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FOREWORD

This technical report presents the results of an Advanced Space Engine Study. The study was conducted by
the Pratt & Whitney Government Engines & Space Propulsion Division of the United Technologies Corporation

for the National Aeronautics and Space Administration. Lewis Rescarch Center, under Contract NAS3-238S8,
Task Order D4

The study was initiated in November 1988 and completed in January 1990. Mr. Paul Richter was the
NASA Task Order Manager. The effort at P&W was carricd out under Mr. James R. Browa, Program Manager,
and Mr. Arthur I. Masters, Engincering Manager. Other individuals providing significant contributions in the
preparation of the report were Donald E. Galler, Todd F. Denman, and Ricky A. Schied — System Performance

Analysis; James R. Black and Aaron R. Fierstein -—— Heat Transfer; Gale .. Clark — Pump Design; and Bruce
R. Branstrom — Turbine Design.
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SECTION |
INTRODUCTION AND SUMMARY

INTRODUCTION

NASA mission studies have identitied the Tuture need for a new Space Transfer Vehicle (STV) Propulsion
System. The new system is to be an oxygen/hydrogen expander cyele engine of 7,500 to SOAXK) Ibs thrust or
more, and must achieve high performance via efficient combustion. high combustion pressure. and high arca
ratio exhaust nozzle expansion. The engine is likely to require wide versatility in terms of such characteristics
as throttleability, operation over a wide range of mixture ratios, autogenous pressurization, and in-flight engine
thermal conditioning and vehicle propellant settling. Firm engine requirements will include: long life. man-rating.
cost effective reusability, space basing, and fault-tolerant operation.

A design and analysis study was conducted 10 provide advanced engine descriptions and parametric data
for STVs. The study was based on an advanced oxygen/hydrogen engine in the 7,500 10 S0.000 1bf thrust
range. Emphasis was placed on detining requirements for high performance with engine - stems capable of
achieving reliable and versatile operation in a space environment. Engine system requirements and goals are
listed in Table 1.

The study was divided into three technical tasks. In the tirst task several expander ¢vele variations were
compared trom the standpoint of their applicability to a new space engine. Parametric performance. weight and
envelope data were then prepared for the selected cycles. Under the second task, the selected cyveles were used
10 investigate requirements for wide range throttling (20 1) and high mixture ratio (O/F = 12.4) operation. The
third task was to conduct reviews and coordinate pertormance of the work.

CYCLE COMPARISON STUDY

Four expander cycle variations were evaluated with respect 1o their applicability to an STV-type engine. ic..
the full- , or single- , expander cycle; the split-expander cycle: the dual-expander cycle: and the full-expander
cycle with a regenerator. The four cycles were compared on the basis of: (1) maximum achicvable chamber
pressure, which transiates to engine performance. weight, and envelope, (2) system complexity. ie.. number of
components, scverity of cycle condition, technology availability, and program risk (3) throtiling capability. and
(4) high mixture ratio operation.

The comparison of maximum achievable chamber pressure was based on technology which was judged to
be readily available by the mid-1990s and included two thrust chamber cooling methods — copper chambers
with milled channel construction and tubular copper chambers. The results are shown in Figure 1| for the
tubular copper thrust chambers. Based on the assumption of equivalent technology, the full-expander cycle
with regeneration was found to have the highest chamber pressure capability. The maximum pressure with the
split-expander cycle was near that of the regenerator cycle at thrust levels above 25000 tbs, but dropped oft
at low thrust. The reduced capability was due to cooling limits, not available power. The dual-expander cycle
shows good chamber pressure capability at low thrust, but is the lowest of the four cycles over the range of this
study. Copper tubular thrust chambers were shown o provide a signiticant improvement in achievable chamber
pressure over milled channel chambers.

On the basis of system complexity, the full expander cycle has the fewest components, the least severe
design requirements, and is the most proven. The extra heat exchangers and oxidizer environment in the oxidizer
turbine make the dual-expander cycle clearly the most complex. The split-expander cycle and full-expander cycle
with regeneration were judged to be equal in complexity and slightly more complex than the full-expander cvele.

The primary difference in throttling and high mixture ratio operation between the four cycles is in the
ability to provide adequate thrust chamber cooling and aceeptable turbine inlet temperatures over the range of




TABLE |I. — ENGINE SYSTEM REQUIREMENTS AND GOAILS
Propellants_ Liqu.a Hydrogen
Liquid Oxygen
Vacuum Thrust 7,500 Ibf to 50,000 Ibf (Study Range)

Vacuum Thrust Throttling Ratio 10:1

Vacuum Specific Impulse .

Engine Mixture Ratio 6.0 (design paint at full thrust)

5.0 — 7.0 (operating range =t full ‘hrust)
Chamber Pressure -

Drive Cycle Expander
Dimensional Envelope
Length (stowed/extended *
Diameter (maximum) *
Mass .
Nozzle Type Bell with not more than one
extendible/retractable section
Nozzle Expansion Ratio End of regen section to 1200 (Study Range)
Propellant Inlet Temperature
Hydrogen 3718 R
Oxvgen 162.7 R
Inlet Net Positive Suction Head
Hydrogen 15 ft-lbf/lbm at full thrust
Oxvgen 2 ft-lbf/lbm at full thrust
Design Criteria F uman Rated
Aeroassist Compatible
Space Based
Service Life Between Overhauls 500 Starts/20 Hours Operation (Goal)
Service Free Life 100 Starts/4 Hours Operation (Goal)

Maximum Single Run Duration **
Maximum Time Between Firings **
Minimum Time Between Firings **
Maximum Storage Time in
Space
Gimbal Requirement
Pitch Angle e
Yaw Angle b
Acceleration (Maximum) b
Velocity (Maximum])
Start Cycle
* Engine Parametric Study Results
**  Vehicle/Mission Sty Results

conditions required. The split expander cycle was found to have a significant advantage over other cycles for
throttled and high mixture ratio operation,

On the basis of this comparison, the split e<pander and full expander cycle were selected as the cveles o
be used for preparation of the parametric data. These data are presented in Appendix A of this report. The
split expander cycle was sclected as the baseline cycle for the throttling and high mixture ratio operation study.
Secondary consideration was given to throttling the full expander cycle with regeneration.

THROTTLING AND HIGH MIXTURE RATIO OPERATION

The basic requirements for wide range throtlling and high mixture ratio operation are: (1) achievenent of
high combtuaston efficiency over a wide thrust and mixture ratio range without exc ssive system pressure drop
and complexity, (2) the ability to adequately cool the thrust chamber over the wide range of conditions required,
(3) achicvement of wide range control without undue control system complexity, and (4) pump flow stahility
and avoidance of turbine flow separation at low flowrates.

o




A number of design features were identitied tor mieeting these requirentents: they consisted ol

Figure 1.

Dual-orifice injection to provide acceptable pressure drop and high combustion cfiiciency over the wide
range of tuel and oxidizer flows required (Figure 2)

Use of the split-expander cycle to provide extra cooling capability for off-design operiation
Novel control schemes to provide increased cooling capacity at off-design conditions
Inducer-interstage struts and flow recirculation to provide off-design point pump stability

Use of the split-expander cycle to reduce the turbine flow variation irom full thrust to minimum thrust
and, thereby, inhibit turbine flow separation at low thrust.
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Comparison of Achievable Chamber Pressure for Four Cycles Using Tubular Copper Thrust Chambers
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SECTION 1l
DESIGN AND PARAMETRIC ANALYSIS

EXPANDER CYCLE COMPARISON

The high-performance, oxygen-hydrogen expander cycle engine has been selected by NASA as the baseline
propulsion system for the Space Transfer Vehicle (STV). As a part of this study, a comparison of four expander
cycle variations! the full-expander, split-expander, dual-expander, and full-expander with regencration was
conducted. Siudy results have provided advanced engine descriptions and parametric data tor NASA's STV
contractors.

In preparing these data, a technology level consistent with the carly-to-mid 1990s was established as a
bascline and is described below. The attainment of a given chamber pressure in an expander cycle engine is
highly dependent upon this assumed technology level as well as the degree o which the cycle is optimized.
Detinition of the technology level for any study is always subjective. Although some assumptions may be revised
as technology develops, moderate changes are not expected to compromise the validity of the cycle comparison.

Baseline Engine Parameters
( 1) Heat Transfer

*  Milled channel copper chambers and tubular copper chambers

*  Haynes 230 tubular nozzles for high material strength and high-temperature operation
*  Regenerative-cooling 1o an area ratio of 210 to 1 for the full- and split-expander

*  Regenerative-cooling to an area ratio of 400 to 1 for the dual-expander

*  Maximum thrust chamber wall temperature of 1460°R.

( 2) Pumps

*  Fuel pump bearing bore diameter x speed (DN) of 3.0 x 10° rpm-mm
*  Maxiinum pump tip speed of 2100 fU/sec
*  Shrouded impellers.

( 3) Turbines

*  Back-to-back vaneless main turbines (except for dual-expander cycle)
*  Maximum turbine tip speed of 2000 ft/sec
e Shrouded turbine blades.

Two thrust chamber cooling concepts were used in the bascline study: conventional milled channel copper
thrust chambers and tubular copper thrust chambers. The tubular chamber provides an estimated 18 percent heat
transter chamber enhancement over the grooved chamber due to the increased hot wall surface arca.

The pump bearing DN limit (product of digmcter and speed in rpm-mm) was set at 3.0 million for the
hydrogen turbopump and 1.4 million for the oxygen turbopump. Based on Pratt & Whitney s (P&W) demonstrated
capability in the Space Shuttle Main Engine Alternate Turbopump Design and X1.R-129 high-pressure engine,
current DN limits are 2.4 million for ball bearings and 2.7 miftion for roller bearings in hydrogen and 1.4 million
for bearings in oxygen. Previous P&W studics have indicated that 3.0 million DN for hvdrogen is achievable
with modest development. Although higher effective DNs are possible with hydrostatic bearings, lgher speeds




complicate the pump design and drive the turbine toward partial admission (lower efticiency). The effect of
turbopump speed was evaluated independently at 25.000-pounds thrust in the full-expander cycle.

Vaneless back-to-buck, oxygen-hydrogen turbopumps are the baseline design for all cycles except the dual-
expander cycle. Back-to-back turbines must operate with a single turbine drive and could not be applied to the
dual-expander cycle. A discussion of cach of the engine cycles and some component evaluations, which were
also conducted, is contained in the following sections.

Turbopump Configurations

High wrbopump clliciency is an important requirement for attaining high chamber pressure. One important
issue is partial-admission versus full-admission turbines. The RIL1O expander cycle engine initially had a partial
admission turbine (approximately 120° admission), however, beginning with the RE10A3-3, the RE O has used
a full-admission turbine with a total-to-static etticiency of over 80 percent. A parameter used in turbine design.
specitic speed, illustrates the maximum obtainable efficiency and the optimum type of turbine. Figure 3 presents
a specilic speed efticiency curve. The STV cycle requires a high specitic speed and a 2-stage. full-admission
contiguration to provide high turbine clliciencies

Another issue investigated was turbine configuration.  Back-to-back, counter-rotating, oxveen-hydrogen
turbopumps were selected for the parametric study on the basis of their high turbine efficiency and compact
packaging. A schematic of the concept is shown in Configuration A of Figure 4. Such configurations are not
unique; they have been used tor some time in gas turbine turbofan engines, but have not as yet been used in
rocket engine turbomachinery. The configuration climinates turbine-to-turbine pressure drop and decreases the
inlet and ¢xit guide vane losses. The configuration also provides a weight reduction by eliminating one wrbine
housing and inter-turbine ducting.

During independent component design studies conducted by P& W, analysis indicated possible rotor dynamic
instabilities with somie fuel pump configurations. Development of suitable damping techniques appears practical.
but an aliernative approach is use of a split rotor fuel pump driven by back-to-back twrbines as shown in
Configuration B of Figure 4. This contiguration provides much shorter fuel turbopump shaft length for improved
rotor dynamics at the expense of some of the weight and performance advantages of Configuration A.

Full-Expander Cycle

In the full-cxpander cycle, depicted in simplified form in Figure 5, fuel is pumped (o a high pressure and
used to cool the chamber and nozzIe assembly and drive the turbopumps. The gaseous fuel is then injected into
the main chamber to mix and burn with the liquid oxygen.

An advantage of any expander cycle engine is the relatively benign turbine environment compared to the
staged combustion or gas generator cycles. The expander cycle also has lower turbopump discharge pressure
requirements than the staged combustion cycle and higher performance than the gas generator. An expander
cycle engine is aceepted as a simpler, sater. more reliable propulsion system, having fewer [ailure modes than
other cycles. The expander engine. of which the RE10 is an example, is a flight-proven concept.

The full-expander cycle relies on heat transferred from the chamber and nozzle 1o provide the energy
required by the turbopumps. At low design thrust levels, the energy available in the cycle is sufficient to provide
high chamber pressure levels. However, as design thrust increases the maximum achievable chamber pressure
declines, as shown 1n Figure 6 for both copper tubes and milled channel copper chambers. Above an engine
design thrust of 35,000 pounds, tull-cxpander cycle engine chamber pressures are limited 1o just under 1500
psia based on the assumed technology level,

6




Throttling the full-cxpander cycle through the desired 20 to 1 range presents some difticult design challenges.
Using the entire fuel How for cooling, as thrust levels decrease. the coolant exit temperatures increase. High
mixture ratio operation also presemts a cooling problem for the full-expander cycle. The reduced fuel flow al
the higher mixture ratios increases the chamber wall temperatures, reducing the chamber design hite. These
limitations can be partially offset by reducing combustor length, use ol overcooling at the design point. or
bypassing part of the flow at the design point and using all of the flow at off-design. However. these approaches
introduce additional system complexity and cycle losses.

Overall, the full-expander cycle meets STV propulsion system requirements, but cooling requirements for
throttling and high mixture ratio operation would cither fimit operation in this regime, require cyvele compronuses,
or require added control provisions.

Split-Expander Cycle

In the split-expander cycle, shown schematically in Figure 7. a portion of the tuel bypasses the chamber
and nozzle coolant passages and most of the turbomachinery. The split-cxpander retains the advantages of
the full-expander discussed carlier and offers an additional benefit. With approximately hatl ol the fuel flow
routed from the Ist-stage pump discharge directly to the injector, the turbopump horsepower requiremeats for
the split-expander cycle in a typical STV cycle are decreased by approximately 15 10 25 percent.

The energy available in the split-cxpander cycle is the same as the full-expander cvele for a given thrust
and chamber pressure level. However, since the horsepower requirements ol the turbopumps are less. the split-
expander cycle can achieve higher chamber pressure levels at the same technology fevel. As shown in Figure
8, the split-expander cycle with a tubular copper chamber can achieve engine chamber pressures above 1500 psi
at engine thrust levels of 12,000 to over 50,000 pounds. The maximum chamber pressure 18 approxumately 150
psi higher with tubular chambers than milled channel chambers.

At thrust levels below 25,000 pounds, the maximum chamber pressure with the split-expander begins 1o
drop. This decline is due to thrust chamber cooling requirements rather than cycle limitations. The decline could
be avoided by reducing the fraction of cooling jacket bypass flow, however, signiticant reduction in the design
point bypass flow would reduce the inherent advantages of the split-expander for off-design operation.

The ability to regulate chamber and nozzie coolant flow during engine throttling and high mixture ratio
operation is an important benefit of the split-expander cycle. Because of the reduced coolant flow at full thrust,
the coolant exit temperature of the split-cxpander is higher than the full-expander. As will be discussed later. the
coolant exit temperature of the full-expander cycle rises as the engine is throttled. By using the split-expander
jacket bypass valve (JBV) to increase the percent of coolant Qow, the coolant exit temperature can be decreased
up to a point during throttling. At some fraction of rated power. 30 percenat in the case studied, the TRV s
completely closed and the cycle operates like a full-expander. However, because the coolant passages tor the
split-expander are designed tor a lower [low at rated power. the combustor wall stabilizes at a lower temperature
during deep throttling, as shown in Figure 9. The full-expander curve shown in that tieure s for a case th
has not been optimized for cooling at throttled conditions. T.ower temperatures can be obtained. but not without
somie compromise to the design point or increase in control system complexity.

High mixture ratio operation is also enhanced with the split-expander cycle. Using the JBV to increase
the percent of coolant flow. the split-expander cycle is able to operate at higher mixture ratio levels with a
lower combustor wall temperature. Figure 10 shows the cooler copper tube wall temperature attained with the
split-expander cycle compared (o the full-expander cycele. The difference in wall temperatures at the design point
is because the data are for a throttled 1000 psia condition. For a thrust chamber that has been designed at an
O/F of 6.0, 1000 psia is the highest chamber pressure that can be achieved while himiting the maximum hot wall
temperature in the chamber o 1060°R (the blanchmg limiy).




The full-expander cycle wall temperatures. which were shown in Figure 10, do not represent an optimized
cooling scheme for high mixture ratio operation. This optimization cannot be accomplished, however. without
signiticant cycle penalties at normal operation. Low wall temperatures are essential at high mixture ratio operation.
The maximum wall temperature range for prevention of copper oxidation is 1060 to 1260°R without coatings.
Use of coatings could reduce the wall temperature, but reliable coatings are not currently available and any
coating will reduce the overall heat transter and the available cycle power.

The split-expander cycle is an untested concept. but is based on fully understood Nuid dynamic and
thermodynamic principles. The split-expander cycle offers an attractive alternative to the full-expander cycle,
meeting STV requirements over the desired thrust range, and greatly simplifying throttling and high mixture
ratio operation.

Dual-Expander Cycle

Another variation of the expander cycle is the dual-expander cycle shown in Figure 11, The dual-expander
cycle uses all the fuel flow to cool the chamber and drive the tuel turbopump. Oxygen is vaporized in the nozzie
or an auxiliary heat exchanger and subsequently used to power the oxidizer turbopump. This cvele ofters several
advantages over hoth the full- and split-cxpander cyeles. The oxygen turbopunip does not require 4 special
interpropeltant seal package between the pump and turbine sections. The availability of gascous oxyvgen at all
thrust levels, simplilies the task of maintaining combustion stability during throtiling.  Separate turbine drive
fluids simplily mixture ratio control, but add complexity to transient control.

For a given thrust and chamber pressure level. the energy available to the dual-expander cycle is the same
as both the full- and the split-expander cycles. The turbopump horsepower requirements and the fuel pressure
fevel are comparable to the full-expander. Because oxygen is less efficient as a turbine working fluid, and there
is less flexibility in the split in turbine available energy. the dual-expander cycle is more pressure limited than
the other cycles. Figure 12 shows the maximum chamber pressure attainable with the dual-expander cycle for
both copper tubular and milled channel combustion chambers.

Above an engine thrust level of approximately 20,000 pounds, the dual-expander ¢ycle cannot achicve
chamber pressures above 1200 psia without use of regenerators or internal heat exchangers to provide additional
enerey to the cycle. While regenceration is possible. the achievable pressure would always be lower than with the
same enhancements in a full-expander cycle except at low thrust (below 7500 pounds). At low thrust. expander
cycles are limited by the hydrogen temperature out of the cooling jacket; allowing the oxygen o absorb a portion
of the ¢energy increases the total energy available within the emperature limit.

Using liquid oxygen to cool the nozzle also provides a source of gascous oxveen to supply tank pressurant
and promote combustion stability during deep throttling, negating the need for a variable area injector or a
separate heat exchanger. However, experience has shown that achieving good mixing with gascous fuel and
gasceous oxidizer over a wide range ot conditions is difticult. and combustion efliciency may suffer at throttled
or high mixture ratio conditioss.

Like the split-cxpander cycle. the dual-expander cycle 18 an untested concept. The dual-expander cycle
difterences from the proven full-expander cycle also are based on understood fundamental fluid dynaniics and
thermadynamics. Technology questions, such as turbine material characterization in gascous oxygen and control
during deep throttling and high mixture ratio operation, need to be addressed. Despite its pressure limits at
moderate thrust and more complex operation compared to other expander cycles, the dual-expander remains a
candidate for the STV, but primarily at low design thrust levels.




Regenerators and Enhanced Heat Transfer

A higher chamber pressure at higher thrust levels can be achieved through use of a regenerator or enhanced
thrust chamber heat transter in the full-expander and dual-expander cyeles. The split-expander cyele can also
benefit from enhanced heat transfer, but the lower chamber coolant flows do not provide adequate cooling when
greatly enhanced heat transter is used below 50,000-pounds thrust. The function of 4 regenerator is o increase
the available turbopump power by recovering heat downstream of the turbines and using it to preheat the tuel
before cooling the thrust chamber (Figure 13). Enhanced chamber heat transfer increases the available power to
the turbines and can be achieved by using finned cooling tubes and ribbed chuniber walls.

The upper limit chamber pressure for the full-expander cycle with regeneration is shown in Figure 14, The
enhancement of the full-expander cycle with the addition ol a regenerator, provides a significant increase in
chamber pressure over the entire thrust range.

Cycle Selection

Figure 15 compares the four cycles studied on the basis of copper tubular thrust chamber construction. Figure
16 shows the same comparison using a mitled channel copper chamber instead of tubular copper chambers. The
full-expander cycle with regeneration produces higher chamber pressure levels, but the higher coolant temperature
at the design point aggravates the already difticult job of cooling at throttled or high mixwre ratio operation.
Enhanced chamber heat transfer accomplishes the same results, but also raises the same concerns. Bypassing the
regencrator at off-design conditions partially alleviates this problem.

On the basis of this comparison, the full-expander cycle with regeneration was judged o have the highest
chamber pressure capability over the range of thrust considered. The capabilities of the split-cxpander cycle
and full-expander cycle without regencration were only slightly tower over most of the thrust range. The split-
expander cycle was found 1o have unique advantages for throttled and off-design operation. The tull-cxpander
cycle with regeneration and the split-expander cycle were therefore selected as the cyceles for developing the
parametric data. The split-expander cycle was selected as the baseline for the throttling and high mixture ratio
evaluation and the full-expander cycle with regeneration was given secondary consideration.

PARAMETRIC DATA
Engine parametric performance envelope and weight data were generated over the range of design point

parameters studied (Table 2). The data are presented in graphical form in Appendix A. All data are for an
oxidizer/tuel (O/F) ratio of 6.0).

TABLE 2. — ADVANCED ENGINE STUDY RANGE OF DESIGN POINT PARAMETERS

Vacuum Thrust 7500 to 50.000 1br
Chamber Pressure 1000 psia o cyele limit
Expansion Ratio Regenerative lekminus to 1200

The upper limit chamber pressures presented in the “cycle selection™ section ranged from 1040 10 1940 psia
for the various cycles and thrust levels investigated. These Timits are not absolute. but rather are relative himits
based upon the assumed technology level chosen for this study. Chamber pressures above 2000 psia appear
possible for most cycles at most thrust levels (reler o the “Higher Chamber Pressure Reguirements™ section).
However, an upper [imit of 2000 psia was sclected for developing the paranietric data. The following paragraphs
describe the methodology used to produce the parametric data.

Y
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Performance

In calculating the predicted impulse, an ideal impulse was caleulated, and then efficiencies were applied
to the ideal impulse to account for various losses. These losses include energy release losses. kinetic losses,
divergence losses, and boundary-layer losses.

The ideal predicted impulse was catculated with the NASA one-dimensional chemical equilibrium computer
code (ODE) analysis using ¢ngine inlet fluid enthalpies. For this analysis, an adiabatic assumption was emploved
with the control volume encompassing the engine. The propellants enter the control volume at the engine ialet
and exit the control volume at the nozzle exit plane. The energy release losses are accounted for by applying a
combustion efficiency to the ideal impulse. For this study, a constant combustion efficiency of (1,992 was used
which is based on performance expected with tangential swirl injectors. The remaining losses are accounted for
by applying a nozzle citiciency to the impulse that has been corrected for energy release losses. For this study.
a constant nozzle efficiency of 0.982 was used which is based on a maximum payload truncated bell nozzie.

A comparison was made between the method of performance prediction used in this study and experimental
data presented in Table 3 (ref. 1), To make a valid comparison between the predicted and measured performance
a few assumptions were made. First, the combustion efficiency (nC#) that was calcutated from the experimental
results was used in calculating the predicted performance rather than the constant combustion cfticiency that
was used in the study.

Second, typical cryogenic engine inlet propellant conditions were used to calculate the ideal specitic impulse
mnstead of using the measured injector infet conditions (ref. 1), The second assumption was made so as
to maintain the validity of the adiabatic assumption that was used in this study. During the experimental
performance measurements, the propellants were not maintained at cryogenic conditions, but were heated to
ambicnt temperature by the atinosphere.  Also, as the propellants were combusted and expanded, heat was
removed by the water jacket that surrounded the throat region and the heat retaining capacity of the metal. The
ambicent heat addition to, and the water jacket heat removal from, the propellants tend to offset one another.,
thus validating the adiabatic assumption.

As shown in Figure 17, the comparison shows best agreemient around an O/F of 5.0 for the 1030 to | arca
ratio and best agreement around an (/F of 4.0 for the 428 to | area ratio. The difterence between the predicted
and experimental performance at the lower mixture ratios is probably due to the reduction in heat flux at lower
mixture ratios while the ambient heat addition remains constant.

The chamber pressure levels from the experimental cases are much lower than those investigated in this
study. The study (ref. 1) indicated that a faminar boundary layer assumption showed the best agreement with
the experimental data. However, subscquent studies by NASA Tewis (ref. 2) indicate that for higher chamber
pressure Ievels (360 to 2600 psia) a transitional boundary layer occurs. Although no performance data were
presented. the transitional boundary layer would probably be detrimental to performance.

The paranietric analyses show that thrust level has no effect on vacuum specitic impulse while chamber
pressure has very little effect, t.e., less than 1 second increase in going from a chamber pressure ol 10O psia
to 2000 psia (Figure 18). Arca ratio is the biggest driver of specific impulse. An area ratio above 900 would
be required to achieve a 480 sec vacuum L, based on the current data.
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TABLE 3. — COMPARISON OF P&W PREDICTED PERFORMANCE (Lp)'"? WITH MEASURED
PERFORMANCE (I,,,) FOR THE NASA LEWIS 1030 TO | AREA RATIO NOZZLE (REF 1)

Reading AR FVAC rc o/l 1 Lo Lop /e
12 1030, 5444 300.0 3.84 450.1 10689 0.973
113 1030. S41.6 3569 1.36 1577 460.4 0.994
114 1030. §52.3 3609 5.08 159.2 4519 1.O16
115 1030. 5504 3553 549 458.0 9.7 1.020
117 1030. 5318 356.2 319 451.8 4734 0.954
120 1030. 546.1 355.2 4.30 487.7 460.1 (.982
121 1030. 5529 360.0 411 4577 1736 0.966
123 1030. 5343 355.2 RA D} 451.8 481.1 0939
124 1030. 536.4 361.4 2.78 474 481.3 0.929
125 1030. S41.0 354.0 374 455.6 4778 (.953
136 428. 500.9 3450 104 4407 462.3 0.960
137 428. 531.6 356.8 4.29 453.3 452.0 1.002

Notes:

”)Ispc was caleulated using one-dimensional equilibrivm (with Engine Inlet Enthalpices). a
constant nozzle etficiency (0.982). and the experimentally determined nC'*.

