 .0 ] .0 2 ] 22 +00 12 +00
5 5.0 43,0 113.0 =40 0 0 «0 1,83 100 1,06 00
L] 43,0 L7349 153.,0 -0 Q -0 0 4,77 100 1,11 100
7 79.0  i15,0 2n3.0 -0 0 “0 ] 2,79 100 1.0 +00
] 115,0 155,0 130,0 .0 0 -0 :0 1,90 +00 1,23 100
9 1%5.9  195.0 113,0 -0 -0 g 0 1,70 »00 1,08 100
10 195.0  210.0 20.0 -0 .0 =0 0 138 +00 110 «00
11 210.0 230.0 20,0 .0 Q0 .0 .0 124 g0 14 100
12 233.0 240,0 1130 -0 =0 0 0 143 100 W27 »00
13 240.0  300.0 17,0 =0 0 =0 0 187 +00 W38 +00
14  300.0 390.0 17,0 -0 -0 .0 1) 1,00 100 37 100
15> 390,0  410.0 17,0 -.0 -0 -0 .0 12 »00 13 +00
16  413.0 810.0 17,0 0 q L] 0 2,13 «00 1,20 100
17 6n0.0  610.0 90,0 -0 -0 «:0 .0 32 +00 .20 400
18 610.0  743.0 17.0 37.0 4,0 8,0 39,7 '05 154 37 132
19y 700.0  900.0 17,0 25,0 8.0 6.0 20,0 1,79 Y .98 38
20 90U.0 125040 17.0 25,0 8,0 12.0 40,0 4,18 1,78 2,03 V94
21 12%0.0 838U.0 17,0 25,0 8,0 237.0 790,0 308,55 43,43 49,24 20,81
22 A380.0 A4nD.0 17,0 25,Q 8,0 4.0 3,3 W4 19 31 109
23 8400.0 8410,0 55,0 -0 -0 -0 0 134 100 1468 00
24 A410.0 B703.0 17.0 30,0 2,0 10.0 1040 6,40 194 2,80 126
25 8J70.0 A732.0 190.0 -0 =40 =40 .a 115 100 09 .00
26 A/D2,0 A760.0 17,0 “.0 -0 -0 0 1,40 100 164 )
27 8760.0 A870.3 35,0 .0 =0 =0 W 1,48 ,00 87 ,00
24 8800.0 9000.0 35,0 =0 -0 LIY'] .0 6,02 +00 2,88 400
29 9000.0 9600.0 30,0 -0 -0 =0 a 17,26 100 8,04 100
TOTAL ENEHGY OYTPYUT 4319,8
TOTAL AVERAGE POWER QUTRUT 24,5
TOTAL HYDROGEN REGUIRED 242,84
TOTAL OXYGEN REQU]IIED 115,63

ALTITUDE IN FEET, ENERGY [N WP=MIN, PUWER IN HORSEPOWER, TIME IN SEC, PROPELLANT CONSUMED IN L3,
L ]
PROPELLANT AND POWER STUDY -~ ~ORBITER MISSIQN DESCEND[NG = 300 PS[ PUMP TURS ¢

SEG  TI“E TI¥E 3ASE  SPIKE  SPJKE NO OF  AVERAGE BASE SPIKE HYDROGEN CONSUMED  OXYGEN CONSUMED
START  ENDING MNP OUT HP OUT DOURATN SPJKES ALTITUDE € GEN'D E GEN'D BASE HP SPIKE HP  BASE WP SPIKE HP
1 0 100.0 20.0 .0 0 «0 250000.0 33,3 V0 1,20 100 1134 100
2 in0.0 20040 20.0 =0 =0 =0 244000,0 33.3 .0 1,20 1 Q0 49 200
5 200.0 300.0 0 20,0 8,0 9.0  234000,0 ] 24,0 138 196 409 149
4  300.0  900.0 0 20.0 8,0 20,0 216000,0 .0 53,3 2,80 1,92 1,38 1,10
5 900.0 1600.0 W0 20,0 8,0 18,0  184280,9 0 48,0 3,54 1,72 1,73 99
6 1600.0 1610,0 0 80,0 10,0 4.0 16772%,0 ) 13,3 100 129 +00 118
7 1610.0 1800.0 40,0 -0 -0 0 162225,0 126,7 0 3,34 100 2,04 100
8 1800.0 2000.0 40,0 =0 -.Q =0 148445,0 133,3 0 3,82 +00 2,12 +00
9 2000.0 2200,0 40,0 -0 =0 «0 136000,0 133,33 N 3,52 00 2,42 .00
1U 2200.0 2400,0 40,0 .0 ~.0 w0 142069,8 133,3 a 3,52 100 2,12 100
11 2400,0 2600.0 40,0 -0 =0 0 $7551,0 133.3 $0 3.6% 100 2,17 +00
12 2600.0 2780,0 0 «40 =40 “0 20359,4 0 0 2,30 W00 L] 100
13 2780.¢ 2879.0 .0 -0 -0 -9 4923,7 0 0 1,04 100 163 100
14 2870.0 2900.0 0 -0 =0 L2y 3500,0 .0 Q 87 100 2 100
15 2900.0 2902,0 164,0 0 0 40 2140,0 5,5 0 43 «00 00 100
16 2902.0 3000,0 14,0 =0 -0 -0 1040,0 22,9 0 2,34 »00 199 00
YOTAL ENERGY QUTPYT 893,7
TOTAL AVERAGE POWER OUTPUT 17,9
TOTAL HYDROGEN REGUIAED 38,27
TOTAL OXYGEN REGUIRED 20,71

ALTITUDE IN FEET, ENERGY IN HPeMIN, POWER IN HORSEPQOWER, TIME IN SEC. PROPELLANT CONSUMED IN LB,

PROPELLANT AND POWER §TUDY = =ORBITER MISSION ASCENDING « 300 PSI PUMP TURB 9

SEG TIME TIME 3ASE  SPIKE SPIKE NO OF AVERAGE BASE SPIKE HYORDGEN GONSUMED  OXYGEN CONBUMED

START ENQING WP OUT HWP OUT DURATN SPIXES ALTITUQDE £ GEN'D E GEN'D BASE WP SPIKE WP BASE NP SPIKE WP
1 ~630.0 «0 20,0 .0 =0 =0 0 210,0 0 16,41 100 7,28 +00
2 «0 100.0 :0 =0 .0 0 15350,3 0 .0 1,43 +00 36 00
3 100.0 250.0 o0 =0 =0 0 65102.0 «0 0 1,08 100 + 54 +Q0
4 230.0 260,0 70,0 -0 =0 -0 2%0000,0 11,7 .0 26 200 136 «00
5 2680.0 500.0 20,0 60,0 2,0 6,0 23%0000,0 74,0 2.0 2,73 28 1,56 17

TOTAL ENERGY QUTPUT 309.7

TOTAL AVERAGE PQWER OUTPUT 1644

TQTAL HYDROGEN REGJIRED 22,18

TOTAL OXYGEN REQU]RED 10,18

ALTITUDE [N FEET, ENERGY [N HP=MIN, POWER [N NORSEPQWER, TIME IN SEC. PROPELLANT CONSUMED IN LB,

S5-61394

Figure 3. Typical Booster and Orbiter Missions
Propellant Requirements
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APPENDIX G

COMBUSTOR DESIGN CONCEPTS

Two different types of combustor designs have been considered; these
are:

° Diffusion-type combustor (Figure [)
o Can-type combustor (Figure 2)

The can combustor has a smaller chamber volume than does the diffusion
combustor, and hence the can combustor will offer quicker response capability.
However, previous AiResearch testing has demonstrated that the diffusion
combustor will operate over a wide range of pressures with a high combustion
efficiency. Figure 3 shows a plot of combustor efficiency vs chamber pres-
sure for a hydrogen-oxygen diffusion combustor (AiResearch drawing PA-34525).
Based on this experience, the diffusion combustor is recommended. The data
of Figure 4 show that the blowdown time of either combustor is quite rapid.
Figure 4 assumes a |250~psia combustor chamber pressure. Thus, the blowdown
times shown are considerably larger than those that would occur for lower
pressure combustors. 1In thelower pressure combustors, the turbine nozzle

(to develop the same output power) would be considerably larger than that

for the 1250-psia combustor, so that the blowdown time would be reduced.

Figure 5 shows the diffusion combustor heat loss and insulation outside
surface temperature for various combustor insulating schemes. The data
show that about | in. of insulation will provide a low heat loss and main-
tain the insulation surface temperature at acceptable levels (340°F for 0.9
emissivity).
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