Engine Envelope

Engine overall lengths and exit diameters were calculated over the range of specitied operating conditions.
The fength of the engine is from the gimbal mount to the nozzle exit plane and consists of three separate fengths.
The first length is the distance from the engine gimbal mount to the injector face. This was estimated from
layouts of engines of comparabie thrust. The length of the combustion chamber, the second Iength, was held
constant at 15 inches. The remainder of the engine length is the distance from the throat o the nozzie exit
plane. A maximum payload bell nozzie contour was generated for the chamber pressures, thrust levels. and
nozzle expansion ratios of the parametric study. The engine diameter is the exit dianieter of the nozzle and is
a function of the thrust level, chamber pressure, and expansion ratio.

Weight

Parametric engine weights were gencrated over the range of speciticd operating conditions.  Historical
thrust/weight data were used to estimate these weights with adjustments being made for size, cycle. material.
and technology difterences. These adjustments included nozzle weights which were calculated as a function
of nozzle surface arcas. The difference in weight between the split-expander cycle and the full-expander cvele
with a regenerator were accounted for by adding or removing components. Analysis of the results, given in
Appendix A, show a slight weight advantage for the split-expander cycle when compared to the fulf-expander
cycle with regenerator.

Nozzle Contour Trade-off
The maximum payload bell nozzle contour, used throughout the parametric swdy. is a rather long nossle
that is used to attain high specific impulse. A sensitivity study was conducted to caleulate the eftect of nossle

contour on the trade-off of fength and weight with performance. NovzzIe contours from a minimum fength to a
maximum performance were examined for a chamber pressure of 15060 psia. The resuits are presented in Figures




19 and 20 for the nozzle expansion ratio range of interest and show that going to a shorter nozzle can decrease
engine weight by up to 12 percent for a high arca ratio (1200 to 1) engine while dropping performance only
approximately 1.0 second. However, for a relatively low area ratio (210 to 1) engine, performance decrease by
almost 3 seconds when a minimum length nozzle contour is used while engine weight drops by only 3.5 percent.

HIGHER CHAMBER PRESSURE REQUIREMENTS

The upper limit chamber pressures, discussed in the “cycle selection” section. were based on rather
conservative assumptions of mid-1990s technology. Sclection of the technology level for the cycle comparison
was driven by these considerations:

»  There appears to be little increase in specitic impulse or system performance at chamber pressures
above 1000 to 1500 psia.

*  Not pushing the system design and associated technology levels to extreme limits provides margin for
system flexibility, thereby simplifying throttling and high mixture ratio operation.

* Not pushing system design and technology levels to extreme limits reduces development ditticulty
(program risk) and helps casure a high level of reliability.

Higher pressures are possible and may, under some circumstances, be worth the additional complication.
A system sensitivity study was conducted to determine which of the cycle parameters in the original study
most significantly limited chamber pressure and o show how maoditying these variables could extend chamber
pressure  limits.

The cycle parameters used in the sensitivity study are listed in Table 4. As appropriate, the parameter
sensitivity was investigated for both the split-expander cycle and tull-expander ¢ycle with regeneration.

TABLE 4. — APPROACHES TO HIGHER CYCILE CHAMBER PRESSURE
Cycle Parameter Means of Achieving
Improvement Cycle Improvement
Higher Pump Efficiency Full-Expander With Regenerator Higher Pump Speed, Reduced Pump
Split-Expander Leakage
Higher Turbine Efficiency Full-Expander With Regenerator Higher Turbine Speed, Reduced Tip
Split-Expander Leakage
Higher Turbine Pressure Ratio Full-Expander With Regenerator Higher Pump Discharge Pressure
Split-Expander
Coolant Jacket Bypass Flow Split-Expander Increase Bypass Flow to Obtain
Higher Turbine Inlet Temperature
Regenerator Effectiveness Full-Expander With Regenerator Larger, More Effective Regenerator
Increased Thrust Chamber Heat Full-Expander With Regenerator Tubular Chamber.
Transfer Split-Expander Increased Thrust Chamber Length

The effect of pump efticiency on maximum achicvable pressure is shown in Figures 21 and 22 for the two
cycles. For the split-expander cycle, an increase of 5 percent in fuel and oxidizer pump cfticiency over the
baseline cycle pump efficiencies (approximately 65 percent for the fuel pump and 75 percent for the oxidizer




pump) produces an increase of 150 psi in chamber pressure if all other cycle variables are held constant. Fuel
pump efficiency improvements could be achieved by developing hydrostatic bearings to operate well above the
baseline cycle turbopump speed (125,000 rpm for the fuel pump) or by reducing internal pump leakage below
current state-of-the-art projections. For the full-expander cycle with regencration, a 5 percent increase in pump
efficiency provides a 170 psi increase in chamber pressure.

Figures 23 and 24 show the effect of increases in turbine efficiency on chamber pressure. A 5§ percent increase
in fuel and oxidizer turbine efficiency over the baseline values of 80 to 85 percent produces an 85 psi chamber
pressure increase for the slit expander cycle and a 95 psi increase in the full-expander cycle with regeneration.

All of the cycle studies prepared under the study have been based on a turbine pressure ratio of 2.1, Praut &
Whitney experience has shown that a pressure ratio of 2.1 produces a chamber pressure that is near, but slightly
below the maximum that can be achieved. However, higher turbine pressure ratios produce only slightly higher
chamber pressures at the expense of a very high head rise and discharge pressure requirement on the pump. This
trend is shown in Figures 25a and 25b. For the tull-cxpander cycle with regeneration, increasing the turbine
pressure ratio to 2.4 increases chamber pressure by only 90 psi, while requiring an increase in pump discharge
pressure of 1000 psi. Similarly, tor the split-expander cycle, where the maximum chamber pressure is achieved
at a turbine pressure ratio of 2.6 the chamber pressure is increased by only 120) psi over the reference value. Yet
the balanced cycle at the pressure ratio of 2.6 requires a large increase in fuel pump discharge pressure to 66(X)
psia compared to the reference pump discharge pressure of 5100 psia.

The split-expander cycle has a unique variable that can be optimized for maximum pressure, i.e., the fraction
of the fuel that bypasses the cooling jacket and turbines. All of the unthrottied split expander cycles prepared
under this study have been based on 50 percent bypass flow. At low thrust (below approximately 20,00() pounds),
the optimum bypass flow for maximum chamber pressure is below 50 percent; however, 50 percent was used
as a minimum in the split-cxpander cycle to provide flexibility for cooling with throttling or high mixture ratio
operation. As shown in Figure 26, increasing the jacket bypass flow at 25,000 pounds of thrust would produce a
small increase in maximum chamber pressure at the expense of a significant increase in turbine inlet temperature.

In the full-expander cycle with a regenerator, the regenerator heat transfer effectivencess is a design variable
that affects available power. A relatively low effectiveness was used in the cycle comparison study because
of cooling limitatdon at low design point thrust and problems associated with throttling with the regenerator in
the cycle. At the 25,000-pound thrust level, a higher regencrator effectivencss is feasible and can provide a
significant increase in achicvable chamber pressure, as shown in Figure 27,

The effect of increased thrust chamber heat transfer was determined for both the split-expander cycle (Figure
28) and the full-expander cycle with regeneration (Figure 29). Chamber heat transfer enhancement with a tubular
chamber has been estimated 10 be 18 percent over a milled channel chamber due to the increased hot side
surface area. This is the value used in the cycle comparison study. The actual heat transfer enhancement with
tubular chambers could be significantly more than 18 percent. An additional 10 percent increase in the predicted
heat transfer (110 of 118 percent) could increase chamber pressure by 80 psia for the split-expander cycle and
by 60 psia for the full-expander cycle with regencration. The chamber heat transfer can also: be increased by
lengthening the thrust chamber.

The baseline length for the candidate cycle thrust chambers is 12.3 inches. Figures 30 and 31 show the
impact on chamber pressure of increasing this length to 16 inches for the split-expander cycle and the full-
expander cycle with regencration, respectively. A 14.7 inch chamber length raises the achievable chamber
pressure by 95 psia for the split-expander cycle engine. Above that fength, however, the coolant pressure loss
increase, associated with the enhanced heat transfer, exceeds its benetits and results in a lower attainable chamber
pressure. The full-expander cycle with regeneration experiences an increase in chamber pressure of 54 psia tor
the same 14.7 inch long chamber.
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pressure of 7572 psia and a turbine inlet temperature of 957°R.

Based on the above results of this sensitivity study, an extended chamber pressure limit design was generated
for cach cycle. Moderate levels of improvement were selected for cach parameter o stay with optimistic, but
not unrealistic, state-of-the-art technology for the mid-1990s. Table 5 lists the chosen improved cycle parameter
values. Tables 6 and 7 present the higher chamber pressure cycle data for the sphit-expander and the full-
expander with regeneration, respectively. The split-expander ¢ycle achieves a chamber pressure of 2(44 psia
with a resulting pump discharge pressure of 6923 psia and an oxygen turbopump turbine inlet temperature of
1556°R. The full-expander cycle with regeneration attains a 2198 psia chamber pressure with a pump discharge

TABLE 5. — CYCLE PARAMETERS IMPROVEMENT VALUES

Split-Expander

Full-Expander

Cycle Cycle W/Regenerator
Turbine Pressure Ratio 2.2 2.2
Pump Efficiency, % +5 +5
Turbine Efficiency, % +5 +5
Jacket Bypass, % 55 N/A
Regenerator Effectiveness, % N/A +10
Increased Chamber Length, in. +2.4 ~2.4
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TABLE 6. — ADVANCED ENGINE PARAMETRIC STUDY, SPLIT-EXPANDER
ENGINE

L Y P T Y R R T Py

CHAMBER PRESSURE 20687
VAC ENGINE THRUST 25000,
T TOTAL ENGINE FLOM 2:TE 52.07
DEL. vaC. ISP <80.1
THROAT :2€a 5.99
NOZZLE 43€A RATIO 1000.0
MNOZZUE EXIT DIAMETER 87.34
ENGINE NIXTURE RATIO 6.00
€Ta Ceo 0.993
CHAMBER CDOLANT OP 1365.
CHAMBER COOLANT DT 1409.
NOZZLE/CHAMBER Q 17209,

ENGINE STATION COMDITIONS

LR L Y Y LYYy Y YT T

¢ FUEL SYSTEN CONDITIONS »

STATION PRESS e FLOW ENTHALPY DENSITY
8.P. INET 18.¢6 37.¢ 7.46 -107.5 «<.57
8.P. EXIT 100.2 8.¢ 7.44 -105.2 &.ze
PUN IMLET - 100.2 8.4 7.44 -103.2 <.59
1ST STAGE EXIT 2740.6 7s.5 7.44 5.6 €.62

48V INLET 2705.4 11.0 4.09 5.6 5.3

a8V EXIT P LIS 80.2 4.09 6S.6 .16
D STAGE EXIT <8%0.2 112.3 3.35% 221.7 <.3s
P EXIT 2. 1<5.8 3.3% 3e9.5 <.:8
COOLANT INLET 853 ¢ 16e.3 35.3% 369.5 4.3
COOLANT EXIT $¢88.2 1555.2 3.3% 5507.4 8.8l

TV INLET 5€3I3.¢ 1555.% 0.17 5507 .4 Q.60

TBY EXIT 2¢cs.3 1827.8 0.17 $507.4 0.78
R TRB IMET 5¢3%.4 1555 .2 3.18 5507 .4 0.s0
a2 TR8 EXIT 834 .3 1517.7 3.18 $360.4 9.%e
M TRB INLET Bel. 3 1512.7 3.18 5340.4 q.5¢
M2 TR EXIT 2571.6 1332.2 3.18 645 .6 Q.34
H2 TR8 DIFFUSER 507.9 15387 5.18 £64S.6 Q.34
¥Q 8ST TRB IN 2482.9 1833.7 3.18 4645.6 0.34
2 BST TRB OUT 24823 1321.2 .18 4635.6 g.38
2 BST TRB DIFF 26871 1331.3 3.18 €635.6 0.z
a 8ST TR8 IN 2622, It 3.18 “635.6 0.3
@ BSY TRB OUT P 3 1. 3.18 <650.2 0.2
@ 83T TRB DIFF 2¢0.¢ 1312.0 3.18 €630.2 0.23

H2 TANK PRESS 136 138.9 0.0046 <674.0 0.60%%
COX HEAT EXCH TN 2¢238.3 1342.% 3.3 L6746.0 9.22
GOX HEAT EXCH OUT 22 2 1241.7 3.3¢ <671.0 0.:22
AIXER HOT  Im e 2 1861.7 3.3¢ <671.0 9.322
WIXER COLD 1IN 2296 89.2 .09 5.6 .16
WIXER OUT R 4 622.0 7.¢4 2136.5 Q.64
FSOv [MLET 227s.6 622.0 7.44 2136.5 Q.64
FSOV EXIT 2219.9 632. 7.44 2136.5 0.62
OWBER NS 2197, 22.4 7.64 2136.5 8.62
OWEBER J8<3.?

* OXYGEN SYSTEM CONDITIONS «

STATION PRESS a4 FLOW ENTHALPY DENSITY
0.P. INMLET - 1e.0 162.7 6.7 61.9 70.9¢
o.P. EXIT 118.2 185.3 €67 62.3 70.8%
rue INET 165.3 46.7 €2.3 70.8% .
P EXIT 173.8 66,7 12.8 71.48

02 TANK PRESS 402.0 0.07e 206.7 9.12
oS0V TMEY 178.9 6.7 12.8 71.63
oSOV EXIT 182.8 6.7 72.8 70.12
ocv IMET 178.9 37.9 2.8 71,62
ocvy exIv 182.8 37.9 2.8 70.12
CWMMBER Tas i82.9 4.6 72.8 70.09
CHANBER

" VALVE DATA o

VALVE DELTA ¢ aica FLOW % 8yPass
s 0. 0 1S 6.09 $5.00
v 1328, 9.31 0.17 $.00
FSov 87 1 3¢ 7.4¢
ocv w8 ¢ 1 L& 43

® INJEZTOR DATA o«

INJECTOR DELTA P A FLOW
FUEL 156. LI 7. ¢
Lox 2. £.58 <6 .43
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TABLE 6.

ANVANCED ENGINE PARAMETRIC STUDY, SPLIT-EXPANDER

ENGINE (Continued)

L R R R R

* TURBOMACHIRNERY PERFON™.\arE DATA =

@63y seecacusonacean

* WQ BOOST TURBINE »

EFFICIENCY (T/T7) 0.9%17
EFFICIENCY (T/S) 0.688
SPEED (RPM)  41220.
MEAN DIA ) 2.18
EFF AREA os) 1.78
usc {ACTUAL ) 0.553
“aX TIP SPEED <80,
STLES 1
GArHA 1.43
PRESS RATIO (T/T) 1.e1
PRESS RATIO (T/3) 1.01
HORSEPOMER 5.
EXIT MACH MUMBER 0.06
SPECIFIC SPEED 115.64

SPECIFIC DIAMETER 0.7¢

" HC TURBINE »

Ssssecqacrunse

EFFICIENMCY (T/7) 0.83%
EFFICIECY (T/35) 0.787
SPEED (RPHM) 125000.
HOR SEPGMER 3218,

MEAN DIA, N 3.3

EFF AREA N2 9.18
usC (ACTUAL) 0.42¢
max TIP SPEED 1871,
STAGES 2
G 1.43
PRESS RATIO (T/T) 1.89
PRESS RATIO (T/S) 1.9%
EXIT MACH MSGER 0.13
SPECIFIC SPEED 24.17
SPECIFIC DINETER 2.3y

Aseegscqcdansccsnnea

* G2 BOOST TURBINE o

sesssscencccns

EFFICIENCY (T/T) 9.912
EFFICIENCY (T/S) 0.803
SPEED (RPM) 11044
HEAN DIA {IN) 5.99
EFF AREA (In2) 2.45
usC (ACTUAL) 0.55%
Max TIP SPEED sia.
STAGES 1
GareA 1.43

PRESS RATIO (T/T) 1.00
PRESS RATIO (T/3) 1.01
HORSEP “HER s,
EXIT mACH PEBER 0.03
SPECIFIC SPEED $6.18
SPECIFIC DIAMETER 1.50

* @ TMBINE o

EFFICIOCY (T/T) 0.882
EFFICIENY (7/3) c.839
SPEED (RPM)  72056.
HOR SEPOMER 662,
MEAM DIA (IN) 31.3%0
EFF AREA [R5, -2 0.2¢
usc (actuaL ) 0.541
max TiP SPEED 1086 .
STAGES 2
Caren 1.68
PRESS RAT'Z [, () .12
PRE”S RATID (Y/S) 1.12
EXIT MADH samBER 0.06
SPECIFIC SPEED 37.4¢
SPECIF IC DIAETER 2.0%

@eesaqqtesaenacersesensanns

decetecvacsasaqae

¢ K2 BOOST PUMP o

ddeaccacqeqcanna

EFFICTIENCY 9.80<
HOR SEPOWER 5.
SPYED (RPM} <122e.
S SPEED 3052,
HEAD (FT) Je80.
Ola. (IN) 2.43
TI1? SPEED <38,
VOL. FLOM 740.
~EAD COEF 0.450
FLOM COEF 0.201

desanqevsrs
" H2 PP «
encacascucn
STAGE OME  SYAGE TWO

®vdasscecs sceavadas

EFFICIENCY 0.4640 0.575
HORSEPOMER 1778. 7<8.
SPEED (kM) 125000. 175000,
$S SPEED 11348,
S SPEED «80. 540.
+€EAD (FT) 86735, sy,
Dia. (IN) 412 i.m8
TIP SPEEC J2¢8. 2061.
VOL . FLO= 75%. 345.
r€£0 COET 0.552 0.530
FLOW COEF c.o88
DlamMETER RaTIQ Q.06
SEARING ON 3.00E-06
SAFT DlArET=R 26.00

4davetctacnnetnce
¢ 02 BOOST PUI® «

SFZICIENCY 0.805%
MRSEPOER 3S.
SPLE0 (RPM) 110445,
S SPEED 3024,
+€AD (FT) 262,
Al (IM} 2.713
T;? SPEED 152,
V.. FLOW 83,
€D COEF 0.4%50
FLOW COEF 0.200

"essstcscan

« 0 PP o

esenssrscen
EFFICIENCY 9.7es
HORSEPOWER 662,
SPEED (ePm} 70%6.
$S SPEED 23942,
S SPEED 1s9¢.
€A0 {(FT) 637S.
D:a. sy 2.18
T:> SPEED .
VOL. FLOM I80.
€10 COEF 0.434
FLOm COEF 0.148
D:s~ETER RaT}O 0.678
SR ING D> 1.4<E-0¢
SrAFT Dlare TER 20.00

STAGE THREE

secsssunene
c.sa3
T08.
1I500e.




TABLE 7. — ADVANCED ENGINE PARAMETRIC STUDY, FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR

ENGINE PLRFORMANCE PARAMETERS

L R R R R PR T Y T YT P PP PP ey

CHAMBER PRESSURE 21*8.0
VAC ENGIME THRUST J5000.
TOTAL ENGINE FLOW RATE $2.07
DEL. vaAC. ISP <80.1
THROAY AREA 5.57
NOZZLE AREA RATIO 1£00.0
NOZZLE EXIT DIAMETER 84.24
ENGINE MIXTURE RATIO 6.00
€ETa C» 0.993
THAMBER COOULANT DP 1640,
CHAMBER COOLANT DT 68,
NOZZLE/CHAMBER Q 17055,

ENGIME STATION CONDITIONS

% FUEL SYSTEM CONDITIONS =

STATION PRESS TErMP FLOM ENTHALPY DENSITY
8.P. INET 18.6 37.4 7.48 -107.5 .37
1.p. EXIT 100.9% 8.4 7.4% -103.2 $.33
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TABLE 7. — ADVANCED ENGINE PARAMETRIC STUDY, FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR (Continued)
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ENGINE-VEHICLE INTERFACES

The identified engine-vehicle interfaces are listed in Table 8. Redundant electrical and data connections are
suggested for reliability. Each instrumentation cable will carry multiple channels. The aumber of channels will
be determined based on the architecture of the engine-vehicle control interface.

TABLE 8. — ENGINE-VEHICLE INTERFACES

No. of

Description .
hterfuces

Gimbal Bearing 1
Gimbal Actuator 2
Engine Oxidizer Inlet. Liguid Oxygen 1
Engine Fuel Inlet, Liquid Hydrogen 1

Fuel Tank Pressurant. Gaseous Hydrogen 1
Oxidizer Tank Pressurant. Gaseous Oxygen 1
Electrical Power ot
Pneumatic TBD (G or 1)
Data th
Notes:

) Required for redundancy

The gimbal mount is the primary engine attachment to the vehicle and provides the capability to gimbal
the engine through two gimbal actuator attachment points located 90 degrees apart on the engine. The engine
is configured with an extendable nozzle to reduce engine storage length. The engine envelope and mechanical
interfaces are depicted in Figure 32. The engine lengths (x) and diameter (y) correspond to the dimensions given
in Appendix A, The stored length (x°) is one-half the total engine length plus 6 to 10 inches depending on engine
thrust and undefined vehicle interface requirements.
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Figure 5. Full-Expander Cycle
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Figure 6. Full-Expander Cycle Achievable Chamber Pressure
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Figure 8  Split-Expander Cvcle Achievable Chamber Pressure
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Figure 13.  Full-Expander Cycle With Regeneration
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Figure 14. Full-Expander Cycle With Regeneration Achievable Chamber Pressure
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Figure 15.  Full, Split, Dual, and Regenerator Cvcle Comparison With Tubular Thrust Chambers
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Figure 16.  Full, Split, Dual, and Regenerator Cycle Comparison With Milled Channel Thrust Chambers
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Figure 20. Bell Nozzle Truncation Performance — Weight Sensitivitv Based on
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Figure 21.  Advanced Split-Expander Cvcle P, Improvement With Increased Pump Efficiency
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Figure 22.  Advanced Full Expander With Regenerator Cycle P. Improvement With Increased Pump Efficiency
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Figure 23.  Advanced Split-Expander Cvcle P, Improvement With Increased Turbine Efficiency
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Figure 24. Advanced Full Expander With Regenerator Cxcle P, Improvement With Increased Turbine Efficiency
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Figure 26. Advanced Split-Expander Cxcle P. Improvement With Increased Bypass Flow Around Jacket
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Figure 27. Advanced Full Expander With Regenerator Cycle P, Improvement
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Figure 28. Advanced Split-Expander Cycle P, Improvement Due to Increased Chamber Heat Transfer
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Due to Increased Chamber Heat Transfer

13




1800 —

1780 |—

1760 F—

Chamber Pressure —
psia

Legend:
Thrust — 25kibt

1720

1 | | | ] |

0 0.5 1.0 1.5 20 25 3.0 35 4.0
Increased Chamber Length — in.

Figure 30.  Advanced Split-Expander Cvcle P, Improvement Due to Increased Chamber Length
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Figure 31.  Advanced Full Expander With Regenerator Cycle P. Improvement Due to Increased Chamber Length
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SECTION 1l
THROTTLING AND HIGH MIXTURE RATIO OPERATION

COMPONENT REQUIREMENTS

The throttling requirements for the study were set at a minimum throttling capability of 10:1 and an optional
requirement of 20:1, The bascline engine mixture ratio requircment was operation from 5.0 to 7.0 (6.0 £ 1.0).
An optional requircment was to be able to operate oxidizer rich at a mixture ratio of 12.0. In many respects,
the component requirements for wide range throttling and high mixture ratio operation are similar; therefore, the
component discussion preseated here covers both requirements.

The key technical issues tor achieving wide range throttling and high mixture ratio operation are: (1)
achievement of high combustion efficiency over a wide thrust and mixture ratio range without excessive system
pressure drop and complexity, (2) the ability to adequately cool the thrust chamber over the wide range of
conditions required, (3) achievement of wide range control without undue control system complexity, and (4)
pump flow stability and avoidance of turbine flow separation at low flowrates. The split expander cycle was
selected as the baseline cycle for the throttling and high mixture ratio operation requirements study. The full
expander cycle with a regenerator was also considered. The design thrust level was 20,00} 1bs.

Combustion System

Low-frequency combustion instability is the primary combustion concern when throtiling a rocket engine.
Low-frequency instability generally results from a low injector pressure drop being coupled to the combustion
process at fow thrust. Three methods have been proposed to deal with this problem: high injector pressure drop,
dual-orifice injection, and gaseous injection.

The high-pressure drop injector uses a simple, fixed-area injector sized to produce an acceptable pressure
loss at the lowest thrust level. However, at full thrust, with the flowrate increased twentyfold for 20:1 throttling.
the injector pressure drop becomes very high, resulting in high pump discharge pressure requirements. The
extra power required to meet the high discharge pressure requirements significantly reduces the achievable cycle
combustion chamber pressure.

The dual-orifice injection concept provides wide range throttling capability without requiring high oxidizer
injector pressure drops at full thrust or oxidizer vaporization for gascous injection. Separate control of the primary
and secondary oxidizer flow provides an adequate pressure drop through the primary at all flow conditions. At
low thrust all flow is diverted through the primary orifices, and, at intermediate thrust, the primary is used to
energize and atomize the secondary flow. The dual-orifice concept was derived from gas turbine engine fuel
injection technology and has successfully demonstrated high performance over a wide range of conditions. Under
Contracts AF-04(611)-9565, -9575, and -11611, the injector shown in Figure 33 demonstrated throttling ratios of
170:1 with fluorine/hydrogen. A similar concept using a dual-manifold tangential entry slot oxidizer element was
tested in the XI.LR-129 oxygen/hydrogen preburner (Contract FO4(611)-68-C-(X)2) at pressures over SO0 psia
(Figure 34). The XI.R-129 tangential entry dual-orifice injection concept is currently being used in the preburner
for the SSME Alternate Turbopump Development (ATD) preburner injectors. Extensive spray characterization
has been completed under the ATD program. Figure 35 shows a single ATD preburner injection element at 100
percent and [0 percent of design flow.

(raseous oxidizer injection also offers an effective method of achieving low-frequency combustion stability
at low-thrust levels, The dual expander cycle is aimed specificaily at providing gascous oxidizer tor injection.
Mixing the gaseous oxidizer with the gaseous fucl over a wide range of operating conditions, however, 18 more
difficult than gas-liguid mixing, and lower combustion efficiency is likely to be encountered at some operating
conditions.
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A heat exchanger may be used with a fixed-area injector to provide gaseous oxygen at an acceptable pressure
drop at low thrust while maintaining reasonable injector pressure losses with liquid oxidizer at full thrust. This
concept has been proposed as a solution to low-frequency instability in earlicr advanced space engines (the RI.10
IIB and the OTV engine), but these engines did not have the requirement for continuous throttling. An engine
using a heat exchanger in conjunction with a single-clement injector would require a more complex control
system to provide continuous throttling over the desired 20:1 range.

Based on this comparison, a dual-orifice injector was selected for additional evaluation for the study on
the basis of its versatility and potentially high combustion efficiency at full thrust, throttled, and high mixture
ratio conditions.

Thrust Chamber Cooling

Rocket engine cooling with throttling can present difticult design challenges. If the entire fuel flow is used
lor cooling, as thrust level decreases, the coolant exit temperature increases. The temperature increases because
with a fixed-geometry thrust chamber, a reduction in thrust is accompanied by a proportional decrease in chamber
pressure and coolant flow, while the heat flux is reduced by approximately chamber pressure to the 0.8 power.
Under some conditions, the increasing coolant temperature can cause the thrust chamber wall temperature to
increase as the engine is throttled. If the wall temperature at full thrust is near the upper limit (as is desirable to
minimize coolant pressure drop), the allowable upper limit at reduced thrust may be exceeded. The upper curve
in Figure 36 shows a typical example. Cooling limits can be partially offset by reducing combustion length,
use of higher thrust chamber contraction ratio, use of overcooling at the design point, or bypassing part of the
flow at the design point and using all of the flow at off-design condition. Each of these approaches reduces
the cooling problem at throttled conditions, but cach imparts a cycle loss, increased thrust chamber weight and
volume, added control system complexity, or some combination of these design penalties.

The split expander provides a means of avoiding the throttling constraint associated with most other cycles.
Because of the reduced coolant flow at full thrust, the coolant exit temperature of the split expander is higher
than with a full-expander cycle. By controlling the split-expander jacket bypass flow to increase the percent of
coolant flow, the coolant exit temperature can be decreased up to a point during throttling. At some fraction
of rated power (30 percent in the case studied), the jacket bypass valve is completely closed, and the cycle
operates like a full-expander cycle. However, because the coolant passages for the split expander are designed
for low flowrate, the combustor wall stabilizes at a lower temperature during deep throttling, as shown in the
lower curve on Figure 36.

High mixture ratio operation is also enhanced with the split-cxpander cycle. By controlling the coolant
jacket bypass flow to increase the percent of coolant flow, operation at higher mixture ratio levels with lower
combustor wall temperatures is possible. Figure 37 shows the cooler wall temperatures attained with the split
expander cycle compared to a typical cycle.

Low wall temperatures are essential at high mixture ratio operation. The maximum temperature for prevention
of copper oxidation is 1060 to 1260°R without coatings. Use of coatings could reduce this limitation, but proven
coatings are not currently available, and any coating will reduce the overall heat flux and the available cycle power.

The full-ecxpander cycle with regeneration also offers the potential for control of thrust chamber wall
temperatures. By reducing the amount of regeneration, the thrust chamber coolant temperature is reduced. The
cooling benefit of reducing the amount of regeneration is partially offset by the higher coolant density and lower
cooling velocity. Thus, cooling at throttled conditions with a regenerator in the cycle is more difticult than
throttled cooling with a split-expander cycle. Also, care must be taken not to reduce the amount of regencration
at low thrust to the point that unacceptably low coolant velocity results. Figure 38 compares the coolant exit
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temperature for the case of all of the fuel passing through the regenerator with a case where a portion of the
jacket exit flow bypasses the regenerator. (The control scheme for bypassing the regenerator is presented below)
Without partial bypassing of the regenerator, the coolant jacket exit temperature greatly exceeds the allowable

copper wall temperature. With partial bypassing, the jacket wall temperature is held within acceptable limits,
as shown in Figure 39.

Wide Range Control

A conceptual control system for the split-expander cycle is shown in Figure 40. The jacket bypass valve
(JBV) is used to control the coolant jacket flow for throttled and high mixture ratio operation. The JBV also
contributes to thrust control. The oxidizer secondary control valve controls the oxidizer flow split between the
primary and secondary injector flow and provides mixture ratio control by throttling the oxidizer flow. These
two valves can also provide control of thrust down to approximately 60 percent. For deep throttling, a turbine
bypass valve is used to control thrust by reducing turbine power.

In the split-expander cycle, liquid hydrogen enters the engine inlet and flows through a single-stage bouost
pump and proceeds onto a three-stage main pump. Afler the first stage of the main pump, 50 percent of the
hydrogen flow is diverted and routed through the JBV and to the mixer. The remainder of the hydrogen flow is
sent through the second and third stages of the pump to attain the high pressure required by the cycle and is then
used to cool the chamber and nozzie. A small fraction of the gaseous hydrogen leaving the nozzle coolant exit
is diverted through the turbine bypass valve (TBV) and flows into the mixer. The rest of the coolant hydrogen
flow first powers the main hydrogen and oxygen turbines before being routed to the hydrogen and oxygen boost
turbines. The turbine flow is then used to provide energy to the oxidizer tank pressurant through a heat exchanger
and cnters the mixer to join the bypass flows. The combined hydrogen flow then exits the mixer, flows through
the fuel shutoff valve (FSOV), and enters the injector for combustion in the main chamber. On the oxidizer side,
liquid oxygen enters the engine and flows through a single-stage boost pump and a single-stage main pump.
After exiting the main pump, the oxygen is split between the primary and secondary legs of the injector, with
the secondary flow controlled by the oxidizer flow control valve (SOCV). The flow routed through the primary
side flows through the primary oxidizer shutoff valve (POSV). The oxygen flow is subsequently injected into
the main chamber to combust with the hydrogen.

Figure 41 shows a conceptual control system for the tull-expander cycle with regeneration. Because the
full-expander cycle has no bypass flow, thrust control is achieved entirely by the turbine bypass valve. The
turbine bypass flow is routed around the regenerator heat exchanger. As thrust is reduced, the amount of bypass
flow increases, thereby reducing the amount of regeneration.

In the full-expander cycle with regeneration, liguid hydrogen enters the engine inlet and flows through a
single-stage boost pump and proceeds onto a three-stage main pump. After exiting the main pump, the hydrogen
flows pass through a regencrator before being used to cool the chamber and nozzle. A small portion of the
gascous hydrogen leaving the nozzle coolant exit is diverted around the turbines through the turbine bypass
valve (TBV). The majority of the hydrogen flow is used to power the main hydrogen and oxygen turbines betore
being routed to the hydrogen and oxygen boost turbines. After leaving the oxygen boost turbine. the flow travels
through the regenerator and mixes with the flow which bypassed the turbines. The hydrogen then continues on
through the fuel shutoff valve (FSOV) and enters the injector for combustion in the main chamber. The oxidizer
side of the cycle has the same configuration as the split-expander cycle. The liquid oxygen enters the engine and
flows through a single-stage boost pump and a single-stage main pump. After exiting the main pump. the oxyeen
flow is split between the primary and sccondary legs of the injector. with the secondary flow being controdied
by the oxidizer flow control valve (OCV). The flow routed through the primary side passes through the primary
oxidizer shutoff vatve (POSV) and is subsequently injected into the main chamber to combust with the hyvdrogen
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Turbomachinery

The turbomachinery concerns when throttling a rocket engine are flow stability on the pump side and flow
separation on the turbine end. As the rocket engine is throttled, propellant flowrates and turbopump speeds both
decrease. The main pump tends to come down an operating line like that shown in Figure 42. As the pump
enters the low-capacity region, the head coetticient drops off, and the pump flow becomes unstable. One method
of avoiding this is to recirculate a percentage of the flow from the pump exit to the inlet; in effect maintaining
a higher volumetric flow at the low-thrust levels. However, this increases the total enthalpy entering the pump
and may causc the pump to cavitate. To overcome this, the boost pump can be operated in a manner to produce
a higher pressure to the main pump, which together with the recirculated flow can effectively eliminate both
instability and cavitation. In addition to pump recirculation, several design featres may be used to enhance
pump stability with throttled operation. One method is use of an inducer-interstage strut. The inlet struts serve
to minimize induced pre-swirl during throttled conditions, thereby providing a steepened headflow characteristic
for improved pump stability. Figure 43 shows how these characteristics increased the head coefficient in the
350K and XI.R-129 high pressure fuel turbopumps, thereby allowing significant increases in throttleability.

Vaneless pump discharge collectors should be used on all stages, as opposed to stall-prone collectors with
incidence-sensitive vane or pipe diffusers. All stages should also employ low discharge blade angles to steepen the
head-flow characteristics for improved stability. Various advanced seal configurations may be used to minimize
parasitic lcakages detrimental to pump stability at low flowrates. Moderate suction specific speed requirements
have been selected at design and off-design operation to avoid cavitation-induced instabilitics. Various throttle
aids such as inlet back-flow collectors can also be employed.

Turbine flow separation is primarily a performance concern rather than an operational concern. The throttling
analysis completed under this study showed that the 20:1 range resulted in turbines which are close to separation.
One advantage that was demonstrated by the split-expander cycle is that, since the turbine is designed for only
half the flow at tull thrust, when the engine is throtiled down to S percent thrust, the turbine has more flow
separation margin in it than the full-expander cycle.

CYCLE DATA

The split-expander cycle and full-expander cycle with regeneration were selected for more detailed engine
studies. These studies consisted of an engine throttling investigation and a mixuwre ratio variation study. The
thrust chamber and nozzle configuration chosen for both the split expander and the full expander with regeneration
is shown in detail in Figure 44. The thrust chamber is 12.3 inches long, has a contraction ratio of 4.0, and is
constructed from copper tubing. The regenerative nozzle extends out to an area ratio of 210 to 1, and is built
trom Haynes 230 tubing. A composite material nozzle extension increases the overall arca ratio 10 1000 to 1.
The design point selected for the throttling studies for each cycle is defined as follows:

Split Expander Full Expander With
Regeneration

Vacuum Thrust Level, th 20K 20K
Inlet Mixture Ratio 6.0 6.0
Chamber Pressure, psia 1612 1764

Detailed cycle sheets for the full-thrust design thrust levels are located in Appendix B for cach of the
cngine cycles examined.
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Split-Expander Cycle

A throttling investigation was performed on the split-expander cycle, with cycle points eenerated at 100, 50,
10, and 5 percent of the design thrust level while holding the mixture ratio constant at 6.0. (The throttled cycle
sheets detailing this investigation are located in Appendix C.) During engine throttling in the spht-cxpander cvele.
the JBV, which was previously shown in Figure 40), is used to increase the pereent of hyvdrogen flow avaitable to
cool the thrust chamber/nozzIe assembly. This increased coolant flow fowers the coolant exit temperature with
thrust level, as shown in Figure 45, while the IBV area decreases according o the schedule shown in Figure
46. At 10 percent thrust the JBV is completely closed, and the cycle reverts to a full expander with all of the
hydrogen tflow being used to cool the thrust chamber. As a result, the coolant exit temperature below [0 percemt
thrust increases. The TBV opens (Figure 47) as thrust level decreases, allowing a ereater percentage of the
coolant flow to bypass the turbine and causing system pressures and pump speeds to drop.

A major concern during deep throttling is low frequency combustion instability resulting from fow oxidizer
injector pressure drops (< 5% AP/P.). Dual-orifice injection allows the effective injection arca to be varied with
thrust level, giving an acceptable average injector pressure loss both at low thrust and full thrust, as shown in
Figure 48. The oxygen is injected using tangential swirl clements to promote momentum exchange between the
primary and secondary streams and the net injection velocity is sufticient for good atomization and elliciency.

A mixture ratio sensitivity study was done on the split expander cycle tor mixture ratios of 5 10 7 and 12 at
the 20 klb thrust design level. The cycles generated for this study are given in Appendix D. A plot of chamber
pressure and chamber/nozzIle heat transfer versus mixture ratio is shown in Figure 49 for the S to 7 range.

Below the O/F of 6.0 level chamber pressure is lower than the design point chamber pressure, which caa be
attributed to the reduced heat flux caused by the [ower combustion temperature and increased power requirements
to accommodate the higher fuel flows. The reduced heat flux limits the available cycle power by decreasing the
turbine inlet temperature. The TBV is closed to maintain chamber pressure. When the S percent margin designed
into the cycle reaches O as the O/F is lowered, chamber pressure and, subsequently, thrust decline. Conversely.
above an O/F of 6.0, there is a surplus of energy available to the turbine, and chamber pressure and thrust can
be maintained by opening the TBV. On the other side of stochiometric, at a mixture ratio of 12.0, the heat
flux in the chamber is again below the design level so that the maximum chamber pressure is limited to 1250
psia. The inlet fuel flow is nearly 50 percent of design, so the JBV is closed. making all of the tuel available
for use as a coolant and turbine flow. With the increased mixture ratio, the horsepower split between the luel
and oxidizer turbopumps changes and the fuel side is overpowered by the tlow required by the oxidizer turbine.
To compensate for this, the fuel shutoft valve (FSV) is throttied to create a higher line loss downstream of the
turbines and to load the fuel system. The FSV must close o approximately 36 percent of its design flow arca.

Full-Expander Cycle With Regenerator

A throttling study was also conducted for the full-expander cycle with regeneration. The throttled cveles
generated were at 50, 10, and S percent of the 20,000 tbs design thrust at a mixture ratio of 6.0. Detailed cycele
sheets for these throttled points are contained in Appendix C.

Unlike the split-expander cycle, the coolant flow cannot be controlied during throttling and. with the chamber
designed for full coolant flow, the coolant exit temperature rises during engine throttling, as shown in Figure 50
At the 5 percent thrust level, the turbine inlet temperature is above 1200°R. The TBV opens during throuling
(Figure 51), bypassing a greater percentage ol the hydrogen flow around the turbine, dropping pump speeds and
system pressures, Since the energy for the hot side ol the regenerator is supplicd by the turbine discharge low, as
thrust decreases, the lower flowrate results in a relatively small increase in coolant inlet temperature (Fieure 52).
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As with the split-expander cycle, a major concern during deep throttling is low-frequency combustion
instability resulting from low oxidizer injector pressure drops (< S% AP/P:). To maintain the required pressure
loss without having to vaporize the oxygen, the dual-orilice injector concept was used in the tull-expander cyele
studics. The dual-oritice injector allows the cftective injection area to be varied with thrust level, giving un
acceptable average injector pressure loss both at low thrust and full thrust, as shown in Figure S3. The oxygen is
injected utilizing tangential swirl clements to promote momentum exchange between the primary and secondary
streams, and the net injection velocity 18 sufticient for good atomization and efficiency.

Using the 20 kib thrust level as the design point. a mixture ratio sensitivity study was conducted with the
full-expander cycle with regeneration. The specitic O/Fs studied were from 5 1o 7 and 120, Detailed cycle
sheets ftor these operating points are contained in Appendix D. A plot of chamber pressure and chamber/nozzle
heat transfer versus mixture ratio is shown in Figure 54, The characteristics display the same trends for the
full-expander cycle with regeneration as those seen with the split expander cycle. At the lower O/F levels, the
cycle runs out of power and chamber pressure falls off. The coolant and turbine flow for the full-expander cycle
with regeneration, operating at high mixture ratio, is much lower than the design value: consequently, turbopump
performance sufters and the achicvable chamber pressure is lower. At the mixture ratio of 12.0), the chamber
pressure drops to 1160 psia. As with the split-expander cycle, the FSV must be throttled to load the fuel system.
The valve is closed to under 10 pereent of its design value. The selected control system with partial regenerator
bypass, as was previously shown in Figure 41, provides lower coolant exit temperature than achievable without
turbine bypass, but temperatures are still above current acceptable limits for copper thrust chambers. Either
improved materials, or a more complex controb system that provides complete regenerator bypass, would be
required 1o achieve operation at a mixture ratio of 12.0. Either approach would be expected to reduce achievable
chamber pressure over some portion of the mixture ratio range.

Face Plate
(Rigimesh)

Secondary O, Injection
Fuel Injection

Figure 33.  Coaxial Dual Area Orifice Injector
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Figure 38.  Coolant Exit Temperature Versus Percent Thrust for the Full-Expander Cyvcle With Regeneration
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SECTION 1V
RECOMMENDATIONS

Based upon the results of this study and related ongoing space engine studies at Pratt & Whitney, the
following recommendations are offered:

I.  Steps should be taken to investigate the key technology issues associated with design and
fabrication of copper tubular thrust chambers. These issues include: (a) determination of the
heat transfer enhancement associated with tubular chambers compared to smooth wall chambers,
(b) determination of cyclic structural life increases associated with copper tubes over milled
channel construction, and (¢) investigation of copper tube chamber fabrication techniques to take
full advantage of the total heat transfer and life advantages of copper tubular chambers.

2. The study should be expanded to investigate optimum cycles and design approaches for expander
cycle engines in the 50 to 200klbf thrust range.

3. Interface definition should be expanded in conjunction with system requirement definitions from
vehicle contractors.

4. Performance and envelope data should be updated as performance and technology levels become

better defined from such sources as the NASA-LeRC high area ratio performance investigations
and focused technology programs.
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APPENDIX A
PARAMETRIC DATA

Parametric data are presented in Figures 55 through 107.
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APPENDIX B
FULL-THRUST CYCLES

Full-thrust c¢ycle data are presented in Tables 9 through 48,

11




TABLE 9. — FULL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER TUBE
CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1862.%
VAC ENGINE THRUST 7500,
TOTAL ENGINE FLOW RATE 15.62
DEL. vaC. lsp “80.)
THROAY AREA 1.97
NOZZLE AREA RATIO 1000.0
NOZ2LE EXIT DIAMETER 50.10
ENGINE MIXTURE RATIO 6.00
ETA Cn 0.993
CHAMBER COOLANT DP 791.
CHAMBER COOLANT CT 785.
NOZZLE /CHAMBER © 6571,

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS v

STATION PRESS TEP FLOM ENTHALPY DENSITY
B.P. INLET 18.¢ 317.4 2.2 -107.%5 6.37
B.P. EX1T 100.4 8.5 2.23 ~1035.90 %.39
PUMP INLET 100.4 8.5 2.23 -10%.0 %.39
1ST STAGE EXIV 18%¢.8 9.3 2.23 24.¢ €.27
2ND STAGE EXIT 3e18.5 1.8 2.23 1669 6.2%
PUMP EXIT 5287.6 126.3 2.23 2641 6.28
CODLANT INRET $234.8 124.7 2.23 2641 6.26
COOLANT EXIT 6643 .6 $39.5 2.23 3205.3 0.82

TBV INLEY £399.) *39.8 0.11 320%.3 0.81

TBV EXIT 2084.4 5.6 0.11 3208.3 0.40
aT TRB INLET <399.1 *09.8 2.12 320%.3 0.8}
02 TRE EXIT 6003.3 893.¢ 2.12 3138.¢6 0.76
Kl TRB INLET 6003.3 893.¢ 2.12 3138.4 0.76
H2 TRB c\IT 2209.2 7%.1 2.12 2751.9 0.649
H2 TRB DIFFUSER 2182.0 7.3 2.12 2751.9 0.48
H2 BST TRB IN 2160.2 796.3 2.12 2751.9 0.48
HZ BST TRB OUT 2141.2 795.2 2.12 2742.) 9.48
H2 BST TRB DIFF 2126.1 7%5.3 2.12 2747.1 0.47
02 BST TRB IN 2104.9 7195.4 2.12 2762.1 0.47
02 BST TRB OUT 2096.3 7%.8 2.12 27446 0.47
G2 BST TRB DIFF 20%.8 7%¢.8 2.12 2764 .6 6.67

M2 TANK PRESS 18.6 814.2 0.0022 2767.6 0.0043
GOX MEAT EXCH IN  2084.4 801.4 2.23 2767.6 0.466
GOX HEAT EXCH OUT 2073.9 api.0 2.23 2766.2 0.46
FSOV INLET 2973.9 801.0 2.23 2766.2 0.46
Fsov EXIT 2022.1 801.4 2.23 2766.2 0.6%
CHAMBER INJ 2001.8 801.5 2.23 2764.2 0.44
CHAMBER 1862.5

® OXYGEN SYSTEM CONDITIONS »

STATION PRESS i3 4 FLOM ENTHALPY DENSITY
B.P. INLET 16.0 162.7 13.4 6).1 71.17
b.P. EXIT 135.6 163.2 13.4 1.5 71.20
PO® INLEY 135.6 163.2 13.4 1.5 71.20
PUMP EXIT 3016.3 178.2 13.4 72.1 71.52

02 TANK PRESS 1$.0 “D2.0 0.023 204.7 .12
ocY INET 2986.2 179.3 13.4 S | 1.7
ocY EXIT 20%90.3 18:.8 13.4 2. 70.08
CHAMBER INJ 2048.7 182.0 13.4 2. 70.02
CHAMBER 1862.5

® VALVE DATA o

VALVE DELTA P ARZA FLOW 3 BYPASS
BV 2315, 0.6l 0.1} 5.00
FSov 52. 0.62 2.23
ocy 896, 0.08 13.39

® [NJFECTOR DATA @

INJECTOR DELTZ P AREA FLOM VELOCITY

FuUEL 139. 0.47 2.23 1569.66

LOX 207. .18 13.3¢9 156.9%8
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TABLE 9.

CHAMBER) (CONTINUED)

» TURBOMADIIMERY PERFORMANCE Data »

FERsARSEsuANE IR RsanSRRARTTRY

engoupenss . .
5 K2 BOCST TURRINE o 2 POCST PP =
EnseRpusesssysanssas Supnupasyssnsssas

EFFICIENCY  (3/7) 0.s87 EFFICIOCY 0.74¢

EFFICIENCY (T1/%) 0.333 HORSEP OWER 14,

SPEED {RPH) 75525, SPEED (RPN} 75328 .

WEAN DIA ()] 2.82 S SPEED 3049.

EFF AREA ey 1.03 HEAD tF1) 2688 .

u/c {ACTUA ) 0.553 DIA, (18} 1.33

KAX T1P SPEED 198, TIP SPEXD 438,

STaGES t VOL. FLOM 229.

CArMA 1.3 MEAD COEF 0.4%0

PRESS RAYIO (T/7) 1.00 Rom ot 5.201

PRESS RAYIO (T/5} t.02

HORSEPOMER 14,

EXIT MALH NUKBER 9.18

SPECIFIC SPEED 163.0%

SPECIFIC DIAMETER 0.58

snesonnansseys Seesssranse
M2 TIRBINE ® SR P

sesduse

STAGE OME STAGE T™D STAGE THREX

FULL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER TUBE

EFFICIENCY (T/T) 0.80] EFFICIEMCY 0.40% 0.612
EFFICIENCY (T/3) 0.78) HORSEPOMER ‘b, - L
SPEED (RPM) 187500, SPEED (RPR) 187500, 187300,
HORSEPOWER 1181, 33 SPEED 9332,
MEAN DIA. (2L 1.62 3 SPEED 749, 768
EFF AREA w2) e.n MEAD (FT) 0127, 58236 .
usc (ACTUAL } 0.521 DIA. (1N) 2.3% 2.3%
RAX TIP SPEED 1638, TIP SFEED 1928, 1924.
STAGES 3 VoL, Ao 23%. 236.
CAra 1.3 HEAD COEF ..522 8.50¢
PRESS RATIO (T/T) 1.8} FLOx COEF 9.093
PRESS MATIO (1/8) 1.8¢ DIAMETER RATID 5.333
EXIT MADH MPGER [ 1) BEARING DN 3.00E94
SPECIFIC SPEED s3.n WWFT DINETER 14.00
SPECIFIC DINETER 3.3
sanssusenns » sonassonee

* 02 DOOST TURDINE ¢ . 02 BOOST P @

PsnessspesussnnssERe “sanevsesueRsIREn
EFFICIENCY (T/T) 0.80¢ oFICIDLY 9.764
EFFICIENCY (T/3) 0.65% HOR SEPOMER ..
SPEED iRPw) 20104, YLD  (my 2818,
NEAN DIA [RL2] 2.7% 3 3PEED 3826,
EFF AREA o) MEAD [{48] 262,
we (ACTUAL ) Dia. iy 1.49
MAX YIP SPEED Ti» SPEED 132.
STAGES WOL . FLOM ”»n.
G "EAD COEF 9.4%0
PRESS RATIO (Y/T) oW CoEF 9.208
PRESS RATIO (1/3)
HORSEPOMER
EXIT RADH NUMBER
SPECIFIC SPEED
SPECIFIC DIANETER

LYY TYY . ua »

v 02 TURBINE * 2R PP e

Saussssenessse CLYIYTY YT
EFFICIENCY (T/7) 6.803 EFF1CI0KY
EFFICIENCY (T/3) 0.753 MORSEP CER 201.
SPEED (RPH) 150652, DEED trrm) 130652,
MORSEPOMER 203, S$ SPEED J3481).
MEAM DIA [RL0] 1.62 S SPEED 1804,
EFF AREA (31 -4] 0.19 MEAD i 5799,
usc (ACYUAL } 0.503 Dla. (i) 1.10
MAX TIP SPEED . Tir SPEED s,
STAGES ] VOL . FLOM L 138
CArA 1.3 MEAD COEF 0.418
PRESS RATIO (T/T) 1.10 FLOM CIXF 0.31%4
PRESS RATIO (1/%5) 1.1 DIAMETIR RATIO 0.67%
EX1T MACH MOGER 0.09 AR MG O 1.87€-0¢
SPECIFIC SFEED 9. 45 SWFT DINETER 12.00

SPECIFIC DINETER 1.8

R

0617
.
187580,

™s.
S652¢ .
2.3%
192
23%4.
0.489




TABLE 10. — FULL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

L T Y Y P T T YT Y LYY YT LYY Y Y

CHAMBER PRESSURE 169%96.5
VAC ENGIME THRUST 15000.
TOTAL ENGINE FLOW RATE 31.2%
DEL. vaC. Isp <80.0
THROAT AREA 6.32
NOZZLE AREA RATIO 1000.0
NOZRLE EXIT DIAMETER 76.21
ENGINE MIXTURE RATIO 6.00
ETA Cs= 0.993
CHAMBER COOLANT DP 579.
CHAMBER COOLANT DT 599.
NOZZLE/CHAMBER Q 10185.

ENGINE STATION CONDITIONS

RN AN N AN ARSI E SN RRREBRE RIS

® FUEL SYSTEM CONDITIONS »

STATION PRESS TEMNP FLOW ENTHALPY DENSITY
B.P. INLET )B.6 37.4 &4.47 -107.% 6.37
B.P. EXIT 100.6 38.5 &.67 -103.0 $.39
PUMP INLET 100.6 38.5 447 -103.0 6.39
I1ST STAGE €XIT 1843.1 64.2? &.67 10.6 6.38
2ND STAGE EXIT 3556.9 89%.5% 4.67 121.3 6.40
PP EXIT 5250.8 113.0 6.47 229.5 6.66
COOLANT INLET 5198.3 113.% 4.67 229.5 6.664
COOLANT EXIT 4619.0 712.1 4.67 2508.0 1.06
BV INLET 4572.8 712.4 0.22 2508.0 1.08
TBVY EXIT 1898.6 7291 0.22 2508.0 0.46
G2 TRB INLET £572.8 712.4 4.2% 2508.0 1.05
02 TRB EXIT 6123.2 698.9 %.2% 2649.6 0.98
H2 TRB IRETY €123.2 698.9 4.25 2469.6 0.98
2 TRB EXIT 202¢.9 é13.0 £.25 209%.5 0.%8
H2 TRB DIFFUSER 1993.6¢ 6135.2 4.2% 2099.5 0.57
M2 BST TRB IN 197%.7 $13.2 4.25 2099.% 0.57
M2 BST TRB OUT 1952.9 $12.1 $.25 2094.8 0.56
H2 BST TRB DIFF 1938.9 612.2 £.25 209..8 0.56
02 BST TRB IN 1919.5 632.3 4.25 209%.8 0.55
o2 BST TREB OUT 1909%.¢ 611.6 4.2% 2092.2 0.55
OZ BST TRB DIFF 1%08.1 411.6 £.2% 2092.2 0.3%5
M2 TANK PRESS 10.6 627.2 0.0058 2115.0 0.0057
GOX HEAT EXCH IN 1898.6 $17.5 4.69 2113.0 0.%6
GOX HEAY EXCH OUT i889%.1 617.1 &.46 2111.4 0.54
FSOV INLEY isBY.1 €171 4.66 2111.6 0.54
FSOV EXIT 1941.8 €17.6 6.46 2111.6 0.53
CHAMBER 1INJ 1823.3 $17.% 6.4¢ 2111.¢ 6.52
CHAMBER 16%96.5
® OXYGEN SYSTEM CONDITIONS »
STATION PRESS TEW FLO® ENTHALPY DENSITY
16.0 162.7 2.8 61.1 n.az
135.6 168.2 2¢.8 61.5 n.2o
135.6 163.2 26.8 1.5 n.2o
2747.% 175.9 2¢6.0 70.7 71.63
02 TANK PRESS 16.0 4Q0.0 0.048 206.7 0.12
OCV [MNLET 2720.0 176.0 26.8 70.7 71.5%%
ocv EXLTY 1904.0 1791 2¢.8 70 7 70.32
CHAMBER INJ 18661 179.3 26.8 Pt 70.2
CHAMBER 1696.5
® VALVE DATA =
VALVE DELTA P AREA FLOW ° -
eV 2674. 0.0} i
FsSov 47. 1.30 £.4¢
ocy 8le. .17 26.78

® INJECTOR DATA »

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 127. 0.9%0 4. 66 1288.04
Lox 188. 0.37 26.70 1649.5%6
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TABLE 10.

FULL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

® TURBOMACHINERY PERFORMANCE DAYA ®

SSS0TIEBRRE »-a
* W2 BOOST TURBINE »
SAGESEIRERRRARREERPE
EFFICIDEY (T/1)  0.246
CFICIDCY (1733 0.39)
SPEED (RPM) 53300,
MEAN DIA Ny 1.3
EFF AREA  (IN2)  1.80

wt (ACTUALY  08.5%50
RAX TIP SPEED 390,
STAGES 1
GOSN 1.4%

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.82

HORSEPOMER 29,
EX1T RACH MUHBER 6.10
SPECIFIC SPEED 148.19

SPECIFIC DIANETER 0.52

s M2 TURBINE »

BRemasRONERNESY

EFFICIDXY (T/T) 0.7%
EFFICIENCY (T/3)  0.776
SPEED (RPN) 136363,
HORSEPOMER 2103.
MEAM DIA. (20} 2.33
EFF AREA (30 -3 e.19

uwe (ACTUAL)  0.449
max TP SPEED 1481,
STAGES 2
GO 1.45

PRESS RATIO (T/T) 2.08
PRESS RATIO 17/3) 2.98
EXIT RADH MOISER .18
SPECIFIC SPEED 39.56
SPECIFIC DINETER 1.48

sssssssvssenve
s G2 BOOST TURBINE »
szsassesasssunndneny

EFICIDLY (T/T)
EFFICIENCY (T/3)  0.487

SPEED (RPM) 14272,
MEAN D1A 1IN) 3.)8
EFF AREA the) 2.64
we (ACTUAL)  §.583
max TIPr SPEED 235,
STAGES 1
G 1.45

PRESS RATIO (V/T) 1.01
PRESS RATIO (T/3) 1.0

MORSEPONER 1s.
EXIT MADH WUMBER 8.08
SPECIFIC SPEED .92

SPECIFIC DINETER .86

* 02 TRBINE ©

EFFICIOCY (T/T)  6.817
EFFICIDGY (T/3) 6.778

SrEED (Pn) 87749,
MORSEPOMER 381.
MEAM DIA (N 2.33
EFF antA (31 -2} 0.2y
urc (aCTuAL)  ©.523
MAX V1P SPEED 952.
STAGES t
[ 1.4%

PRESS RATIO (1/7) 1.11
PRESS RATIO (1/3) 1.2
£XIT RACK MIGER .00
SPECIFIC SPEED 45,33
SPECIFIC DIANETER 1.6%

* HZ BOOST PP @
ssensesnusausnues

EFFICIDCY 0.764
HORSEPOMER 29.
SPEED  (RPM) $3308.
$ SPEED 3048.
HEAD {F1) 2693,
DIA. CIN} i.09
TIP SPEED 439.
VOL. FLOM 457.
MEAD COEF 0.450
FLOM COEF 0.20
SEasANSERED

STAGE ONE STAGE THO STAGE THREE

EFFICIDCY 0.649 0.681
HORSEPOMER nr. m.
SPEED (RPN) 136363, 136363,
SS SPEED ”s7.

S SPEED ree. 7.
HEAD (FT) s7278. 56208,
DIA.  C1W) $.12 s.12
TP SPEED 1859, 5.
voL. FuoW ass. sS4,
HEAD COEF [ 1831 0.523
FLON COEF 0.0%

DIAMETER RATIO 0.331

BEARING TN

3.00€+86

SHAFT DIAMETER 22.00

s

s 02 POQST PLIP

EFFICIBCY 8.7¢4
MHORSEPOMER 18,
SPEED (RPNM) 14272,
S SPEED 3026,
HEAD [Lad] 262,
DiA. (1} 2.n
1P SPEED 1R.
VL. FLOM 169,
MEAD COEF .65
ALon CoRF .200

[CITIYTTITY S

a2 02 PO »

esssessenss
EFFICIENY ..738
MORSEPOMER 31,
SPEED (RPN} 97249,
33 SPEED 22303.
S SPEED 1848,
HEAD (FT) 3249,
OIA. (3L 1) 1.66
TIP SPEED 34,
voL. FLo 148,
HEAD COEF .420
FLOW COLF .15
DIAMETER RATIO 8. 482
PEARING DN 1.40E°04
SHAFY DIAETER 14,08

9.653
5.
136363,

| . ¥
5623,
5.12
1859,
ase.
0.512



TABLE 11. — FULL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1603.6
VAC ENGINE THRUST 25000.
TOTAL ENGINE FLOM RATE 52.08
DEL. VAC. ISP €80.0
THROAT AREA 7.62
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 98.52
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 49S.
CHAMBER COOLANY OT s0s.
NOZ2ZLE/CHAMBER O 14356,

ENGINE STATION CONDITIONS

* FUEL SYSTEM CONDITIONS o

STATION PRESS O FLOW ENTHALPY DENSITY
B.P. INET 18.6 37.4 7.45 -107.5 &.37
B.P. EXIT 100.9 8.5 7.45 -103.0 4.3
PUNP INLET 100.9 8.5 7.4 -103.0 4.3
IST STAGE EXIT 1458. 6 54.9 7.45% -25.5 4.50
2ND STAGE EXIT \31.9 10.7 1.45 Sl.8 %.58
PO EXIT «222.8 86.2 7.645 128.6 4.67
COOLANT INLET <180.6 86.¢ 7.4 128.¢ 4,65
COOLANT EXIT 3685.4 591.9 7.45 2055.1 1.02

TBY INET 3648.5 592.1 0.37 2055.1 1.01

BV EXIT 1795.5 601.9 0.57 2085.1 0.53
02 TRB IMLET 3648.5 92,1 7.08 2055.1 1.0}
a2 TRB EXIT 3266.7 579.% 7.08 2001.% 0.9%
K2 TRB INLET 3266.7 $79.5 7.08 2001.5 0.9%
1@ TRB EXIY 1925.6 $19.5 7.08 1757.7 0.66
H2 TRB DIFFUSER 1888.2 $19.6 7.08 17%7.7 0.63
K BST TRB IN 1869.3 $319.6 7.08 17157.7 0.63
H2 BST TRB OUT 1848.2 518.8 7.08 1753.0 0.62
H2 BST TRB DIFF  16834.8 5:18.4 ?.08 1753.0 .62
02 BST TRB IN 1816.6 $18.6 7.08 1753.0 ¢.61
02 BST TRB OUT 1806.0 s18.0 7.08 1750.¢ 0.61
02 BST TRB DIFF 1804.5 sis.0 7.08 1750.4 8.61

H2 TANK PRESS 8.6 529.¢ 8.0113 1765.6 0.0066
GOX HEAY EXCN IN 1795.S $22.2 7.44 1765.6 0.6
GOX HEAY EXCH OUT 1786.S 521.9 7.64 1764.3 0.60
FSOV INLET 178¢.5 s21.9 .64 1764.3 D0.60
FSOV EXIT 1761.9 522.1 7.4¢ 1764.3 0.58
CHAMBER TW) 1726.3% 522.2 T.48 1766.3 0.59
CHAMBER 1603.4

" OXYGEN SYSTEM CONDITIONS »

STATION PRESS TEwP fLom ENTHALPY DENSITY
B.P. INLET 16.0 162.7 4.7 1.1 71.17
B.P. EXIT 135.6 163.2 €%.7 €1.5 71.20
PUMP INMLET 135.6 163.2 4.7 61.5 11.2¢
PUI EXIT 259%6.3 124.6 €%.7 70.0 71.6%

02 TANK PRESS 16.0 «00.0 8.076 204.7 0.12
ocV IMET 2570.9 174.7 6.6 70.0 71.68
OoCV EX1T 1799.¢ 177.6 <%.é 70.0 70.45
CHAMBER 1ND 17¢3.8 177.8 6.6 70.0 70.39
CHAMBER 1603.¢

® VALVE DATA @
VALVE DELTA P AREA FLOW X BYPASS
™y 1853, 6.02 0.37 5.00
FSov 5. 2.10 7.64
acv m. 0.28 44. 64
® INJECTOR DATA »

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 121, 1.45 7.646 2%1.0%
Lox 178. 0.63 44 .64 1645.27
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TABLE 11.

TUBE CHAMBER) (CONTINUED)

* TURBOMACH INERY PERFORNANCE DATA »

® K2 BOOST TURBINE »

EFFICIODLY (T/7) 0.823
EFFICIENCY (T/S) 0.444

SPEED (RPM)  £1350.
MEAN DIA ) 1.6
EFF AREA (2 -2 2.82
usc (ACTuaL) 0.538
MAX TIP SPEED 3.
STAGES 1
GAMMA 1.34

PRESS RATIO (T/T) i.o1
PRESS RATIO (T/3) 1.82

HORSEPONER 8.
EXIT RALN NUGER 0.1)
SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.52

= H2 TURBINE ®

EFFICIENCY (T/T) 0.8é3
EFFICIENCY (T/3) 0.82%
SPEED (RPN) 125000.
HORSEPOMER 246).
MEAN DIA. (1IN} 2.3
EFF AREA tR) 0.5

we {ACTUAL) .50
MAX YIP SPEED 1616.
STAGES 2
Garmta 1.34

PRESS RATIO (1/7) 1.7e
PRESS RATIO (T/3) 1.72¢
EXIT MACH MIGER 0.1
SPECIFIC SPEED 61.43
SPECIFIC DINETER 1.26

* 02 300ST TURBIME @

EFFICIENCY (T/T)  o.877
EFFICIENCY (T/3) ©.736

SPEED (WPM)  11085.
MEAN D1A (81 }] 4.1
EFF AREA (1 -2 4.06
usCc (ACTUAL?  0.553
MAX TIP SPEED 233.
STAGES ]
GAMMA 1.36

PRESS RATIO (T/T) 1.8
PRESS RATIO (T/3) 1.01

HORSEPOMER 26.
EXIT MACH NUMBER 0.04
SPECIFIC SPEED %.61

SPECIFIC DIAETER 0.6

. 02 TURBINE »

EFFICIENCY (3/7) 0.94%
EFFICIDXCY (T/3)  0.744

SPEED (Fm) 65861,
HOR SEPOMER 538,
MEAN DIA () 2.36
EFF AREA (11 -2 .54
we (ACTUALY  0.414
MAX T1P SPEED 766,
STAGES )
Gara 1.34

PRESS RAYIO (T/T) 1.12
PRESS RATIO (T/3) 1.13
EXTT MACH NUMBER .12
SPECIFIC SPEXD 4.7y
SPECIFIC DIAETER 1.7

ssevssensensnnns
s K2 BOOST PO =

EFFICIDCY 0.7¢s
HORSEPOMER 8.
SPEED  tPNW) <1350,
S sPEXD 3045,
MEAD 123 2703.
BIA. 3% 2.43
TIP SPEED 0.
L. Ao 762.
MEAD COEF 0.450
RO% COEF e.201

PRUAORABERE

"2 PUe

FULL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER

STAGE ONE STAGE THO STAGE THREE
L

EFFICIDEY 0.226 0.725
HORSEPOWER 7. 3.
SPEED (RPW) 125000. 125000,
33 SPEED 11318,

S SPEED 1126. 1121,
HEAD (FT) 43769. 43508 .
Dia. (I} 3.0¢6 3.06
Tip SPEED 1671, 1870.
VOL. ROM 763, 730.
MEAD COEF 0.504 0.502
FLOM COEF o.118

DIAMETER RATIO 0.412

SEARING DM

3.00E+06

SIMAFT DINETER 26.00

17

s 02 BOOST PUNF »

111112 ]
EFFICTENCY 0.7¢4
HORSEPOMER 2¢.
D (RPN} 11085,
3 SPEED 3026.
MEAD ) 242.
bia. 139 2.7
TP SPEED 132,
VL. R.OM 282.
HEAD COtF 0.450
LOM COEP 8.200

.02 PP o

sousenasnas
OFICIDCY 0.747
MORSEPCMER 538,
VED (W) 5861,
s$ srexD 21811,
s sPEED 1870
MEAD (148 €92,
bIA. ) 2.2
1P S €t
vOL. FLOM 0.
MEAD COEF 0.42¢
FLON CoEF 0.15¢

DIARETER RATIO 8.683
BEAR NG D 1.43E+04
WY DIAETER 22.00

8.72¢
sle.
125008,

ms.
43204,
3.06
671,
nz.
9.49%




TABLE 12. — FULL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1502.9
VAL ENGINE THRUST 37500.
TOTAL ENGINE FLOM RATE 78.13
DEL. VAC. ISP <80.0
TNROAT AREA 12.19
NQZZLE AREA RaT10 1000.0
NGZZLE EXIT DIAMETER 126.61
ENGINE MIXTURE RATIO ¢.00
ETa C» 0.9932
CHAMBER COOLANT DP “67.
CHAMBER COOLANT DT 420.
NOIZLE/CHAMBER Q 18018.

ENGINE STATION COMDITIONS

[ITIYYTYY) (11T

» FUEL SYSTEM CONDITIONS »

STATION PRESS TENP FLOoW ENTHALPY DENSITY
B.P. INMLEY 18.6 37.4 11.18 ~107.% 6.37
B.P. EXIT 100.3 38.5 11.18 -103.0 %.39
PUMP INLEY 100.3 38.5 I1.18 ~183.0 4.39
1ST STAGE EX1T 1523.0 55.0 11.18 -23.6 4.52
2ND STAGE EXIT 2971.8 70.% 11.18 85.8 4.63
PUMP EXIT 46654 86.4 11.18 135.0 6.72
COOLANT INLET 4400.9 8é.8 12.18 135.0 6.70
COOLANT EXIT 3953.5 507.9 11.18 1766 .4 1.2%

TBV INLET 3%14.0 507.2 8.%¢ 176 .46 1.24

TBV EXIT 1682.1 S17.4 9.5¢ 1746.4 0.57
02 TRB INET 3%16.0 507.2 10.62 1746.4 1.2¢
02 TRB EXIT 3491.1 495.9 10.62 1697.1 1.14
H2 TRB INLET 34%91.1 695.9 10.62 1697.1 1.1¢
H2 TR8 EXIT 1818.3 435.4 19.62 1666.6 0.72
H2 IRB DIFFUSER 1776.3 435.7 10.62 1666.6 8.71
H2 BST TRB IN 1756.6 635.7 10.62 1666.6 0.71
H2 BST TRB OUuT 1733.8 636.¢ 19.62 1441.9 0.6
HZ2 BST TRB DIFF 1720.7 436.¢ 10.62 1461.9 0.69
02 BST TRB IN 1703.5% 434.7 18.62 1461.9 0.68
2 BST TRB OUT 1692.0 434.0 10.62 1639.3 0.68
02 BST TRB DIFF 1690.5 434.0 10.62 1439.2 0.68

H2Z TANK PRESS 18.6 “e2.8 9.0203 1456.7 0.007%
GOX MEAT EXCH IN 1682.1 438.2 11.16 1456.7 0.67
GOX HEAT EXCH OUT 1673.7 <37.8 11.16 1453.3 0.67
FSOV INLET 1673.7 «37.8 11.16 1453.3% 0.67
FSOV EXIT 1631.8 “38.0 11.16 1453.3 .65
CHAMBER INJ 1615.5 438.0 11.16 1453.3 .64
CHAMBER 1502.9

® OXYGEN SYSTEM CONDITIONS »

STATION PRESS TENP FLow ENTHALPY DENSITY
B.P. INLET 16.0 162.7 62.1 1.1 71.17
B.P. EXIT 135.6 163.2 €7.1 €1.% 71.20
PUMP INLET 135.6 J63.2 $2.1 €1.5 71.20
PUMP EXIT 2433.9 173.% 7.1 9.3 n.n

02 TANK PRESS 16.0 400.0 e.113 206.7 0.12
OCV INLET 2409.6 173.¢ 62.0 9.3 71.67
oCv EXIT 1686.7 176.4 é2.0 €9.3 70.55
CHAMBER IMNJ 1653.1 176.5 67.0 9.3 70.50
CHAMBER 1502.9

* VALVE DATA &

VALVE DELTA P AREA FLow X BYPASS
1BV 2232. 0.62 0.56 5.00
FsSov 62. 3.09 11.16
ocv 723, 0.4 66.97

= INJECTOR DATA »

INJECTOR DELTA P AREA FLOM VELOCITY
FUEL 113, 2.13 1116 1181.21
LOX 167. .97 .97 140.53




FULL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

TABLE 12. —

® TURBOMACHINERY PERFORMANCE DATA o

s H2 BOOST TURBINE »

5 H2 BOOST PO o

EFFICIENCY (T/T) 8.B4S EFFICIENCY 9.766
EFFICIENCY €Y/3) 0.479 HORSEPCHER 7.
SPEED RPH) 33637, SPEED  (RPM) 33637,
MEAN DIA (S0} 1.78 S SPEED 3051.
EFF AREA ) 3.88 HEAD (FT) 2483,
usc (ACTUAL) 0.537 DlA. Tt 2.9
MAX TIP SPEED 3re. TiP SPEED 438.
STAGES 1 VoL, FLOM 1163,
GAMMA 1.42 HEAD COEF 0.450
PRESS RATIO (T/7) 1.01 FLOM COEF ¢.201

PRESS RATIO (T/33 1.02
HORSEPONER 7.
EXIT MACH NUMBER e.11
SPECIFIC SPEED 156.00
SPECIFIC DIANETER 0.5¢

"2 TURBINE »

STAGE ONE STAGE TWO STAGE THREE

EFFICIONY (T/T)  0.84% EFFICIOCY 0.739 e.738 0.737
EFFICIDCY (3/8)  0.827 HORSEPOMER 1256, 1258, 1283,
SPEED (RPH) 107143, SPEED (RPM) 107143, 107143, 107143,
HORSEPOMER s764. SS SPEED 11947,
MEAN DIA. (1IN} 2.61 $ SPELD 1162, nsz. 1124,
EFF AREA (1)  0.48 HEAD (FT) €56%0. 45853, 45391,
usc (ACTUAL)  0.488 DlIa. (IN) 3.64 3.64 3.66
MAX TIP SPEED 1367, TIP SPEED 1702. 1702. 1702.
STAGES 2 VOL. FLOW me. 1005, 1064.
GAMMA 1.62 HEAD COEF 8.s07 ..504 0.504
PRESS RATIO (T/T)  1.92 FLOW COEF .11
PRESS RATIO (T/S)  1.9% DIAMETER RATIO 0.417
EXIT MACH MSBER 0.20 BEARING DN 3.00E+06
SPECIFIC SPEED s5.89 SMAFY DIAMETER 2m.00
SPECIFIC DIMNETER  1.23
as SEnoEsGnPEEERRER
¢ 0z BOOST TURBINE » s @2 BOOST PUP »
L 1] snsama L 1]
EFFICIOEY (T/T)  0.887 EFFICIDCY 0768
EFFICIDGY (¥/8)  0.7% HORSEPOMER 39,
SPEED tem) 9026 SPEED  (RPW) 026,
MEAN DIA Ny s.08 S SPEED 3026,
EFF MREA  (IN2)  5.48 HEAD [124) 242,
e (ACTUAL)  ©.383 D1a. 39 3.5¢
MAX TIP SPEED 231, TIP SPEED 132,
STAGES 1 voL. Fum ez,
AN 1.42 MEAD COEF 0.450
PRESS RATIO (T/T) 1.0 FLOW COEF 8.200
PRESS RATIO (T/$)  1.01
HORSEPCMER 3.
EXIT MACH NIMBER 0.0¢
SPECIFIC SPEED 93.0¢
SPECIFIC DIAMETER  0.92
GRPUSERAROARES eEAssaaENRE
" 02 TURBINE . PUS =
GRS SUERUPRRDEN SoRRARESPRS
EFFICIDEY (T/T) EFFICIDCY 0.7¢0
EFFICIOCY (T/3) MORSEPOMER 760,
SPEED (RPM) SPEED  (RPM) 52014,
HORSEPOMER ss SPEED 20904
MEAN DIA (S1}) S SPEED 1904,
EFF AREA  (IN2) MEAD [137) 4813,
ue (ACTUAL) DIA. awy 2.58
MAX TIP SPEXD TP SPEED s87.
STAGES voL. FLoW «20.
A 1.42 HEAD COEF 0.431
PRESS RATIO (T/T)  1.12 FLON COEF o158
PRESS RATIO (T/$)  1.18 DIAMETER RATIO 0.604
EXIT MACH MNUOSER 0.09 PEARING DM 1.66£06
SPECIFIC SPEED 74.56 SHAFT DIAMETER 28.00

SPECIFIC DINETER 1.08
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TABLE 13. — FULL-EXPANDER ENGINE - 50,000 LBF THRUST (COPPER

TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

L T Y P T R Y T Py YT YT

CHAMSER PRESSURE 1402.6
VAC ENGINE THRUST 50000.
TOTAL ENGINE FLDMW RAYE i0%.18
DEL. VAC. ISP 480.0
THROAT AREA 17.41
NOZ2ZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 148.90
ENGINE MIXTURE RATIOQ 6.00
ETA C» 0.993
CHANBER COOLANT 0P 355,
CHAMBER COOLANT DT 383.
NOZ7LE /CHAMBER Q 21899.

ENGINE STATION CONDITIONS

» FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMLET 18.6 37.4 16.91 ~107.5 %.37
B.P. EXIT 100.2 38.5 14.91 -103.0 6.39
PUMP INLET 100.2 38.5 14.91 -103.0 %.39%
1ST STAGE EXIT 1308.4 St.6 14.9) -37.9 %.53
2ND STAGE EXIT 2547.4 66.4 14.91 27.% 6.65
PUMP EXIT i813.5 76.7 1<.91 3.1 4.23
COOLANT INLET 3775.¢ 77.1 14.91 3.1 6.71
COOLANT EXIT 3420.6 <59.9 14.91 1561 .6 1.20

TBY INLET 3386.4 450.0 0.75 1561.6 1.19

TBV EXIT 1570.3 667.3 0.75% 1561.46 0.59%
a2 TRB IMLET 3386.4 460.0 14,12 1561 .6 1.19%
02 TRB EXIT 3016.7 469.7 16.17 1516.¢6 1.10
H2 TRB INLET 3016.7 %69.7 16.17 15164 1.10
H2 TRB EXIT 1706.6 «00.3 16.17 1309.9 0.74
H2 TRB DIFFUSER 1659.7 %00.4 14.17 1309.9 0.72
H2 BST TRB IN 1643.1} 400.4 14.17 1309.9 0.72
H2 BST TRB OUT 1620.3 399.3 164.17 1305.2 0.71
HZ BST TRB DIFF 1607.4 399.3 14,17 1305.2 8.70
02 BST TRB IN 1591.3 399.4 16.17 1305.2 0.70
02 BST TRB OUT 1579.8 398.7 16.17 1302.4 0.69
02 BST TRB DIFF 1578.2 398.7 146.17 1302.6 0.69

H2 TANK PRESS 18.6 40S5.3 0.029% 1315.5% 0.0087
GOX HEAT EXCH IN 1570.3 402.1 14.88 1315.% 0.63
GOX HEAT EXCH OUT 1562.5 «01.8 1¢.88 1316.2 0.68
FSOV IMNLET 1562.% 401.8 14.88 1316.2 0.68
FSOvV EXIY 1523.4 401.9% 14.88 1314.2 0.66
CHAMBER INJ 1508.2 «0f.9 i<.88 1316.2 0.6
CHAMBER 1402.6

® OXYGEN SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INMET 16.0 162.7 89%.¢6 61.1 .17
B.P. EXIT 135.6 163.2 89.¢ 1.5 71.20
PUMP INLET 135.6 163.2 89.46 é1.% 71.20
PuMp EXIT 2271.4 172.6 8%.¢6 8.6 n.n

02 TANK PRESS 16.0 400.0 0.151 206.7 0.12
ocVY INLET 2248.8 172.7 89.3 68.6 71.67
ocv EXIT 1874.2 175.3 89.3 8.6 70.62
CHAMBER INJ 1558.4 175.3 89.3 8.6 70.60
CHAMBER 1402.6

® VALVE DATA »
VALVE DELTA P AREA FLOW X BYPASS
TBV 181s. 0.03 6.75% $.00
Fsov 39. 6.22 14.88
ocv 675. 0.6} 89.29
® INJECTOR DATA =
INJECTOR DELTA P AREA FLOM VELOCITY
FUEL 10e. 2.68 1¢.88 1131.21
Lox 156. 1.27 89.29 135.69%
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FULL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

TABLE 13. —

WEPESRUSNIRENSE ISR ENRERERSIERRRRS
* TURBOMACHINERY PERFORMAMCE DATA =
L Y Y Y P P Y T T PP YT Y Y Y )
URARBARSRNARRREEY
» H2 BOOSY PUMP &

v HZ BOOST TURBINE »

EFFICIENCY (T/T) 0.86}1 EFFICIENCY 0.7¢é
EFFICIENCY (T/S) 0.4<89 HORSEPORER 9%.
SPEED tRPM) 29123, SPEED (RPM) 29123,
MEAN DIa [P }] 2.04 $ SPEED 3051,
EFF AREA [$1.-3] 5.09 HEAD (FT) 2682,
v/t (ACTUAL) 0.533 DIA. (2L} 3.46
HaX T1P SPEED 367. Tip SPEED “38.
STAGES 1 VoL, FLOW 152S.
GaMMa 1.4} HEAD CODEF 0.450
PRESS RATIO (T/T) 1.03 FLOW COEF 0.201
PRESS RATIO (¥/%5) 1.02
HORSEP OWER ”"s.
EXIT MADHY NUMBER 0.1
SPECIFIC SPEED 150.00
SPECIFIC DIAMETER 0.56

ANpERANSERNBER LAY A AT R 1] ]

» H2 TURBINE » s HZ2 PUMP =

[LTTITITTTINTYY Aussunsenss

STAGE OME STAGE TWO STAGE THREE
Shmnipnsan SNEgNNESNS BaANIANANSR

EFFICIENCY (T/7) 0.889 EFFICIENCY 6.764 0.763 0.762
EFFICIENCY (T/S) 0.838 HORSEPOWER 1375, 1380, 1384.
SPEED (RPM} 108000. SPEED (RPM) 100000, 100000. 100009.
NORSEPOMER €139, $S SPEED 12880,
MEAN Dla. aN) 2.82 S SPEED 1391, 1372, 1359,
EFF AREA tIN2) 0.7 HEAD  (FT) 38744, 38828. 38875,
usc (ACTUAL D 0.544 DIA. (IN) 3.68 3.8 3.69
MAX TIP SPEED 1383. T1P SPEED 1609, 1609. 1609.
STAGES 2 VOL. FLOW 16476, 1441, 141S.
CAMMA 1.41 HEAD COEF 0.481 0.483 0.483
PRESS PATIO (T/7) 1.27 FLOW COEF 0.133
PRESS RATIO (T/S) 1.83 DIAMETER RATIO 0.472
EXIT MACH NUMBER .21 BEARING DN 3.00E-D6
SPECIFIC SPEED 73.38 SHAFT DIAMETER 3s.00
SPECIFIC DIAMETER 1.12

% 02 BOOST TURBINE »

SRpRsyINUEEFRSYNSERE

EFFICIENCY  (T/7) 0.89%6
EFFICIENCY (1/8) 6.762
SPEED (RPM]} w17,
MEAN DIA tIN) 5.8}
€FF AREA (IN2) 7.23
u/c {ACTLAL ) 0.553
MAX T1P SPEED 230,
STAGES 1
CAMMA 1.4%
PRESS RATIC (T/T) 1.83
PRESS RATIO (Y/5) }.0l

HORSEP OWER 1.

EXIT HMACH NUMBER 0.06
SPECIFIC SPEED 93.06
SPECIFIC DIAMETER  0.92

AEPEEREREERRNSED

s 02 TURBINE »

nen ASRSEREBER
EFFICIENCY (T/1)  G.879
EFFICIENCY (T/S) 0,822
SPEED (RPM) 43561,
HORSEPOWER s07.
MEAN DIA (IN) 2.83
EFF AREA  (IN2) 1.00
use (ACTUAL)  0.506
max TIP SPEED 617,
STAGES 2
GAMMA 1.41
PRESS RATIO (T/T) 1.12
PRESS RATIO 11/%) 1.3
EXIT MACH NUMBER 0.10
SPECIFIC SPEED 77.88
SPECIFIC DIAMETER  0.99

* 02 BOOST PUMP »

EFFICIENCY 0.766
HORSEPOMER s1.
SPEED  (RPM) 817,
S SPEED 3026.
HEAD (FT) 242,
DIA. N 5.85
TP SPEED 132,
vOL. FLOW 564,
MEAD COEF 0.450
FLOW CDEF 0.200

RpSRARBARAN

» 02 PUMP =

NEARAPRRERN
EFFICIENCY 9.7¢9
HORSEPOMER 907.
SPEED  (RPM] <3561,
$S SPEED 2021%.
S SPEED 1965,
HEAD (FT) <287.
DIA. (IN) 2.9
TIP SPEED S64.
VoL, FLOW 560.
HEAD COEF 0.634
FLOW COEF 0.160
DIAMETER RATIO D.686
BEARING DN 1.31E+06
SHAFT DIAMETER 30.00




TABLE 14. — SPLIT-EXPANDER ENGINE — 7500 LLBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1329.9
VAC ENGINE THRUST 7500.
TOTAL ENGINE FLOW RATE 15.63
DEL. VAC. ISP 479.9
THROAT AREA 2.7%
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 59.21
ENGINE MIXTURE RATIO 6.00
ETa C= 0.993
OAMBER COQLANT DP 1300,
CHAMBER COQLANT DT 1071.
NOZLE/CHAMBER Q $397.

ENGINE STATION CONDITIONS

FUEL 2 .EM CONDITIONS »

STATION ss TEMP FLOW ENTHALPY DENSITY
B.P. INLET 3 37.4 2.23 -107.% 4.37
B.P. EXIT .3 38.5 2.23 -103.0 6.39
PUMP TNLET 100.3 38.5 2.23 -103.0 %.39
1ST STAGE EXIT 1787.3 66.4 2.23 13.7 6. .30

JBV INLET 1760.5 66.6 1.12 13.9 4.28

JBV EXIT 1496.¢ (A 3 1.12 13.9 &.09
2ND STAGE EXIT 3473.0 10..6 1.12 166.0 &.05
PUMP EXIT 4981.0 137.3 1.12 298.4 3.%8
COOLANT INLET 4931.2 137.7 1.12 298.4 3.9
COOLANT EXIT 3631.¢ 1208.7 1.12 4236.7 0.53

TBV JNLET 3595.2 1209.0 6.06 6236.7 0.52

TBY EXIT 1567.0 1223.8 0.0% €234.7 0.23
02 TRE IMLET 3595.2 1209.0 1.06 6234.7 0.52
02 TRB EXIT 3260.7 118¢.9 1.06 4140.4 0.¢<8
M2 TRB INLET 3240.7 1186.9 1.06 4160.6 0.¢<8
H2 TRB EXIT 1657.5 1040.3 1.06 3595.8 0.2
H2 TRB DIFFUSER  1661.7 1040.4 1.06 3595.0 0.28
H2 BST TRB IN 1625.3 1060.4 1.06 359%.0 0.28
H2 BST TRB OUY 16046.3 1038.0 1.06 3585.5 0.28
H2 BST TRB DIFF 1601.4 1038.0 1.06 3585.5 0.28
02 BST TRB IN 1585.46 1038.1 1.06 3585.S 0.28
02 BST TRB oUT 1575.6 1036.7 1.06 3580.4 0.27
02 BST TRB DIFF 1574.8 1036.7 1.06 3580.4 0.27

H2 TANK PRESS 18.6 1057.3 6.gol17 3613.1 0.0033
GOX HEAT EXCH IN 1547.0 1046.1 1.12 3613.1 0.27
GOX HEAT EXCH OUT 1559.1 1045.4 1.12 3610.3 .27
MIXER HOT IN 1559.) 1065.4 1.12 3610.3 .27
MIXER COLD IMN 16%6.4 68.6 1.12 13.9 4.09
MIXER OUT 1<81.2 535.9 2.23 1810.7 0.49
FSOV IMLET 1481.2 535.9 2.23 1810.7 0.¢9
FSOV EXIT 1664 .1 536.1 2.23 1810.7 0.48
CHAMBER INJ 1429.7 £36.2 2.23 1810.7 0.47
CHAMBER 1329.9

* OXYGEN SYSTEM CONDITIONS »

STATION PRESS TEMP FLOMW ENTHALPY DENSITY
B.P. IMET 16.0 162.7 13.4 61.1 71.17
B.P. EXIT 135.¢ 163.2 13.4 61.5 7r.20
PUMP INLET 135.¢ 163.2 13.4 61.5 71.20
PUMP EXIT 2153.8 173.7 13.4 68.9 71.62

02 TANK PRESS 16.0 400.0 0.023 204.7 0.12
oCV INLET 2132.3 173.8 13.4 68.9 71.39
ocv EXIY 1492.6 176.2 13.4 8.9 70.38
CHAMBER INJ 1462.9 176.3 13.4 6B.9 70.34
CHAMBER 1329.9

* VALVE DATA ®
VALVE DELTA P AREA FLOMW X BYPASS
JBYV 264, 0.05 1.12 50.00
T8V 2028. 0.00 0.0¢6 5.00
FsSov 37. 0.77 2.23
ocy 640, 0.09 13.39
® INJECTOR DATA ®

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 100. 0.5%3 .23 1288 .81
Lox 148. 0. 13.39 132,35




TABLE 14. — SPLIT-EXPANDER ENGINE — 7500 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

* TURBOMACHIMERY PERFORMAMCE DATA o

® {2 POOST TURBIME »

ae
® M2 BOOST PLOWP ®

EFFICIENCY (T/T)  o.78Y EFFICIEMCY 8.7¢¢
EFFICIENCY (T/8) 8.584 HORSEPOMER 16.
SPEED tRPR)  T8256. SPEED (RPN) 752%4.
MEAN DIA (IN) 1.16 S SPEED 3051.
EFF AREA (IN2} 0.68 VEAD 1) 2683,
usc {ACTUAL)  9.553 DIA. {IN) 1.38
MAX TIP SPEED <84, TiP SPEED 458,
STAGES 1 voL. FLOM 278.
[« ) 1.58 MEAD COEF 0.650
PRESS RATIO (T/7) 1.01 FLOM COEF 0.201

PRESS RATIO (1/8) 1.02

HORSEPOWER 16.
EXIT MACH NUMBER 0.07
SPECIFIC SPEED 120.86

SPECIFIC DIAMETER o.60

s 2 TURBINE »

sssssunsany
"R PP s
LTTEITYTYY 1Y

STYAGE OME STAGE THWO STAGE THREE

sesps SEsssusAe ssness
EFFICIENCY (T/T) 0.763 EFFICIENCY 6.417 .49y 0.517
EFFICIENCY (T/S)  0.758 HORSEPCMER 369, 238, 212.
SPEED (RPM) 187500. SPEED (RPW) 187500, 187500.
HORSEPOMER 819, $S SPEED
MEAN DIA. CIN) 2.36 S SPEED 356, 593.
EFF AREA (313} e.00 MEAD (FT) 58312, 54056 .
we {ACTUAL) ©.523 PIA. (W) 2.39 2.39
MAX TIP SPEED 2000. TP SPEED 1959, 1959,
STAGES 2 L. FLOM 126, 126.
[ ) 1.38 MEAD COEF 0.<89 0.653
PRESS RATIO (T/T) 1.9 LOM COBF
PRESS RATIO (V/S) i.ve DINETER RATID
EXIT MACH WMUMBER .12 BEARING (D¢
SPECIFIC SPEED 28.21 SWFT DINETER
SPECIFIC DIAETER 2.%1

= 02 BOOST TURBIME &

EFFICIENCY (T/T)
EFFICIENCY (T/3)

SPEED (RPN)
MEMN DIA (I
EFF AREA )
e FACTUAL )
MAX TIP SPEED
STAGES

GAMRA

PRESS RATIO (T/T) 1.0
PRESS RATIO (T/3) 1.0}

HORSE POMER .
EXIT MACH NUMBER 0.03
SPECIFIC SPEED 41.6¢

SPECIFIC DIAMETER 1.29

une» ap as ssenbde

® 02 TURBINE » "z rue

SBDIPORURSRIER PERSSSRAEER
EFFICIENCY (T/77)  0.IR EFFICIDCY 6.703
EFFICIENCY (T/S3  8.748 HORSEPOMER 181,
SPEED tRPM3 11261S. SPEED  1RPM) 112418,
MORSEP OWER 141, $S SPEED 20241,
MEAM DIA (any  2.36 $ SPEED 2030,
EFF AREA  (IN2)  8.12 MEAD tFy «0¢s.
we (ACTUAL)  8.55S BIA, (N 118
MAX TIP SPEED 1201 TIP SPEED 845,
STAGES t voL. FLow 8.
Carea 1.5 HEAD COEF 0.¢18
PRESS RATIO (T/7) .11 Lo COEF 0.163
PRESS RATIO (T/3) 1.1 OIAMETER RATIO 0.48¢
EX1T MACH MUNBER ¢.07 BEARING DN 1.58E+06
SPECIFIC SPEED 29.16 SHAFT DIAMETER 16.00

SPECIFIC DINETER 2.9
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TABLE 15. — SPLIT-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 16l0.6
VAC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.25
DEL. VAC. ISP <80.0
THROAT AREA .55
NOZZLE AREA RATIO 1000.0
NOZLE EXIT DIAMETER 76.15
ENGINE MIXTURE RATIO 6.00
ETA C» D0.993
CHAMBER COOLANT DP 602.
CHAMBER COOLANT DT 1121,
NOZZLE/CHAMBER Q 9203.

ENGIMNE STATION CONDITIONS

* FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 &.47 -107.5 .37
B.P. EXIT 100.3 38.5 4.47 -103.0 £.39
PUMP INLET 100.3 8.5 647 -103.0 £.39
1ST STAGE EXIT 2166.6 72.6 .47 0.2 6.2
JBY INLET 2132.2 72.9 2.23 «0.2 €.27
JBV EXIT 1812.3 5.2 2.23 £0.2 £.0%
2ND STAGE EXIY 36476. 6 95.3 2.2% 136.0 £.7%
PuUMP EXIT 4736.6 116.6 2.23 227.4 £.26
COCLANT IMLET ©689.2 116.7 2.23 227.4 6.26
COOLANT EXIT %087.5 237.4 2.23 €347.3 8.57
TBV INLET 4066.6 1237.7 0.11 “3467.3 .57
TBY EXIT 1898.0 1253.¢ 6.11 4347.3 .27
02 TRB INLET 4046.6 1237.7 2.12 4367.3 8.57
02 TRB EXIT 3594.2 120%.6 2.12 &236.56 0.52
HZ TRB INLET 359¢6.2 220%.6 2.12 4236.6 0.%2
M2 TRB EXIT 2004.5 1078.8 2.12 3737.9 0.33
HC TRB DIFFUSER 3985.2 1p78.9 2.32 37137.9 6.33
H2 BST TRB IN 1965.4 lo78.9 2.12 3737.9 0.33
H2 BST TRB OUT 1943.9 1076.5 2.12 3728.4 0.32
H2 BST TRB DIFF 1938.9 1076.5 2.12 3728.4 0.32
02 BST TRB iN 1919.5 1076.7 2.12 3728.46 0.32
02 BST TRB OUT 1908.3 1075.3 2.12 3723.2 0.32
02 BST TRB DIFF 1907.6 1075.3 2.12 3723.2 Q.32
H2 TANK PRESS 18.6 1097.9 0.0033 3754.4 0.00352
GOX HEAT EXCH IN 18%8.0 1084.3 2.23 3754.4 0.32
GOX HEAT EXCH OUY 1888.5 1083.6 2.23 3751.7 0.31
MIXER HOT IN 1888.5 108%.6 2.2 3751.7 e.31
MIXER COLD IN 1812.3 5.2 2,23 €0.2 .05
MIXER OUT 1796.1 557.6 4.46 1896.6 0.5%6
FSOV INLET 1794.1 §57.¢ %.46 18%.6 0.56
FSOV EXIT 1749.3 557.8 %.46 18%.6 0.5%%
CHAMBER INJ 1731.6 558.0 4.46 1894.6 9.55
CHAMBER 1610.6

= OXYGEN SYSTEM CONDITIONS ®

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMLET 16.0 162.7 26.8 1.1 71.17
B.P. EXIT 135.6 163.2 26.8 1.5 7.2
PUMP INLET 135.¢6 163.2 26.8 61.5 7.2
PUMP EXIT 2608.5 178.2 2¢.8 0.2 71.61

02 TAaNK PRESS 16.0 400.0 0.045 206.7 .12
OCv INLET 2582.4 175.3 2¢.8 70.2 71.57
ocv £x1T 1807.7 1718.2 2¢.8 70.2 70.36
CHAMBER INJ 1771.7 178.6 26.8 70.2 70.30
CHAMBER 1620.¢

® VALVE DATA =

VALVE DELTYA P AREA FLOW X BYPASS
JBY 20, 0.09 2.23 50.00
T8Y 2149, 0.0} .11 5.00
sSov 5. 1.30 6.66

ocv 775, .17 26.29Y

® INJECTOR DATA »

INJECTOR DELTA P AREA FLOW VELOCITY

FUEL 12t 0.9 6. 46 1327.14

LOX 179. 0.38 26.79 145 .68
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TABLE 15.

SPLIT-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

® TURBOMACHINERY PERFORMANCE DATA »

seseerssnen

® HZ BOOST TURSIME o

EFFICIENCY (T/T) 0.8315
EFFICIENCY (T1/3) D.622
SPEED (RPR) $3238.
MEAN D1A C(IN) 1.64
EFF AREA 1IN2) 1.8
wte (ACTUALS  9.583
MAX T1P SPEED 476.
STAGES 1
CAMMA 1.60

PRESS RATIO (T/T) 1.01
PRESS RATIO 1T/3) .01
HORSEPOMER .
EXIT MACH NUMBER T .08
SPECIFIC SPEED 117.16
SPECIFIC DINETER .71

* M2 TURBINE ®

EFFICIENCY (T/T)  0.779
EFFICIENCY (T/S)  0.763
SPEED (RPW) 136363,
HORSEPOWER 1697,

MEAN DIA. (3L} 3.2¢

EFF AREA tme) 8.18
wc (ACTUAL)  0.548
max T1p SPEED 2000,
STAGES 2
GAPA 1.40

PRESS RATIO (T/7) 1.7
PRESS RATIO (T/S) 1.82
EXIT RACH WMIMBER .12
SPECIFIC SPEED 29.04
SPECIFIC DIAMETER 2.57

SARGRNSREERSERARTIOE

® 02 BOOST TURDIME ®

L]

EFFICIENCY (T/T)  8.827
EFFICIENCY (T/S)  9.759
SPEED (RPH3 16271,
MEAN DIA (31} 6.5
EFF AREA [$1.-3] 1.64
wt (ACTUAL)  0.533
MAX TIP SPEED 308.
STAGES 1
GAMMA 1.40

PRESS RATIO (T/T) 1.a
PRESS RATIO (T/S) 1.a1

HORSEPOMER 18.
EXIT MACH MMBER 002
SPECIFIC SPEED 58.28
SPECIFIC DIAETER 1.3
LLLLTYY) e

02 TRBINE &

EFFICIENCY (T/T7)  0.179
EFFICIENCY (T/3) 0.75S
SPEED (RPM) 85773,
HORSEPOWER I52.
MOAN DIA {IN) 3.3¢
EFF AREA 1IN2) .29
wc (ACTUALY  B.5]0
MAX TIP SPEED 1287,
STAGES 1
GAMMA 1.48

PRESS RATIO (1/T) 1.13
PRESS RATIO (T/3) 1.13
EXIT MACH NUMBER s.07
SPECITIC SPEED 26.93
SPECIFIC DIAMETER 2.64

sepsssunuse
* M2 BOOST P s

EFFICiOTY 0.766
HOR SEPOMER zs.
SPEED  RPM) 43238,
s SPEEL 3050.
HEAD tFT) 2¢88.
Dla. () 1.98
TIP SPEED <38,
vOL. FLOM 7.
HEAD COEF 0.450
FLOM COEF 0.201

SRSBARSIASR

-2 PO

STAGE ONE STAGE MO STAGE THREE

EFFICIENCY 0.5%2
MORSEPOMER 303.
SPEED (RPM) 1363e . 136363,
$$ SPEED 2405,
S SPEED 9, 6.
HEAD (FT) 48810, 44229,
DIa. (1IN} 3.3y 2.82
TiP SPEED 2020. 1827.
VO, . FLOM €67, 23%6.
HEAD COEF 0.542 0.508
FLOM COEF 0.089
DIAETER RATIO 8.304
BEAR [NG DN 3.00E+04
SHAFT DIAMETER 22.00

* Q2 POOST PUP &

SFIicIOCY 0.7¢4
HORSEPOMER 5.
SPEED  (RPM) 16271,
S SPEED 3626,
HEAD FT) 262.
DIA. [$0H 2.1
11r SPEED 132,
oL, FLOM 169.
MEAD COEF 0.450
FLOM COEF 0.200

117 2RpN

" @ PO

PRIBRSBRPEN
EFFICIDCY 0.738
HORSEPOMER 332.
SPEED  (RPM) 8773,
SS SPEED 21801.
5 sPeEm 1879,
HEAD tFY) “n.
DIA. tiny 1.48
117 SPEED s17.
oL, FLOM 148.
HEAD COEF 0.420
FLOM COEF 0.157
DIMNETER RATIO 0.483
BEARING TN 1.37€+0¢
SAFT DIAMETER 16.00

usann
0.600
289,
136365,

705,
42620
2.82
1677,
235,
0.488
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TABLE 16. — SPLIT-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

L Ly PP Y Y YTy Y T

CHAMBER PRESSURE nz.s
VAC ENGINE THRUST 25000.
TOTAL ENGINE FLOW RATE 52.09
DEL. vaC. ISP <80.0
THROAT AREA 7.16
NOZZULE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 25.3%
ENGINE MIXTURE RATIO .00
ETA C» 8.99%3
CHAMBER COOLANT DP $16.
CHAMBER COOLANT DT 1010.
NOZZLE/CHAMBER Q 13870.

ENGINE STATION CONDITIONS

w FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMET 18.46 37.4 7.45 -107.5 4.37
B.P. EXIT inl.2 8.5 7.65 -103.0 4.39
PUMP ITNLET 101.2 38.5 7.65 -103.9 6.39
1ST STAGE EXIT 23p1.% 70.0 7.45 36.1 .62
JBV INLEY 2267.4 70.3 3.72 36.1 4.60
JBV EXIT 1%27.3 73.0 3.72 36.1 4.17
2ND STAGE EXIT 3708.6 90.5% 3.72 127.7 4.4%
PUMP EXIT 5091.3% 110.0 3.72 216.8 &.47
COOLANT IMET 5040.4 110.6 3.72 216.8 6.65
COOLANT EXIT 6626.2 1119.9 3.72 3962.2 0.67
TBVY IMLET 4379.9 1120.2 .19 3%2.2 G.67
TBV EXIT 2019.2 1137.1 0.1% 3962.2 0.32
02 TRB INLET «379.9 1120.2 3.54 3962, 0.67
Q2 TRB EXIT 3864.7 1091.1 3.5¢ 3827.0 0.61
M2 TRB INLET 3864.7 1091.1 3.5%4 3827.0 0.61
H2 TRB EXIY 2136.2 965.0 3.5¢ 35¢3.9 .39
H2 TRB DIFFUSER 2113.7 965.1 3.54 33¢3.9 0.39
H2 BST TRB IN 2092.6 965.1 3.5%¢ 33¢3.9 0.39
HZ BST TRB OUT 2068.5 262.7 3.56 3334.3 0.8
H2 BST TRB DIFF 2063.% 962.7 3.5¢6 3334.3 0.38
02 BST TRB IN 2062.9 962.9 3.5¢ 3334.3 c.38
02 BST TRB OUT 2030.2 961.5 3.5¢ 3329.2 0.38
02 BST TRB DIFF 2029.46 961.5 3.54 332%.2 0.38
H2 TANK PRESS 18.¢ 984.3 0.0061 3359.8 0.003é
GOX MEAT EXCH IN 2019.2 970.3 3.72 33159.8 0.37
GOX HEAT EXCH OUT 2059.2 969.6 3.72 3357.1 0.37
MINER MOT IN 2009.2 969.6 5.72 3387.1 0.37
MILER COLD IN 1927.3 73.0 3.72 36.1 “.17
MIXER OUT 1908.7 502.46 7.64 1695.3 D.66
FSOV INLET 1%908.7 $02.4 7.64 1695.3 0.66
FSOV EXIT 1861.0 502.6 7.46 1695.3 0.65
CHAMBER INJ 1862. ¢ $02.7 7.44 1695.3 0.66
CHAMBER 1712.8

® OXYGEN SYSTEM CONDITIONS

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. INLET 16.0 162.7 “6.7 1.1 71.17
B.P, EXIT 135.6 163.2 6.7 61.5 71.2
PUMP INLET 135.6 163.2 “6.7 1.5 71.20
PUMP EXIT 2173.9 175.4 6.7 70.¢ .73

02 TanK PRESS 16.0 400.0 0.07¢6 206.7 .12
oCV INLET 2746.2 175.% “5. 6 70.¢ 71.468
ocV EXIT 1922.3 17°8.7 “6. b 70.¢ 70.40
CHAMBER 1NJ 1886.1 178.8 46 .6 70.6 70.34
CHAMBER 1712.8

® VALVE DATA =

VALVE DELTA P AREA FLOW X BYPASS
JBV 340. 0.16 3.72 50.00
BV 261, 0.01 0.19 .00
Fsov 48. 1.93 7.44
ocv B84, 0.2 6. 66

® INIECTOR DATA &

INJECTOR DELTA P ARFA FLOm VELOCITY

FUEL 120. 1.43 7.46 1224.82

Lox 190, g.61% 44 .84 180.19
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TABLE 186.

SPLIT-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

HeavNENEIsERPRTESEAN VO RsEREBRINARS

» TURBOMACHINERY PERFORMANCE DATA @

SPESRGRERSEURCERARNL PR ARGRRENARS

esunensens (1]
® h2 BOOST TURBINE »

EFFICIENCY (1/7)  9.073
EFFICIERCY (T/8) 0.¢86

SPEED (RPN} 41431,
MEAN DIA (AL} 2.12
EFF AREA ) 1.70
uwe (ACTUAL) €.553
RAX TIP SPEED or.
STAGES ]
Gas 1.4¢

PRESS RATIO (T/T7) 1.01
PRESS RATIO (7/3) 1.0}

HORSE P ONER .
EXIT MACH MMBER ,.86
SPECIFIC SPEED 114,95
SPECIFIC DIAETER .73

- K2 TURBINE &

EFFICIENCY (T/T) 0.828
EFFICIENCY (T/3) 9.812
SPEED {RPM) 125000.
HORSEPOMER 2418,
MEAN DIa. (%) .16
EFF AREA (1) w2l

v/C T1ACTUAL) .49
MAX TIP SPEED 1880,
STAGES 2
CAMA 1.4

PRESS RATIO (T/T) 1.
PRESS RATIO (T/3) 1.83
EXIT RACH WNOGBER e.12
SPECIFIC SPEED 313.48
SPECIFIC DINETER 2.18

s G2 POOST TURBINE &

ssasysensess 1]

LFFICIENCY (T/T)  0.96%
EFFICIENCY ({T/3) 0.802

SPEED (RPM) 11055,
MEAN DIA (1N} 5.2
EFF AREA une) 2.3¢
e (ACTUAL)  8.553
MAX TIP SPELD 302,
STAGES 1
GAMMA 1.44

PRESS RATIO (T/T) 1.0
PRESS RATIO (1/3) 1.0

HORSEP OMER 28,
EXIT MACH NUOBER .
SPECIFIC SPEED 58.64

SPECIFIC DIAMETER 1.47

* 02 TRBINE ®

EFFICIENCY (T/T)  6.858
EFFICIENCY (T/S)  0.82%

SPEED (RPM] 67789,
HORSEPOWER 876,
MEAN DA 1IN} 31.2¢
EFF AREA (81, -3 ] 0.2y
ure (ACTUAL ) 0.550
RAX TIP SPEED ws,
STAGES 2
G 1.44

PRESS RAYIO {3/7) 1.3
PRESS RATIO (T/3) 1.4
EXIT MAOH NUMBER 0.07
SPECIFIC SPEED 42.69%
SPECIFIC DIAMETER 1.85

s H2 BOOST PP »

EFFICIENCY 0.76%
HORSEP OMER 4.
SPEED  tRPN) 41431,
S SPEED 3042,
HEAD {FY) 2712,
DlA. (R} 2.63
T1P SPEED £60,
wE. RLOM 761,
MEAD COEF 0.450
FLOM COEF 6.2060

ssuszennsns
N2 PSP s

STAGE OME STAGE TWO STAGE DHREE

EFFicIDCY 0.642
HORSEPOMER <83,
SPEED (RPW) 125000. 125000.
sS o 11287,
S SPEED 783. 7?76,
MEAD (FT) 71837, «S767.
1A, (IN) 3.7y 3.00
T1? SrEED 2066. 1689,
VoL, FLOM 56, 327,
MEAD COEF 8.5¢1 0.517
FLOW COEF 8.09%
DINETER RaATIO ..333
BEARING DN $ 90€-06
SUST DIAETER 2¢.00
vasaeasesussasnnn
» 2 OOST PP
. PESUEORDES
PFFICIOTY 0.7¢4
HORSEPOMER 26.
SPEED (RPN 11088,
S SPEED 3026.
MEAD (FT) 262,
DIA. (1] 2.72
TIP SPEED 132.
voL. FLow 292.
HEAD CDEF 0.450
FLOW COEF 6.200
SsesRBsbEEn
" 02 PP »
PSSP RONPIED
EFFICIENCY 0.747
HORSEPOMER s76.
SPEED  (&PM) 47789,
S SPEED 222¢6.
S SPEED 1827,
HEAD (FT) 5298,
DIA. (N 2.16
T1P SPEED 632,
VOL. FLOM 780.
MEAD COEF 0.42¢
FLOM COEF 0.1%3%
DIAMETER RATIO 0.682
BEARING DN 1.49€406
SAFT DIAMETER 22.00
127
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786
6738,
3.0
1688.
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TABLE 17. — SPLIT-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1608.0
VAC ENGINE THRUST 371500,
TOTAL ENGINE FLOW RATE 78.12
DEL. VAC. IsP «80.0
THROAT AREA 11.40
NOZZLE AREA RATIO 1000.90
NOZ2LE EXIY DIAMETER 120.49
ENGINE MIXTURE RAT]IOQ 6.00
ETA C» 0.993
CHAMBER COOLANT DP 567.
CHAMBER COOLANT OT 879.
NOTZLE/CHAMBER O 18214,

ENGINE STATION CONDITIONS

massmscscsnsensanvassvsssPRNSssEsY

® FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. IMLET 18.6 37.4 117 -107.5 «.37
B.P. EXIT 100.9 8.5 11.17 -103.0 .39
puMP INLET 100.9 8.9 11.17 -i03.0 4.39
15T STAGE EXIT 2161.1 65.1 11.17 19.¢ <.q9

JBV INLET 2128.7 65.¢ 5.59 0.8 4.47

JBV EXIT 1809.6 68.2 5.59 9.5 ..2
2ND STAGE EX1T 3418.3 81.1 5.59 %6 4.5
PUMP EXIT 4672.0 96.6 5.59 168.¢ 4.59
COOLANT INLET «625.3 97.0 5.59 168.¢ 6.57
COOLANT EXIT <078.0 976.2 s.59 3429.6 0.73

TRV IMLET «037.2 976.6 0.78 3429.6 0.71

T8V EXIT 1895.0 991.2 0.28 34296 0.3
02 TRB INMLET «e37.2 976.4 5.31 3629.6 0.71
02 TRB EXIT 3862, 949.6 5,31 33228 0.6
H2 TRB INMLET 3642.2 969.6 5.31 3321.8 0.66
W2 TRB EXIT 2012.1 841.7 5.31 2908.9 0.¢3
M2 TRB DIFFUSER  1988.7 8¢1.8 s.31 2908.9 0.42
M2 BST TRB IN 1968.8 841.8 5.31 2908.9 0.42
HZ BST TRB OUT 1963.3 339.4 s.31 2899.3 0.41
2 BST TRB DIFF  1938.3 839.5 s.31 2899.3 0.41
02 BST TRB IN 19189 a3v.¢ 5.31 2899.3 0.41
02 BST TRB OUT 1905.3 838.2 5.31 2896.2 0.41
02 BST TRB DIFF  1904.% 838.2 5.3) 28962 0.41

M2 TANK PRESS 8.6 857.9  0.0105 2921.0 0.0041
GOX HEAT EXCH IN  1895.0 845.8 5.58 2%21.0 0.4p
GOX HEAT EXCH OUT 1885.% 845.1 5.58 2918.2 0.40
MIXER HOT IN 1885.5 845.1 5.58 2918.2 6.40
MIXER COLD IN 1809.4 8.2 5.59 19.% .26
WIXER OUT 1791.2 ea].3 11.16 1667.5 6.70
FSOV INLET 1791.2 41,3 11.16 1467.5 0.70
FSOV EXIT 1746.5 a61.6 .16 1667.% 0.69
CHAMBER INJ 1728.8 “l.8 1.1 1467.5 0.¢8
CHAMBER 1608.0

» OXYGEN SYSTEW CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSTTY
B.P. INCET 15.0 162.7 67.1 $1.1 n.ar
ep, ExtT IELON lez.2 8.1 YK 71.20
PomMp ENLET 1250 162.2 67.1 s1.5 1.2
pumMp EXTT 2eue.l 17¢.3 67.1 eo.8 .S

02 TaNK PRESS 6.0 <00.0 a.113 204.7 0.1z
ocV INLET 26782 176.¢ 67.0 .8 n.n
ocv EXIT 18047 1773 §7.0 .8 76.51
CHIMBER 1N 1758 .8 177 $7.0 6v.8 70.4%
CHAMBER 1608.0

" VALVE DATA ®
VALVE LELTA AREA FLOW X BYPASS
J8v 1. 0.22 5.59 50.00
TBY 2142, 0.0z 0.8 s.00
Fov ot Y TR
ocv 71z 9.43 669
» IN.LCTOR DATA ® ’

INJECTOR neLTa P At A FLOM wloc1TY
FUEL N > oo 1116 118876
Lox 11 3% 6. % 165 .41
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TUBE CHAMBER) (CONTINUED)

5 TURBOMACHINERY PERFORMANCE DATA »

sesaesassssasssnvans

* M2 BOOST TURBINE

EFFICIENCY (T/T)  0.8B4
EFFICIENCY (T/S)  0.70)

SPEED (RPM)  33776.
MEAN DIA [#1 2] 2.40
EFF AREA (R -3) 2.3
u/c TACTUAL) 0.553
MAX TiP SPEED &67.
STAGES 1
GAMMA 1.61

PRESS RATIO (V/T) 1.01
PRESS RATIO (T/5) 1.02

HOR SEPOWER 12,
EXIT MACH NUBER 9.07
SPECIFIC SPEED 112.96

SPECIFIC DIANETER 9.7?

» K2 TURBINE »

sassusnsevansy

EFFICIOLY (T/T) 0.851
EFFICIENCY (T/S) 0.82%

SPEED {RPM) 107143,
HORSEPOMER 3118,
MEAN DIA. (R 1.} 3.7
EFF AREA (31 -3} 0.3%
vs/c (ACTUAL) 0.53¢
MAX TIP» SPEED 1812,
STAGES 2
GAre 1.41

PRESS RATIO (T/T) 1.7¢
PRESS RATIO (T/35) 1.7y
EXIT MACH MUMBER .14
SPECIFIC SPEED 19.6¢
SPECIFIC DIAMETER 1.9y

* 02 BOOST TURDINE &

EFFICIDNGY (T/T) 0.877
EFFICIOCY (T/5) 6.812

SPEED thPM) 9026,
MEAN DiA (R L] 1.12
£FF AREA (M) 3.30
u/c tACTUAL)  0.553
MAX TIP SPEED 301.
STAGES 1
GAMMA 1.4}

PRESS RATIO (7/T7) 1.01
PRESS RATIO (T/S) 1.01

HORSEPOHER 39.
EXIT Ma™4 MUMBER 0.03
SPECIFIC SPEED $6. 11

SPECIFIC DIANETER 1.%1

cesscuosnssnsas

* Q2 TURDINE »

EFFICIFENCY (T/T) 0.857
EFFICIENCY (7/3) 0.013

SPEED (RPM)  S3378.
MORSEPOWER 798,
HMEAN DlA [S1}] 1.70
EFF AREA ) 0.43
usc {ACTUAL) 0.531
MAX TIP SPEED 9.,
STAGES 2
GArA 1.41

PRESS RATIO LT/7) 1.14
PRESS RATIO (T/3) 1.14
EXIT MADY MUMBER 0.97
SPECIFIC SPEED 43.23
SPECIFIC DIAETER 1.7

o K2 BOOSY PUMWP o

EFFICIENCY 8.765
HORSEPOWER 12,
SPEED (RPH) 33776,
S SPEED 3064,
HEAD FT) 2704,
DIA. (212 2.9
TIP SPEED 440,
voL. FLoms 1142,
HEAD COEF 0.458
FLOM COEF 0.281

sasmssaunes
"2 PP

STAGE ONE STAGE TMD STAGE THREE

EFFICIENCY 0.697 -686
HORSEP OMER 1936. 596,
SPEED {RPM) 107143, 107143,
SS SPEED 11876.
$ SPEED 86S. %Y.
HEAD (FT) 66458, <0083},
DIA. {IN) £.26 3.32
TIP SPEED 1992. 1877,
VOL. FLOW I1te. 553.
WEAD COEF 0.539 .518
FLOW COEF 6.io02
DIAMETER RATIO 0.387
BEARING DN 3.00E+06
SHAFY DIAMETER 29.00
sasssanse -
= 02 BOOST PU »
Susesssennasnassy
EFFICIDCY 0.764
HORSEP OMER 39.
SPEED (RPH) ”26.
S SPEED 3826,
HEAD LFT) 262,
DIA. (IN) 5.34
TIP SPEED 132,
VOL. FLOM €23,
HEAD COEF 6.430
FLOM COEF . 200
sssssenueny
.02
asssasaasne
EFFICIDXCY 9.7¢0
HOR SEP OMER 198,
SPEED (RPN) S31%7e,
58 SPEED 215852,
S SPEED 1959.
EAD F1} 4952,
DiA. (i 2.00
TiP SPEED 8.
VOL. FLOM 420.
YEAD COEF 0.601
FLOM COEF 0.1%
DIAMETER RATIO 0.683
BEARING [ 1.1%+08
SHAFT DIAMETER 6,00
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TABLE 17. — SPLIT-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER

0.686
58%.
107143,

3.
39546
3.37
1578.
546.
0.511



TABLE 18. — SPLIT-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

P NN R R RN EEAERANARASRNERSOIIRNRANIRERS

CHAMBER PRESSURE i510.7
VaCl ENGINE THRUST 50000.
TOTAL ENGINE FLOW RATE 104.17
DEL. vAC. ISP <80.0
THROAT AREA 16.18
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 163.52
ENGINE MIXTURE RATIO 6.00
ETa Cu 6.993
CHAMBER COOLANT DP 487,
CHANBER COOLANT DT 800.
NOIZLE/CHAMBER @ 22180.

ENGINE STATION CONDITIONS

% FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMLET 18.6 37.4 14.90 ~107.% 4.37
8.P. EXIT 101.0 38.5 1¢.%0 -103.0 “.39
PUMP INLET 101.0 38.5 14.90 -1083.0 6.39%
15T STaGE EXIT 2030.3 61.6 i<.%0 6.6 4.564
JBY INLET 1999.8 61.7 7.4% 6.4 €.52
JBY EXITV 1699.9 64.5 7.45 6.4 ©.32
AND SYAGE EXIT 3125.1 73.9 7.65 67.6 “.60
PUMP EXIT %227.8 B86.1 7.65 128.5% 6.7
COOLANT INLET ©185.5 86.5 7.4% 128.% .. 65
COOLANT EXIT 3698.9 B886.6 7.45 3106.4 0.71
TBY INLET 3662.0 886.9 .37 3106.4 8.70
TBv EXIT 1780.3 B899.3 8.37 3106.4 0.35
2 TRB IMLET 3662.0 886.9 7.c8 3106.6 0.70
02 TRB EXIT 3201.7 862.1 7.08 3008.4 0.64
M2 TRB INLET 3201.7 862.1 ;.08 3008.4 0.64
K2 TRB EXIY 1896.7 769.2 7.08 2669.7 0.44
M2 TRB DIFFUSER 1871.9 769.6 7.08 2669.7 0.43
HZ BST TRB IN 1853.2 769.4 7.68 2649.7 0.43
H2 BST YRB OUY 1827.1 766.9 ’.08 2640.1 0.62
H2 BST TRB DIFF 1822.1 767.0 7.08 2660.1 0.62
02 BST TRB IN 1803.9 767.1 7.08 2640.1 0.42
02 BST TRB OUY 1790.1 765.7 7.08 2635.0 0.62
02 BST TRB DIFF 1789.3 765.7 1.08 2635.0 0.42
H2 TAMK PRESS 18.6 783.2 6.0153 2658.6 0.0045
GOX HEAT EXCH IN 1780.3 772.4 7.63 26%8.6 0.41
GOX HEAT EXCM OUT 1771.4 171.7 7.43 2655.8 0.41
MIXER HOT IN 1721.4 77:.7 7.43 2655.8 0.41
MIXER COLD IN 1699.9 64.% 7.4% 6.6 &.32
MIXER OUT 1682.8 605.4 14.88 1329.7 0.72
FSOvV IMLET 1682.8 405.4 14.88 1329.7 0.72
FSOV EXIT 1640.8 405.6 14.88 1329.7 0.70
CHAMBER INJ 1624.3 <05.4 14.28 1329.7 e.70
CHAMBER 1510.7
* OXYGEN SYSTEM CONDITIONS e
STATION PRESS TEN FLOW ENTHALPY DENSITY
8.P. INLET 16.0 162.7 BY.& 61.1 1.7
B.P. EXIT 135.6 163.2 8. ¢ 6.5 71.20
PUMP INLET 135.6 163.2 8.6 61.5 71.20
PuUMP EXIT 2646. 6 173.3 8.4 9.2 71.7%
02 TANK PRESS 16.0 «00.0 0.151 206.7 g.12
OCY INET 26422.1 173.¢ 8e.3 69.2 n.n
ocY EXIT 1695.% 176.2 9.3 9.2 70.58
CHAMBER [NJ i661.7 126.3 89.3 69.2 706.53
CHAMBER 1510.7
s VALVE DATA o
VALVE DELTA P AREA Flow t BYPaASS
JBV 300. 0.30 7.45 %0.00
TRV 1882, 0.02 0.37 5.00
fsov &l 3.9 1¢.%9
ocv 127, 0.5 89.09
¢ [N EJTOR DATA o
INJECTOR oFLTA P AEFA U vVELOCTTY
FUEL tle. o 1¢.38 1162.20
LOxX 168 . 1o LA 140 .86

130




TABLE 18.

SPLIT-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

snase

® TURBOMACHINERY PERFORMANCE DATA =

PN RSN ERNSARRINEIRESIERRERITABRN

XTI ITTEPYTITYETY VY
s 2 BOOSY TURBINE

EFFICIENCY (T/T) .88
EFFICIENCY (T/3) .71

SPEED (RPH) 29259,
MEAN DIA aN) 3.00
EFF AREA (N2) 3.1
we (ACTUAL) 0.553
MAX TIP SPEED 46,
STAGES )
GAMMA 1.60

PRESS RATIO (T/T) 1.0
PRESS RATIO (T/3) 1.02
HORSEPONER %%.
EXIT MAOH MUMBER .07
SPECIFIC SPEED 112.52
SPECIFIC DIAMETER 0.77

s
* 2 MRBINE »

EFFICIENCY (T/T) 0.8¢9
EFFICIDTY (1/3) 0.843
SPEED (RPM) 100000.
HOR SEPOWER 3591,
YMEAN DIA. tIN) 3.67
EFF AREA [§1.-3) 0.47

usc (ACTUAL) 0.534
MAX T1P SPEED 1700,
STAGES 2
Gara 1.40

PRESS RATIO (1/7) 1.69
PRESS RATIO (T/S) 1.n
EXIT MADH MMBER c.1%
SPECIFIC SPEED ¢6. 16
SPECIFIC DIAMETER 1.69

» Q2 POOST TURBIME o

EFFICIENCY (T/T) 0.983
EFFICIENCY (1/3) 5.9)

SPEED (RPM) 17,
MEAN D1A (IN) .22
EFF AREA (31 -2 4.30
wsc CACTUAL]D  0.588
naX TIP SPEED 301.
STAGES 1
GAMMA 1.40

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/5) 1.0

HOR SEP OMER 1.
EXIT MACH MPBER 0.83
SPECIFIC SPEED 53.70

SPECIFIC BIAMETER 1.53

s 02 TURBINE »
.

EFFICIDXY (T1/7) o0.951
EFFICIENCY (T/3) 0.02¢

SPEED (RPM) 45004,
HORSEPOMER ”).
MEAN D1A (810 3.67
EFF AREA (31 4] 0.68
usc CACTUAL ) 0.468
MAX TiP SPEED 178,
STAGES 2
GAMA 1.40

PRESS RATIO (T/T) 1.14
PRESS RATIO (T/3) 1.1%
EX1T MACH WMIMBER e.07
SPECIFIC SPEED 3.7
SPECIFIC DINETER .58

YL Y YT
» X2 BOOSY PP »

EFFICIENCY 0.765
HORSEPOMER *%.
SPEED  (RPW) 29259.
S SPEED 3044.
HEAD (328 2706.
Dia. ) 3.44
T1# SPEED 440,
vOL. FLOM 1528.
MEAD COEF 0.450
FLOM COEF 0.201

. H2 PP o

STAGE OME STAGE TWD STAGE THREE

EFFICIENCY 0.723
HORSEPOMER 2504, 64S .
SPEED (RPM) 100000. 100000.
s SPEED 12793,
$ SPEED 0. 1065.
MEAD (FT) 417%8. 36459,
BIa. (1IN} %.44 3.3
TIP SPEED 1939, 1479,
voL. FLom 1472, 126,
HEAD COEF g.529 o.587
FLOM COEF 0.109
DIAMETER RATIO 0.391
BEARTNG DM 3.20E+0¢
SHAFT DIAMETER 30.00
asuaseEssaREAREE
» 02 BOOST PP =
msnasuessssnennes
EFFICIENY 6. 764
HOR SEP OMER s1.
SPEED  (RPNM) ™17,
S SPEED 5026,
MEAD ) 2.
Dla. (31 )] 3.8
TIiP SPEXD 132.
VL. FLOM 566,
HEAD COEF 0.450
FLOW COEF 9.200
EFFICIENCY 0.769
HOR SEPOMER LN
SPEED (RPH) 45004,
S SPEFD 20898,
S SPEED 189S,
MEAD tF) 4436,
Ola. (1%) 2. %N
TIP SPEED 586.
voL, FlLiM S48,
HEAD COEF 0.434
FLOM COEF 0.1%8
DIMETER RATIO 0.683
BEARING DN 1.35€+04
SMAFT DIAMETER 10.60
Ry




TABLE 19. — DUAL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAME TERS

CHAMBER PRESSURE 1zn.2
VAC ENGINE THRUST 7%%0.
TOTAL ENGINE FLOW RATE 15.63
DEL. VAC. ISP £7%.9
THROAT AREA 2.67
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAETER 58.32
ENGINE WIXTURE RATIO .00
ETa C» 0.993
CHAMBER CODOLANT DP &29.
CHAMBER COOLANT DT ie0.
NOZZLE  COOLANT DP 186.
NOZ2LE COOLANT DT 584.
CHAMBER Q0 {(HYDROGEN CORED) €196,
NOZZLE O (OXYGEN COORED) J574.

ENGINE STYATION COMDITIONS

* FUEL SYSTEM CONDITIONS »

STATION PRESS TEWP FLOW ENTHALPY DERSITY
B.P. INLET 18.6 37.¢ 2.24 -107.% 4.37
B.P. EXIT 100.8 8.5 2.24 -103.0 %.39
PUMP INLET 100.8 38.% 2.24 -10X.0 4.39
1ST STAGE EXIT 1703.5 86.5 z.2¢ 5.9 4.33
PUMP EXIT 32%6.5 88.4 2.24 111.2 6.2
COOLANT IMNLET 3223.9 83.7 2.26 1.2 6.31
COOCANT EXIT 279%.6 $78.3 2.2 1988 .1 0.82

TBV INLET 2766.7 $78.5% 0.11 1988 .1 6.81

TBV EXIT 1527.4 584.5 0.11 1%88.1 0.4%
HZ TRB IMLET 2766.7 578.5 .12 1988.1 0.8l
H2 TRB EXIT 1607.8 522.2 2.12 1762.7 0.56
H2 TRB DIFFUSER 1578.5 522.3 2.12 17e2.7 0.53
H2 BST TRS IN 1562.8 822.3 2.12 1762.7 0.53
H2 BST TRS OUT 1562.2 $21.2 2.12 1757.9 06.52
H2 BST TRS DIFF 1527.4 s1.2 2.12 1752.9 0.52

M2 TANK PRESS 18.6 530.% §.0034 1769.4 0.0066
FSOV INLET 1527.4 5264.4 2.23 176%.4 0.51
FSOvV EXIT 1689.2 526.5 2.2 17e%.4 0.50
CHAMBER M0 1474.3 524.6 2.23 1769.6 0.50
CHAMBER 1371.2

* OXYGEN SYSTEM CONDITIONS =

STATION PRESS TEP FLOW ENTHALPY DENS1TY
B.P. INLET 16.0 162.7 13.4 el.1 7117
B.P. EXIT 135.¢ 163.2 13.6 6.5 71.2
PUMP INLET 135.¢ 163.2 13.¢ 1.5 71.20
PUMP EXIT 4866, 9 188.4 13.4 7%.3 71.57
COOLANT TMET “«816.2 188.6 13.¢ 7.1 71.50
COOLANT EXIT <630.0 782.27 13.4 271.0 16.9)
OT8BV IMLEY ¢630.0 752.7 0.6 2n.o 16.91
OTBV EXIT 23185.4 735.0 0.6 271.0 9.19%
G2 TRB INLET %630.0 7%2.7 1.5 271.0 16.91
02 TRB EXIT 2516.1 $56.8 1.s 2%0.4 11.38
02 TRB DIFFUSER 2313.4 ¢53.9 11.5 250.6 10.54
02 BST TRB IN 4630.0 182.7 1.3 2710 16.91
02 BST TRB OUuT 4598.2 737.4 1.3 267.0 17.22
02 B3T TRB DIFF 45%.8 737.4 1.3 2s7.0 17.21
OBTY INLEY 4596.8 737.4 1.3 2e7.0 17.21
OBTV EXIT 2313.¢ 718.8 1.3 2e7.0 9.43
MIXER 2313.4 663.9 13.4 3%3.0 10.36

02 TANK PRESS 16.0 é19.8 0.01% 253.0 0.08
OCVY INLET 2191.7 662.3 15.¢ 253.0 9.88
OoCv EXIT 1538.4 652.0 13.4 253.0 7.0%
CHAMBER INJ 1523.0 651.7 13.4 253.0 7.02
CHAMBER 1371.2

* VALVE DATA

VALVE DELTA P AREA FLOW X BYPASS
oT8v 2317. 0.601 0.50 5.00
BV 1239. 0.01 0.11 5.00

50v 8. 8.2% 2.23
0BTV 2383, 0.01 1.3¢6
ocv 659, 2.7% 13.3¢

® [NJECTOR DATA »

INJECTOR DELTA P AREA FLOM VELOCTY
FUEL 1es. 0.47 .23 127814
LOx 152 c el 13.19 «Jo St
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TABLE 19.

DUAL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

AR NSNS NRE IO NARE R AR R AR L INNIERRRIRN

» TURBOMACHIWERY PERFORMANCE DATA =

aaseshapanrEunuaEanS

» H> BOOST TURBINE »

BEseARUSIsS AN URRERNAEERRUSRRNEDY

" H2 BOOST PuMP =

EFFICIENCY (T/T} 0.702 EFFICIENCY 0.765
EFFICIENCY (TY/S) 0.35¢ HORSEPOWER 14.
SPEED {RPM) 75466, SPEED {RPM) 75466
MEAN Dla (IN) 0.82 S SPEED 3045.
EFF AREA CIN2) G.9%¢ HEAD (FT) 2701.
usc (ACTUAL) 0.55%3 DIA. (91, 3] 1.32
MAX T1P SPEED 194, YiP SPEED 439.
STAGES 1 voL. FLOW 22%.
GAMMA 1.29 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.201
PRESS RATIO (T/3) 1.03
HORSEPOMER 14.
£X1T MACH NUMBER 0.11
SPECIFIC SPEED 143.67
SPECIFIC DIAMETER 0.5!

wRessARpARTERS aplgrhunaes

" M2 TURBINE » s H2 PUMP &

AP YNRRARS BUABERNANES

STAGE OME STAGE TwO
aEREFRERN AsaFvareN

EFFICIENCY (T/T) Q.786 EFFICIENCY 0.627 « B.631
EFFICIENCY (T/5) 0.754 HORSEPOMER 365, 3133,
SPEED (RPM) 187500. SPEED (RPM) 187500. 187509,
HORSEP OmER 677. $S SPEED 2306
MEAN DIA. N 2.11 S SPEED 816 B33,
EFF AREA CIN2) 0.13 HEAD (FT) 53103, 51706,
u/c {ACTUAL ) 9.51% DIA. ([N} 2.2 2.22
MAX TIP SPEED 1800. T1P SPEED 1818. 1818.
STAGES 1 vOL. FLOW 232. 232.
GAMMA 1.39 HEAD COEF 0.517 0.503
PRESS RATIO (T/T) 1.72 FLOM COEF 0.0%8
PRESS RATIO (TrS) 1.76 DIAMETER RATIO 0.332
EX1T MACH NUMBER 0.16 BEARING DN 3.00E+06
SPECIFIC SPEED 34.00 SHAFT DIAMETER 16.00
SPECIFIC DIAMETER 2.10

* (2 BOOST TURBINE »

ARSI ARSNENSRRARNE

* 02 BOOST PUMP =

SyNSURSYRESRAARER

EFFICIENCY (T/T) 0.798 EFFICIENCY 2.764
EFFICIENCY  (T/S) 0.752 HORSEPOWMER 8.
SPEED {RPM) 20189 SPEED (RPM) 20189,
MEAN D1A CIN) 2.83 S SPEED 3024.
EFF AREA CIN2) 0.08 HEAD FT) 242,
use (ACTUAL ) 0.553 Dla. (31} 1.649
MAX T1P SPEED 263, TIP SPEED 132,
STAGES 1 VOL. FLOW 85.
GAMMA 1.60 HEAD COEF 08.450
PRESS RAYIO (T/T) 1.01 FLOW COEF ¢.200
PRESS RATIO (T/S) 1.1
HORSEPOWER 8.
£X1T MACH NUMBER 0.02
SPECIFIC SPEED &1.74
SPECIFIC DIAMETER 1.8%

SuenennpRunEn® Kassnwsnsan

® 02 TURBINE » ® 02 PUMP @

tpnvennus LTI TYY Y
EFFICIENCY (T/T) 0.811 EFFICIENCY 5.693
EFFICIENCY (T/S5) 0.697 HORSEPOMER 335.
SPEED (RPM) 156345, SPEED {RPM) 156345,
HORSEPOMER 335. $S SPEED 2009%).
MEAN Dla {IN} 0.82 S SPEED 1488,
EFF AREA CIN2) 9.12 HEAD (FT) %14,
uwe (ACTUAL) 0.553 DIa. (IN) 1.22
nAX TIP SPEED 648 YIP SPEED 835,
SYAGES 1 voL. FLOoW 84.
GAMMA 1.60 HEAD COEF 0.43%
PRESS RATIO (T/T) 1.84 FLOW COEF 0.138
PRESS RATIO 11/3) .08 D1AMETER RATIO 0.669
EXIT MACH NUMBER 0.33 BEARING DN 1.56E+06
SPECIFIC SPEED 85.2 SHAFT DIAMETER 10.00
SPECIFIC DIAMETER 0.9%6
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TABLE 20. — DUAL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

T T e P Y T Y YT T T

CHAMBER PRESSURE 1218.5
VAC ENGINE THRUST 15000,
TOTAL ENGINE FLOW RATE 31.2¢
DEL. VAC. ISP 479.9
THROAT AREA ¢.01
NCI.LE AREA R.." IO lgog.o
NOZZLE EXIT BIAMETER 87.46
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 399.
CHAMBER COOLANT DT 39.
NOZZVE COOLANT DP 212.
NOZZLE COOLANT OT 439.
OHAMBER Q (MYDROGEN COOLED) 6797.
NOZZLE Q@ (OXYGEN COGLED) «210.

ENGINE STATION CONDITIONS

L Ly Ty Y Y Y T T P YT YT Y )

® FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLow ENTHALPY DENSITY
B.P. INLET 18.6 37.4 6.467 -107.5 £.37
B.P. EXiT joo.B 38.5 6.47 -103.0 €.3%
PUMP INLET 100.8 38.5% 447 -103.0 4.39
1ST STAGE EXIY 1459.8 56.9 6. 47 -20.2 4.66
PuMP EXIT 2816.1 76.6 “.47 61.5 6.6
COOLANT IMNLET 2786.0 74.8 6.67 $1.5 .67
COOLANT EXIT 2386.6 £69.3 4.47 1580.9 0.86

TBY IMLET 2362.7 669.4 0.22 1580.9 o.8%

TBY EXIT 1357.6 £73.2 8.22 1580.9 0.51
H2 TRB INLEY 2362.7 469.4 4.25 1580.9 0.85
H2 TRB EXIT 1440.9 426.3 %.2% 1407.8 0.%%
M2 TRB DIFFUSER 1407.1 €26.4 £.25 1407.8 D.58
H2 BST TRB IN 1393.0 “26.4 £.2% 1407.8 0.58
H2 BST TRB Ouv 1371.8 %25.2 4.25 1403.0 0.527
H2 BST TRB DIFF 1357.¢ 425.2 6.25 16403.0 0.56

H2 TANK PRESS 18.6¢ 431.1 0.0083 1411.9 c.0081
FSOV INLETY 1357.6 %27.6 %.67 1611.9 0.56
FSOV EXIT 1323.7 €27.7 4,67 14131.9 0.55
CHAMBER 1NJ 1310.5 <27.8 &.47 1611.9 0.54
CHAMBER 1218.5

% OXYGEN SYSTEM CONDITIONS =
STATION PRESS TEMP FLoW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 26.8 61.1 n.ye
B.P. EXIT 135.¢ 163.2 2.8 1.5 71.20
PUMP INLET 135.6 163.2 2¢.8 61.5 71.20
PUMP EXIT 5031.7 187.5 2¢.8 79.0 71.84
COOLANT INLET 4981.3 187.7 26.8 79.0 71.76
COOLANT EXIT 476%.4 626.6 2¢.8 235.9 21.5%
OTBV IMLET 4769.4 626.4 1.2 235.9 21.59
OTBY EXIT 2056.5 594.0 1.2 235.9 10.60
02 TRB INLET 6769.4 626.4 22.9 235.9 21.5%
02 TRB EXIY 2268.6 523.0 22.9 215.4 13.93
02 TRB DIFFUSER 2056.% 518.3 22.9 215.4 12.77
02 8ST TRB 1IN 6769.6 626.46 2.7 235.9 21.59
. 02 BST TRB OUT 4730.% 611.8 2.7 231.9 22.07

02 BST TRB DIFF 4728.9% 6l1.8 .7 231.98 .07
0BTV INLET “728.9 611.8 2.7 221.9 2c.07
0BTV EXIT 2056.5 578.5 2.7 221.9 10.%%
MIXER 2056.% s27.4 26.8 218.0 12.6%

02 TANK PRESS 16.0 £60.5 0.039 218.0 0.10
OCV INLET 1953.6 25.1 26.8 218.0 11.89%
ocv EXIT 1367.5 510.0 26.9 218.0 8.5%
CHAMBER INJ 1353.9 509.6 26.8 218.90 8.47
CHAMBER 1z218.5

» VALVE DATA =
VALVE DELTA P AREA FLOW X BYPASS
oTBV 2718. 0.01 1.21 5.00
TBV 1005. 0.01 6.22 5.00
Fsov 36. 1.51 4.67
0BTV 2672. 0.02 2.68
ocv 586. 0.48 26.79
» INJECTOR DATA »

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 9”2, 0.%96 £.67 1159.1%
LoX 135. 1.18 26.79 366.80
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TABLE 20. — DUAL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

® TURBOMACHINERY PERFORMANCE DATA »

NASAN R AN NN AR AN AR ABEO g ARRNRRES

NEESURNBRIRARSAYNERSY

* K2 BOOST TURBINE »

AESyANNRASBSENERR

« 2 BOOST PUMP =

EFFICIENCY (T/T)  0.740 EFFICIENCY 0.7¢5
EFFICIENCY (T/S)}  0.391 MORSEPOWER 2s.
SPEED (RPM)  53342. SPEED  (RPN) 53342.
MEAN DIA (N 1.1 S SPEED 30¢%
EFF AREA  (IN2)  1.77 HEAD FM) 2700.
urc (ACTUAL)  0.551 D1A. an 1.9
MAX TIP SPEED 390. TIP SPEED a3s.
STAGES 1 voL. FLOW a57.
GAIN 1.40 HEAD COEF 0.450
PRESS RATIO (T/T) 1.02 FLOW COEF 8.201
PRESS RATIO (T/S)  1.03
HORSEPOMER 29.
EXIT MACH NUMBER 0.12
SPECIFIC SPEED 167.46
SPECIFIC DIAMETER  0.52

bED "EEBERNRBNN ERNEBAERAENS

» 2 TURBINE » . H2 PO o

SARERADARRNNRERDR SERERERARES

STAGE ONE STAGE TWO
AENERARERS aosasANRS

EFFICIENCY (T/T)  0.812 EFFICIENCY 0.686 0.687
EFFICIENCY (T/S)  0.767 HORSEPOWER 526. 517,
SPEED (RPM} 136363. SPEED [RPM) 136363, 136363.
HORSEP OMER 1041, SS SPEED 9574,
MEAN DIA. (N 2.76 S SPEED 95]. [T
EFF AREA  (IN2)  ©0.28 HEAD (FT) 46225 43656
usc (ACTUAL)  6.5853 Dla. (IN) 2.79 2.79
MAX TIP SPEED 1713, TIP SPEED 1659. 1659,
STAGES 1 VOL. FLOW 452 a7,
GaMMA 1.40 HEAD COEF 0.517 6.511
PRESS RATIO (T/F)  1.66 FLOW COEF 0.107
PRESS RATIO (T/S)  1.69 DIAMETER RATIO 8.3
EX1T MACH NUMBER 0.1% BEARING DN 3.00E+06
SPECIFIC SPEED 41.25 SMAFT DIAMETER 22.00
SPECIFIC DIAMETER  1.89

FONNUNERERNE PSRN nEREN RERAIERE

» 02 BOOST TURBINE =

« 02 BOOST PUMP =

ssasnsnwamprarEnw

EFFICIENCY (T/T) 0.807 EFFICIENCY 0.764
EFFICIENCY (T/S) 0.76S HORSEPONER 15.
SPEED (RPM) 14272. SPEED {RPH) 14272.
MEAN DIA {IN) 4.0} S SPEED 3026.
EFF AREA tIN2) 8.14 HEAD (FT) 262.
/e (ACTUAL) 0.553 DIA. CIN) 2.11
MAX TIP SPEED 261. TIP SPEED 132.
STAGES 1 vOL. FLOW 169.
GAMMA 1.73 MHEAD COEF 0.450
PRESS RATIO {T/7) 1.01 FLOM COEF 0.200
PRESS RATIO (T/S) 1.01
HORSEPOHER 15.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED 38.01
SPECIFIC DIAMETER 2.04

arRIEREe AnNue

» 02 TURBINE = * 02 PUNP »

wes SRR RAEE nEsBEORREES
EFFICIENCY (T/T) 0.830 EFFICIENCY 0.717
EFFICIENCY  (T/S) 0.722 HORSEPONER 667,
SPEED (RPM} 110421. SPEED (RPM) 110421,
HORSEP OWER 667, SS SPEED 28065,
MEAN DIA [SL.D] 1.1¢ $ SPEED 1450,
EFF AREA (IN2) 0.20 HEAD (FT) 81,
u/C (ACTUAL) 0.553 Dla. tIN) 1.73
MAX TIP SPEED 640, TipP SPEED 834.
STAGES 1 VOL.. FLOW 168,
GAMMA 1.73 HEAD COEF 0.45¢
PRESS RATIO (T/T) 2.10 FLOM COEF 0.13s
PRESS RATIO LT/S) 2.40 DIAMETER RATIO 0.669
EXIT MACH NUMBER 0.3% BEARING DN 1.5%€+0¢
SPECIFIC SPEED 81.68 SHAFT DIAMETER 14.00

SPECIFIC DIAMETER

1.01
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TABLE 21. — DUAL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGIME PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1158.7
VAC ENGINE THRUST 25%000.
TOTAL ENGINE FLOW RATE 52.10
DEL. VAC. ISP %7%.9
THROAT AREA 10.52
NOZZLE AREA RATIO 1000.0
HJZZLE EXIT DIAMETER 115.7»
ENGINE MIXTURE RATIO 6.00
ETA C» 0.9%3
CHAMBER COOLANT DP 335.
CHAMBER COOLANT DT 347.
NOZZLE COOLANT Dp 238.
NOZZLE COCLANT DV 373,
CHAMBER Q (HYDROGEN COOLED) 9968.
NOZZLE O (OXYGEN COOLED) 6216.

ENGINE STATION CONDITIONS

* FUEL SYSTEM CONDITIONS »

STATION PRESS O FLOM ENTHALPY DENSITY
B.P. INLET 18.6 37.¢ 7.46 -107.5% %.37
B.P. EXIT 100.5 38.% 7.46 -103.0 %.3%
PUMP INLET 100.5 38.5 7.46 -102.0 ¢.3%
1ST STAGE EX1IT 1276.3 52.3 7.46 -37.0 <.50
PUMP EXIT 2470.4 5.7 7.46 29.0 .59
COOLANT IMLET 2645.7 66.0 7.46 2%.0 .57
COOLANT EXIT 2110.% 413.4 7.46 1365.6 0.87

TBV INLET 208%.4 413.% 0.37 1365.6 0.86

YBVY EX1Y 1291.¢ 415.7 0.37 1365.6 0.55
H2 TRB INLEY 2089.¢ 513.8 7.09 1365. 6 0.8%
H2 TRB EXIT 1377.3 379.¢ 7.0% 1226.6 0.64
H2 TRB DIFFUSER 1328.% 37%.7 7.09 122¢.6 0.62
M2 BST TRB IN 132%.1 379.7 7.99 1226.6 0.62
H2 BST TRB OUT 1306.8 38 7.09 1221.8 0.61
H2 BST TRB DIFF  12%91.4 378.5 7.09 1221.8 0.60

H2 TANK PRESS 18.¢ 382.2 0.0157 122%.0 0.0092
FSOV IMLET 1291.¢ 380.4 7.46 122%.0 0.60
FSOV EX1T 12591 380.4 7.44 1229.0 0.5%
CHAMBER INJ 1266.5 380.5% 7.644 1229.0 6.58
CHAMBER 1158.7

& OXVGEN SYSTEM CONDITIONS =

STATION PRESS B FLOW ENTHALPY DENSITY
8.P. INLET 16.0 162.7 46.7 1.} 71.1?
B.P. EXIY 135.6 163.2 6.7 1.5 71.20
PUMP IMLET 135.6 163.2 6.7 61.5 .28
PUMP EXIT 47696 186.9 44.7 77.% 71.98
COOLANT INLET ©782.1 185.1 44.7 77.% n.n
COOLANT EXIT $669.5 558_) 6.7 216.5 23.78
oTBY INLET €669.5 5581 2.0 216.5 23.78
oTBV EXIT 1955.8 519.9 2.0 236.% 12.67
02 TR INLET €469.5 58,1 38.2 216.% 23.78
02 TRB EXIT 2156.9 4609 38.2 197.7 16.13
02 TR® DIFFUSER  195%.0 45%.3 38.2 192.7 14.86
02 BST TRB IN €669.5 58,1 4.5 216.5 23.78
02 BST TRB OUT €630.6 564.5 4.5 212.4 26.6)
02 BST YRB DIFF  4&429.0 544.5 4.5 212.4 2¢.61
0BTV INLET 429.0 544.5 %.5 212.¢ 2¢.6)
0BTV EXIT 1955.0 505.% 6.5 212.6 12.%7
MIXER 1955.0 462.5 6.7 200.0 14.6%

02 TANK PRESS 16.0 370.¢ 0.080 200.0 0.13
OCV INLET 18%7.3 459.7 46.7 200.0 15.82
ocv EXIY 1300.) “61.4 6.7 200.0 10.00
CHAMBER INJ 1287.1 460.9 6.7 200.0 ’.9
CHAMBER 1158.7

® VALVE DATA &
VALVE DELTA P AREA FLOM X BYPASS
orBV 2914, 0.32 2.01 S.00
T8V 198, 6.03 0.37 5.00
FSOv 32. 2.¢9 7.64
0BTV 26474, 0.04 &.67
ocv 557. °.76 %6.65
® INJECTOR DATA =

INJECTOR DEL.YA P AREA FLOM VELOCITY
FUEL 8s. 1.5%8 7.44 1093.:3
Lox 128, 1.87 <6 .68 330.17
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TABLE 21. — DUAL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

® TURBOMACHINERY PERFORMANCE DATA »

AENBRSSARRNNERSAISANRNDARSRRRERNVERD

» H2 BOOST TURBINE » ® H2 BOOGSY PUMP s

sSUNARSenEENRENNARRSN sSEsunEpssUSAURRNES

EFFICIENCY (T/T) 0.824 EFFICIENCY 0.766
EFFICIENCY (T/S) 0.43¢ HORSEP OMER 48,
SPEED (RPM} 41240, SPEED [RPH) 41260,
MEAN DIA CIN) 1.45 $ SPEED 306y,
EFF AREA CIN2) 2.93 HEAD (FT) 2690.
wc {ACTUAL ) 0.534 Dia. N 2.%44
MAX TIP SPEED 376. TiP SPEED 439,
STAGES 1 vOL. FLOW 763,
[ 2" 1.41 HEAD COEF 0.450
PRESS RATIO (T/T) 1.02 FLOW COEF 0.201
PRESS RATIO (1/%5) 1.0%

HOR “EPOKHER <8.

EXIT MACH NUMBER 0.13

SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.22

sRuuienSnamann AnESeRAREEN
» H? TURBINE » "2 P ¥
NS RpARpRARRARE AnsupgEpenpn
STAGE OME STASF TWo
REaEeSEAE REpNEERAR
EFFICIENCY (T/7)  0.870 EFFICIENCY 0.738 0.736
EFFICIENCY (T/S)  0.801 HORSEP OWER 097, 69¢.
SPEED (RPM) 125000. SPEED (RPM) 125000, 125000.
HORSEP OWER 1393, SS SPEED 11361,
MEAN DIA. tN) 2,67 S SPEED 1255, 1268,
EFF AREA  (IN2)  0.S51 MEAD (FT) 37%0s. 17811,
vse (ACTUALY  0.553 DIA.  (IN) 2.89 2.8
AAX TIP SPEED 1577, TIP SPEED 1578, 1577.
STAGES 1 VOL. FLOM 7¢4. 730.
cara 1.42 HEAD COEF 0.4%0 0.489
PRESS RATIO (T/T) 1.52 FLOW COEF 0.126
PRESS RATIO (1/S) 1.58 DIAMETER RATIO 8.43¢
EXIT MACM NUMBER 0.22 BEARING DN 3.00E+06
SPECIFIC SPEED 57.47 SWAFT DIAMETER 24,00

SPECIFIC DIAMETER 1.42

= 02 BOOST TURBINE »

® 02 BOOST PUMP =

EFFICIENCY (T/T) 0.847 EFFICIENCY 0.764
EFFICIENCY (T/S) 0.803 HORSEP OWER 26.
SPEED (RPM) 11053, SPEED (RPM} 11083,
MEAN D1A (S L D] 5.17 S SPEED 3026.
EFF AREA (IN2) 0.22 HEAD FT) 242,
ws/c tACTuAL) 0.553 DIA. (IN) 2.72
HAX TIP SPEED 261. TiP SPEED 132,
STAGES % VOL. FLOM 282.
GAA 1.8% HEAD COEF 0.450
PRESS RATIO (T/T1) 1.01 FLOM COEF 0.200
PRESS RATIO (T/3) 1.01

HORSEPOWER 26,

EXIT MACH NUMBER 0.02

SPECIFIC SPEED 38.43

SPECIFIC DIAMETER 2.06

% 02 TURBINE » . 02 PUMP =

eBeuNBsuSARRNRE RNSUSERADRD
EFFICIENCY (Y/T} 0.877 EFFICIENCY 0.732
EFFICIENCY (T/S)  0.76¢ HORSEPOMER 1018,
SPEED (RPM) B2933. SPEED  (RPM) 82933,
HORSEPOMER 1018. SS SPEED 27218,
MEAM DIA (IN) 1.48 S SPEED 1471,
EFF AREA (IN2) 0.33 HEAD (FT) 227,
(17,4 (ACTUAL)  0.558 DlA. (1) 2.22
MAX TIP SPEED €12, TiP SPEED 804,
STAGES ] VOL. FLOW 279,
CAPA 1.8% HEAD COEF 0.45%
PRESS RATIO (T/T) 2.07 FLOM COEF 0.137
PRESS RATIO (1/S) 2.37 DIAMETER RATIO 0.471
EXIT MACH NUMBER 0.3% BEARING DN 1.49%€+06
SPECIFIC SPEED 83.68 SHAFT DIAMETER 18.00
SPECIFIC DIAMETER 1.01

137



TABLE 22. — DUAL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORRANCE PARAMETERS

CHAMBER PRESSURE 1075.9
VAC ENGINE THRUST 37500.
TOTAL ENGINE FLOW RATE .15
DEL. VAC. ISP <79.9
THROAT AREA 16.99
NOZZLE AREA RATIO 1000.0
NOZZLE €XIT DIAMETER 147.09
ENGINE RIXTURE RATIO 6.00
ETA Ca D.9%93
CHAMBER COOLANT DP 279.
CHAMBER COGLANT DT 317.
NOZ2LE COOLANT DP 240.
NOZZLE COOLANT DT 326.
CHAMBER Q (MYDROGEN COOLED) 13588.
NOZZLE Q (OXYGEN CORED) 8378.

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS »

STATION PRESS TO® FLOW ENTHALPY DENSITY
B.P. INLET 8.6 I7.¢ 11.19 -107.5 <.37
B.P. EXIT 100.3 8.5 11.19 -103.0 6.39
PUMP INLET 100.3 8.5 11.1% -103.0 6.39
1SY STAGE EXIT 1139.0 50.0 11.19 ~66.5 4.51
PUrP EXIT 2200.4 61.2 11.19 18.2 $.61
COOLANT JMLET 2178.4 1.6 I1.19 10.2 4.59
COOLANT EXIT 189%.3 3r8.0 1.1y 1226.6 0.86
TBV IMLET 1880.3 378.0 0.5¢ 1226.6 .85
T8V EXIT 1197.8 379.4 0.56 1226.6 0.56
H2 TREB INLETY 1880.3 378.0 10.63 1224.6 0.85
H2 TRB EXIT 1284.1 349.2 10.63 1105.4 0.65
H2 TRB DIFFUSER 1263.7 36%.2 10.63 1105.4 0.63
H2 BST TRB IN 1231.3 34%.2 10.63 1105.4 0.63
H2 BST TRB OUT 1211.1 348.1 10.63 1100.¢6 0.62
H2 BST TRB DIFF 11%7.8 348.1 10.63 1100.¢ 8.61
H2 TANK PRESS 18.6 350.3 0.0257 1106.8 0.0100
FSOV INLET 1197.8 349.7 11.16 1106.8 0.61
FSOV EXIY 1167.9 36%.7 11.1¢ 1106.8 a.59
CHAMBER INJ 1156.2 349%.7 11.1¢ 1106.8 0.59%
CHAMBER 1075.9
5 OXYGEN SYSTEM COMDITIONS »
STATION PRESS TEO FLOM ENTHALPY DENSITY
B.P. INLET 16.0 162.7 67.1 61.1 71.17
B.P. EXIT 135.6 163.2 7.1 $1.5 71.20
PUMP INLET 135.6 163.2 67.1 61.5 71.20
PUMP EXIT 4640.2 183.6 7.1 76.9 72.08
COOLANT IMLET 4593.8 183.8 67.1 76.9 72.01
COOLANT EXIT 4353.9 509.5 67.1 201.7 26.647
OT8Y IMLET 4353.9 50%.5 3.0 201.7 26.47
oYBV EXIT 1815.9 464.2 3.0 201.7 13.30
02 TRB INLET 4353.9 509.5 57.¢6 201.7 26.47
02 TRE EXIT 2016.3 416.3 57.4 183.6 18.20
02 TRB DIFFUSER 1815.9 409.8 $7.4 183.¢ 16.70
02 BST TRB IN €353.9 509.%5 6.7 20t.7 26.47
02 BST TRB OUT 4312.6 £96.8 6.7 3197.6 27.23
02 BSY TRB DIFF 43%10.9 £96.8 6.7 197.¢ 27.2
OBTV IMLET 4310.9 ©%.8 6.7 197.6 27.22
OBTV EXIT 1815.9 450.9 6.7 197.¢ 13.93
MIXER 1815.9 415.8 61.0 18%.°¢ 16.19
02 TANK PRESS 16.0 313.7 0.164 185.9 0.1%
OoCV IMLET 1725.1 612.6 67.0 185.9 15.49
ocv EXIT 1207.6 391.% 67.0 185.9 11.27
CHAMBER INJ 1195.% 3%0.9 67.0 185.9 11.17
CHAMBER 1075.9

= VALVE DATA »

VALVE DELTA P AREA FLON X BYPASS
aT8vV 2%38. 0.03 2.02 5.00
BV 683. 0.04 0.%6 5.00
FS0V 30. 3.8¢ 11.16
0BTV 2695. .06 6.71
ocv S18. 1.12 66.%8

» INJECTOR DATA »

INJECTOR DELYA P AREA FLOM VELOC]ITY
FUEL 80. .64 11.16 1034 .90
LOX 120. .74 $6.98 300.13




TABLE 22.

DUAL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

= TURBOMACHINERY PERFORMANCE DATA s

L TR T e Y Y YT PR PP PR Y T 7Y ]

= H2 BOOST TURBINE =

» H2 BOOST PUMP »

SUNREANNNBNERNRRY

EFFICIENCY (T/7)  0.83% EFFICIENCY 0.766
EFFICIENCY (T/S)  0.443 HORSEPOMER n.
SPEED (RPM)  33632. SPEED  (RPM) 33632.
HEAN DIA am 1.76 S SPEED 3051.
EFF AREA tIN2) 4.39 HEAD (FT) 2684,
we (ACTUAL}  0.530 DIA. N 2.98
MAX TiP SPEED 373. TIP SPEED 438.
STAGES 1 vOL. FLON 1144.
GAMMA 1.37 HEAD COEF 0.450
PRESS RATIO (T/T) 1.02 FLOW COEF 0.201
PRESS RATIO (T/S) 1.03
HORSEPOWER n.
EXIT MACH NUMBER 0.13
SPECIFIC SPEED 150.00
SPECIFIC DIAMETER 0.52

HUNAAEERRERNRN

" H2 TURBINE » »H2 PLMP »

BRNRNEENAR AR SYNSUSENARY

STAGE ONE STAGE THO
SENENBNERS ARAaNEIRE

EFFICIENCY (T/T)  0.884 EFFICIENCY 0.760 0.759
EFFICIENCY (T/S}  0.799 HORSEPOMER 895. 898.
SPEED (RPM) 1087143. SPEED (RPW) 107143, 107143,
HORSEPOWER 1793. SS SPEED 11948,
MEAN DIA. (1N} 2.89 S SPEED 1646 1629,
EFF AREA (1N2) 0.83 MEAD (FT) 33431, 33485,
usc (ACTUAL)  0.553 DIA. (1IN} 3.22 3.22
maX TIP SPEED 1488, T1P SPEED 1508, 1508.
STAGES 1 VOL. FLOM 1113, 1090.
GAMMA 1.37 HEAD COEF 0.473 0.476
PRESS RATIO (T/T) 1.66 FLOW COEF 6.136
PRESS RATIO (T/$) 1.53 DIAMETER RATIO 0.471
EXIT MACH NUMBER 6.23 BEARING D 3.00E+06
SPECIFIC SPEED 67.56 SHAFT DIAMETER 28.00

SPECIFIC DIAMETER 1.23

PRBERNBANEANDRRENNNE -e BERERRE

» 02 BOOST TURBINE » « 02 BOOST PUMP ®

BERANAANERNEONENNEANE as BREBFPENDERDENY
EFFICIENCY (T/T)  0.853 EFFICIENCY 0.764
EFFICIENCY (T/S)  0.810 HORSEPOMER 39.
SPEED (RPM)  9023. SPEED  (RPM) 9023.
MEAN DIA (N 6.36 S SPEED 3026.
EFF AREA (IN2) 0.31 HEAD FT) 242.
use (ACTUAL)  0.553 pIA. (N 3.3
MAX TIP SPEED 260. TIP SPEED 132.
STAGES 1 vOL. FLOM 423,
GAMMA 1.95 HEAD CUEF 0.450
PRESS RATIO (T/T) 1.01 ALON COEF 0.200
PRESS RATIO (T/S) 1.01
HORSEPOWER 39.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED 37.46
SPECIFIC DIAMETER 2.12

LT AR RN RS EY ] NERRREBRNNEANS

» 02 TURBINE » » 02 PUMP a

ApRSRARABRRAAN AENREEREINNE
EFFICIENCY (T/T)  0.887 EFFICIENCY 0.751
EFFICIENCY (T/S)  0.774 HORSEPOMER 1463.
SPEED (RPM)  66685. SPEED  (RPM) 66685,
HORSEPOWER 16463, SS SPEED 24810.
MEAN DIA . (1IN 1.80 S SPEED 14676,
EFF AREA (IN2) 0.48 HEAD (FT) 8996¢.
usc (ACTUAL)  0.553 DlA. (aN) 2.1
MAX TP SPEED 598. TIP SPEED 7%0.
STAGES 1 VL. FLOW %18,
GAMMA 1.95 MEAD COEF 0.464
PRESS RATIO (T/T) 2.16 ALOM COEF 6.138
PRESS RATIO (7/S) 2.49 DIAETER RATIO 0.672
EXIT MACH NUMBER 0.36 BEARING DN 1.47€+06
SPECIFIC SPEED 83.50 SHAFT DIAMETER 22.00

SPECIFIC DIAMEYER 1.02

139




TABLE 23. — DUAL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1042.6
VAC ENGINE THRUST 50000.
TOTAL ENGINE FLOW RATE 1064.20
DEL. VAC. 1SP 479.8
THROAT AREA 23.37
NOZZUE AREA RATIO j000.0
NOZZLE EXIT DIAMETER 122.52
ENGINE MIXTURE RATIO 6.00
ETA C»= 0.993
CRAMBER COOLANT DP 243.
CHAMBER COQOLANT DT 296.
NOZZLE COOLANT DP 263.
NGZZLE COOLANT DT 306.
CHAMBER Q (HYDROGEN COOLED) 16868,
NOZZLE Q (OXYGEN COOLED) 10506.

ENGINE STATION CONDITIONS

RERENREISERERAD

* FUEL SYSTEM CONDITIONS »

STATION PRESS TEW FLOM ENTHALPY DENSITY
8.P. INLET 18.6 37.4 14.92 -107.% .37
BR.P. EXIT 100.8 318.5 14.92 -103.0 4.39
PUMP TNLET 100.8 8.5 16.92 -103.0 £.39
1ST STAGE EXIT 1093.9 69.2 14.92 -49.8 6.52
- PP EXIT 2113.5 59.6 14.92 3.8 “.62
COOLANT INLET 2092.4 59.8 14.92 3.8 “.61
COOLANT EXIT 1869.0 355.5 16.92 1134.2 c.89
T8V INLET 1830.5 358.5 ¢.75 1136.2 0.88
BV EXIT 1162.0 356.6 0.75 1134.2 0.58
M2 TREB INLET 1830.5 355.5 16.18 1134.2 0.88
2 TRB EXIT 1252, 328.3 14.18 1021.8 0.67
H2 TRB DIFFUSER 1z207.8 328.3 14.18 1021.8 0.65
H2 BST TRB IN 1195.7 328.3 14.18 1021.8 0.65
M2 BST TRB OUT 1175.1 27.2 14.18 1017.0 0.66
M2 BST TRB DIFF 1162.0 327.2 14.18 1617.0 0.63
H2 TANK PRESS i8.6 328.6 0.0366 1022.9 0.0107
FSOV INLET 1162.0 328.4 14.89 1022.9 0.43
FSOvV EXIT 1133.0 328.7 16.89 1022.% 0.61
CHAMBER INJ 1121.6 328.7 14.89 1022.9 0.61
CHAMBER 1042.6
» OXYGEN SYSTEM CONDITIONS =
STATION PRESS TENW Lo ENTHALPY DENSITY
B.P. INLET 16.0 162.7 89.5 1.1 71.17
B.P. EXIT 135.6 163.2 89.5 61.5 71.20
PO INLET 135.6 163.2 9.5 61.5 71.20
PP EXIT cB13.6 183.9 89.5 72.3 72.3?
COGLANT INET ©765.5 186,2 89.5 72.3 72.10
COOUANT EXIT ©502.3 “89.7 89.5 19%6.6 28.70
OTBV INLET 4502.3 «89.7 4.0 196.¢ 28.78
oTevV EXIT 175%.3 £3%.8 4.0 19%.6 14.02
o2 TR® IMET 4502.3 “89.7 76.5 1%.6 28.70
o2 TRB EX1Y 1964.3 394.8 76.5 176.1 19.87
02 TRB DIFFUSER 1759.3 187.8 16.% 176.1 18.21
02 BST TRB IN 4502.3 489.7 .0 1%.6 28.70
02 BST TRB OUT 4458.1 477.3 .0 190.5 29.58
02 BST TRB DIFF 4656.6 £77.3 .0 190.5 29.57
0BTV INLET 4656.4 <77.3 9.0 190.5 29.57
oBTV EXIT 1759.3 ©27.3 .0 1%0.5 16.78
MIXER 1759.3 393.8 89.3 178.4 17.59
02 TaNK PRESS 16.0 279.6 0.217 178.4 0.17
ocv INLET 1671.4 390.5 8.3 178.4 16.85
ocv EXIT 1169.9 368.2 89.3 178.46 12.33
CHAMBER INJ 1158.2 367.6 89.3 178.4 12.22
CHAMBER 10642.6

« VALVE DATA =

VALVE DELTA P AREA FLOW X BYPASS
orsv 2743, 0.03 €.03 $.00
T8V 66B. 0.06 0.78 5.00
FSOV 29. 5.16 16.99
OBTV 2697. 0.07 8.9
ocv sol. 1.45 £29.31

" INJECTOR DATA »

INJECTOR DELTA P AREA F1.0m VELOCITY
FUEL 79. .26 1%.89% 1012.37
LOX 116. 3.%6 89.3) 82.09%




TABLE 23. — DUAL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

* TURBOMACHIMERY PERFORMANCE DATA =

BUNOERRBNADSSARERRERY (LI 1]] RERUIBRAR

» Mz BOOST T\RBINE » * H2 BODST PLMP »

RSAUNSOIRSABREESNDASY SRENEpESRRERPRRARS
EFFICIENCY (T/T)  0.86% EFFICIENY 0.765
EFFICIEMCY (T/3)  0.458 HORSEPOWER ”%.
SPEED (RPN} 29203. SPEED  (RPM) 29203,
MEAN DIA am 2.02 S SPEED 3046.
EFF AREA  (INZ)  5.69 HEAD [133) 2700.
e (ACTUAL]  0.52€ DlA. e 3.45
MAX TP SPEED 570. T1P SPEED 439.
STAGES 1 vOL. FLOW 1526,
GAMMA 1.60 MEAD COEF 0.450
PRESS RATIO (T/T)  1.02 FLOW COEF 0.201
PRESS RATIO (T/5)  1.03
HORSEPOMER ”%.
EXIT MACH NUMBER 6.18
SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.%2

BendENERRERESE AREEBRANENE
» HZ TURBINE @ * 2 PO »
AFASNRERREEOIR "ANIERaPEUEN
STAGE ONE STAGE TWO
ANSEERRNN sSEsunfaeal
EFFICIENCY (T/T)  0.893 EFFICIENCY 0.771 0.770
EFFICIENCY (T/S)  0.796 HORSEPOMER 1123, 1131,
SPEED (RPM} 100000. SPEED {RPM) 100000. 100000,
HORSEPOWER 22%4. SS SPEED 12825
MEAN DIA. Ny 3.00 S SPEED 1812, 1588.
EFF aoEA  (IK2)  1.10 HEAD (FT) 31936. 32103.
usc (ACTUAL)  0.8883 DIA.  (IN} 3.44 3.¢6
MAX TP SPEED 1664, TIP SPEED 1501. 1501.
STAGES ) VOL. FLOW 1483. 1450.
GaMMA 1.40 HEAD COEF 0.¢56 0.458.
PRESS RATIO (T/T)  1.4¢ FLOW COEF 0.164
PRESS RATIO (T/S)  1.53 DIAMETER RATIO 0.505
EXIT MACH NUMBER 0.25 BEARING DN 3.00E+06
SPECIFIC SPEED 76.45 SHAFT DIAMETER 30.00

SPECIFIC DIAMETER 1.13

AEpsvEuERsRZRRRTASANYS RRERERARSRNNS AR

= 02 BOOSYT TURBINE » ® 02 BOOST PUMP =

[ » s EENBNNRRRSANSERRY
EFFICIENCY (T/T)  0.857 EFFICIENCY 0.764
EFFICIENCY (T/S) 0.815 HORSEPOWER 52.
SPEED {RPM) m.i3. SPEED {RPM) 7813.
MEAN DIA (9L} 7.32 S SPEED 3026.
EFF AREA 2y 0.39 HEAD (FT) 262.
usc (ACTUAL) 0.553 DIA. () 3.8%
MAX TIP SPEED 260. TIP SPEED 132.
STAGES 1 vOL. FLOW 566.
GAMMA 1.98 HEAD COEF 0.450
PRESS RATIO (Y/T) 1.01 FL.OW COEF 0.200
PRESS RATIO (T/S) 1.0
HORSEPOMER 52,
EXIT MACH NUMBER 9.02
SPECIFIC SPEED 36.25

SPECIFIC DIAMETER 2.19

sasmaBARESRRST CLLTIT YT YT Y]

s 02 TURBINE » « 02 PUMP

POAARRERENENER L] [ T3 111
EFFICIENCY (T/T)  0.89% EFFICIENCY 0.758
EFFICIENCY (T/S)  0.784 HORSEP OMER 2005.
SPEED (RPM)  SB298. SPEED  (RPM) 58298.
HORSEPOHER 2003. SS SPEED 27067,
MEAN DIA N 2.09 S SPEED 1449,
EFF AREA (R2)  0.60 HEAD [{33) 9330,
1774 (ACTUAL)  ©0.583 DIA. (313 3.14
MAX TIP SPEED 603. T1P SPEED 799.
STAGES i VoL, FLOW 557,
GAMMA 1.98 HEAD COEF 0.470
PRESS RATIO (T/T)  2.29 FLOW COEF 0.13¢
PRESS RATID (T/5) 2.4 DIAMETER RATIO 0.671
EXIT MACH NUMBER 0.36 BEARING DN 1.40E+06
SPECIFIC SPEED 81.67 SHAFT DIAMETER 2¢.00

SPECIFIC DIAMETER 1.06
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TABLE 24. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 7500 LBF THRUST (COPPER TUBE CHAMBER)

ENGINE PERFORMAMCE PARAMETERS

CHAMBER PRESSURE 1941.3
VAC ENGINE THRUST 7500.
TOTAL ENGINE FLOW RATE 15.62
DEL. VAC. ISP 4<80.1
THROAT AREA 1.89
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 49.07
ENGINE MIXTURE RATIO 6.00
ETA C»= 0.993
CHAMBER COOLANT D@ 1386.
CHMAMBER COOLANT DV 796.
NOZZLE/CHAMBER Q 6383,

ENGINE STATION CONDITIONS

[T T T Ty Y I R Py P P P Y T T Y Y

» FUEL SYSTEM CDNDITIONS »

STATION PRESS TEWw FLOW ENTHALPY DENSLTY
B.P. INMLET 18.¢ 37.¢ 2.23 -107.5 4.37
B.P. EXIT 100.6 38.% 2.23% -103.0 4.39
PUMP INLET 100.¢ 8.5 2.23 -103.0 %.39
1ST STAGE EXIT 2202.9 ». 2.23 38.1 4.15
2ND STAGE EXIT 4183.0 1168 2.23 210.1 6.11
PO EXIT 6085.6 147.1 2.23 356.6 4.15
COLD REGEN 1IN 6024.8 147.¢ 2.23 356.6 6.13
COLD REGEN EX 5964.5 369.0 2.23 1247.9 2.26
COOLANT INLET 5964.5 369.2 2.23 12647.9 2.26
COOLANT EXIT 578.7 1165.3 2.23 4105.7 0.67

TBY IMLET «532.9 1i65.¢ 0.1t €105.7 0.67

TBY EX1T 2241.0 11821 6.11 4105.7 0.34
2 TRB IMLET wsi.9 1165.¢6 212 %105.7 0.67
02 TR® EXIT 4200.2 1148} 2.32 4035.8 0.63
H2 TRB INLET 4200.2 11481 2.12 4035 .8 0.63
H2 TRB EXIT 2361.2 1025.¢ 2.12 3553.8 0.41
H2 TRB DIFFUSER  2335.7 10238 2.12 35%3.8 0.41
H2 BST TRB IN 2312.4 1023.9 z.12 3553.8 0.41
H2 BST TRB OUT 22% .6 1022.7 2.12 3549.0 0.40
H2 BST TRB DIFF  2083.7 jo22.8 2.12 354¢9.0 0.40
02 BST TRB IN 22¢0.8 1023.8 2.12 3549.0 0.39
02 BST TRB OUT 2253.6 1822.3 2.12 3566.5% 0.39
02 BST TRB DIFF  20%2.2 1072.3 2.12 3566.5% 0.39

H2 TANK PRESS 18.% 1046.2 0.0017 3574.4 0.0033
GOX HEAT EXCH IN 2241.0 1030.4 2.23 3576.46 0.39
GOX MEAT EXCH OUT 222%.8 10306.} 2.23 3573.1 0.3
HOY REGEN IN 2229.8 1038.1 2.23 3573.1 0.39
HOT REGEN EX 2162.9 5. 2.23 2679.1 0.49
FSOV INLET 21$62.9 5.9 2.23 26791 0.49%
FSOV EXIT 2108.8 176.2 2.2 267%.1 0.48
CHAMBER INJ 2086.8 T176.4 2.23 267%.1 0.47
CHAMBER 1941.3

» OXYGEN SYSTEM CONDITIONS »

STATION PRESS TOor FLOW ENTHAL PY DENSITY
B.P. INET 6.0 162.7 13.¢4 61.1 1.7
B.P. EXITY 135.¢ 163.2 13.¢ 61.5 71.20
PUMP INLET 135.¢6 163.2 13.4 1.5 71.20
PUMP EXIT 3143.9 1.8 13.4 72.% 71.53

02 TANK PRESS 1.0 400.0 8.023 206.7 0.12
OCV IMLEY 3112.% 179.0 13.6 72.% 71.48
ocv ExXIT 21718.7 1826 13.4 72. 70.04
CHAMBER INJ 2135.4 1828 13.4 72.% 69.97
CHAMBER 1941.3

S VALYE DATA »

VAL VE DELYA P AREA FLOW X BYPASS
TBY 2292. om 0.11 5.00
Fsov S .44 2.23
ocv 934, 0.08 13.39

® INJECTOR DATA =

TNRJECTOR DELTA P AREA FLOM VELDCITY
FUEL 16s. 0.44 N 15%8 .04
Lox 216. 0.17 13.39 160.32
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FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 7500 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

TABLE 24, —

* TURBOMACHINERY PERFORMANCE DaTa

3 H2 BOOST TURBINE »

. R OST PO ¢

esssccasscurssscs

EFFICIONY (/7)) 0.789 EFFICIOCY e.746
TFICIOCY (T/3)  8.322 HORSEPOMER 16.
SPEED (RPM) 75394, SPEED rn) 78394 .
MEM DIA sy 0.8} $ SPEXD Mg,
EFF AREA as) 1.32 HEAD (a8} 2693,
wtr (ACTUALY  0.543 Dia. 1%} 1.33
X TIP SPEED “0& . TIP SFEED (310
STAGES H VOL. FLOM 2.
[ 1.38 HEAD COEF 0.450
PRESS RATIO (T/T} 1.8 FLOe o 8.20}

PRESS RATIO (T/3) 1.08
HORSEPOWMER is.
EXIT MACH NUMBER .10
SPECIFIC SPEED 150.00
IPECIFIC DIAMETER 0.8

senesassnsensn

M2 TURBINE =
.

STAGE OME STAGE TMD STAGE MetE

OFICIDLY (T/7)  0.797 EFFICIENY ».873 6.583 0.589
EFFICIOLY (31/593  0.279 HORSEPOMER sey. 1. 7.
SPEED (RPR} 87800, SPEED inPM) 187508, 187500, 187308,
HORSEPORER 1647, $S SPEED 2919,
MEMN DIA. (e L1 .17 $ SMEED sea. -7, 8.
EFF MEA (e -3} .12 HEAD  (FT) nall. [3 24 7).
we (ACTUAL) 0.51) DIA. (W) 2.58 2.58% 2.53
MAX T1P SPEED 1565 TIP SrEED 209). 2092, 2092.
STAGES 3 VOL. FLOw 262, 264, 261
GAMA 1.38 HEAD COEF 0529 s 0.7
PRESS RATIO (T/T) 1.78 FLOW COEF 0. 087
PRESS RATIO {Y/3) 1.%0 DINETER RATIO o.288
EXIT mACH NUMBER 0.313 BEARING DM 3.0€E-D46
SPECIFIC SPEED 4%.66 SMAFT DINETER 1s.00

SPECIFIC DIAMETER 1.6¢

» 2 POOST TUMBINE o

sresassrnssasnsnnnse

seasvessnensensas

CFICIOCY (T/T}  6.800 TrICIBEY 8. 764
EFFICIENCY (Y/3)  0.633% HORSEPOMER s.
SPEED (RPN} 20184, SPLED  tapw) 20106,
MEAM DIA (2L} 2.2% 3 srEED 3526,
EFF AREA (31 -2 ] 1.84 MEAD T} 242.
we IACTUAL)  9.533 DIA. (3¢} 1.4y
WAX TIP SPEED 243, T» TR 152,
STAGES 1 oL, At s
G 1.3% MEAD COZF 0.458
PRESS RATIO (T/T7) 1.00 Lo 0.208
PRESS RATIO (T/3) 1.00
HORSEPOMER ..
BX1T MK MSBER e.03
SPECIFIC PEED 108.4)
SPECIFIC DIAMETER .74

escsgsnnasoass sssssnsnmpan

* 02 TURBINE »

. .
EFICIDCY (T/T)  0.808 9.7e3
EFFICIDCY (T/3) 0.74% ..
SPEED (APM) 132977, 132977,
HORSEFOMER 210. 25898,
MENS DA LNy 1.77 mn.
EFF axfa 11923 °.21 (313 8
wt TACTUAL)  0.%49 1.1
RAX TIP SPEED 1107, -y
STAGES ] 8.
[ ] 1.3% ».41)
PRESS RATIO (T/7) 1.08 e.182
PRESS RATIO (T/8) 1.09 DINETER 24710 D.87%
DT RADY MBER 8.0Y BEARING B V.60€-0¢
SPECIFIC SPEED $2.9% SHAFT DiasE TR 12.08

SPECIFIC DIMMETER 1.48

REGEMERATOR DATA

COD SIDE HOY SIDE
.28 4 60.2% .09
ony 221.44 ~2%4.1%
AREA 0.16 0.4%
L oM 2.28 2.2%
CFFICTIVEM SS 0.2y
NTY e.41
RAYIO a.07
ONN 7.8%
GEn O 199514
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TABLE 25. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 15,000 LBF THRUST (COPPER TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1844.7
VAC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.2%
DEL. VAC. 1SP 480.1
THROAT AREA 3.%
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 71.18
ENGINE MIXTURE RATIO 6.00
ETa C» 0.993
CHAMBER COOLANT DP 901.
CHAMBER COOLANT DT 599
NOZZLE/CHAMBER Q 9975,

ENGIME STATION CONDITIONS

P E LU ECARNEN SR EBARERS ARSI RRENS

® FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 &.67 -107.5 6.37
B.P. EXIT 100.8 38.% £.47 -103.0 6.39
PUMP INLET 100.8 8.5 £.647 -103.0 4.39
1ST STAGE EXIT 2021.3 8.9 ©.67 26.5 4.33
2ND STAGE EXIT 1897.46 7.5 £.47 152.¢ 4.35
PUMP EXIT S724c.8 126.4 667 27¢.9 %.40
COLD REGEN IN 5¢87.3 124.8 £.47 272¢.9 %.38
COLD REGEN EX $¢30.4 c88.0 &.67 $02.1 2.60
COOLANT INLET 5630.4 288.0 “.47 w21 2.60
COOLANT EXIT 4729.4 887.5 4,67 3136.4 6.89

TBV INLETY 44682.1 B87.89 0.22 3136.¢6 0.88

TBY EXIT 2128.1 20S5.0 0.22 313.4 0.42
02 TRB IMLET 4682, 887.8 ©.26 3136.4 0.88
02 TRB EXIT 4278.6 872.% 6.26 3070.6 0.82
H2 TRB JINLET o278.6 872.% 6.24 3070.6¢ 0.82
H2 TRB EXIT 2258.7 713.%5 ©.26 2672.8 0.51
H2 TRB DIFFUSER  2226.4 773.7 6.26 6728 0.51
H2 BST TRB IN J204.1 737 £.2 26728 0.51
H2 BST TRB OUT 2185.46 772.6 £.26 2668.0 0.50
H2 BST TRB DIFF  2170.8 772.7 €.26 2668.0 0.50
02 BST TRB IN 2169.1 712.8 6.26 2648.0 0.49
02 BST TRB OUT 2140.3 772.2 £.26 26656 0.49
02 BST TRB DIFF  2138.8 772.2 6.24 2665.6 0.49

M2 TANK PRESS 18.6 798 0.0045 2688.9 0.0044
GOX HEAT EXCH IN 2128.1 778.9 €.46 2688.9 0.48
GOX HEAT EXCH OUT 2117.5 T18.6 $.46 2687.5 0.48
HOY REGEN IN 2117.% 778.¢ 6.46 2687.5 0.48
HOT REGEN EX 2054.0 601.9 L.46 2059.27 0.60
FSOV INLET 2054.0 601.9 £.46 2059.7 0.60
Fsov EXIT 2002.6 $02.1) 6.66 2059.27 0.58
CHAMBER INJ 1982.7 602.2 6.46 2059.7 0.58
CHAMBER 18464.7

* OXYGEN SYSTEM CONDITIONS &

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 26.8 é1.1 7.17
B.P. EXIT 135.6 163.2 26.8 61.% 71.20
PUMP IMLET 135.¢6 163.2 2¢.8 1.5 71.20
PUMP EXIT 2%7.% 177.0 2¢.8 n.¢ 71.67

02 TANK PRESS 16.0 400.0 0.045 204.7 ¢.12
OCV INLETY 2957.7 177.2 2¢.8 7.4 71.62
ocv EXIT 2070.6 180.6 26.8 1.6 70.2%
CHAMBER INJ 2029.2 180.8 26.8 1.6 70.18
CHAMBER 1864.72

® VALVE DATA »

VALVE OELYA P AREA FLom X BYPass
BV 2554, a.01 .22 5.00
Fsov 51. 1.18 £.44
ocv 887. Q.16 26.78

® INJECTOR DATA »

INJECTOR DELTA P AREA FLOM VELOCITY
FUEL 138, 0.82 4.6 157991
LOX 208, a.3% 26.78 156.06




TABLE 25. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 15,000 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

® TURBOMACHINERY PERFORMANCE DATA »

ennn

etesnnvunsensssensnn .

» HZ BOOST TURBINE » * M2 BOOSY PUO &

(1] L seSPeENENSsRRIGRES
EFFICIENCY (T/T) 6.736 EFFICIDEY 8.76%
EFFICIENCY  (T/5) [ S 13] HORSEPOMER 29,
SPEED tRPM) 53374, SPEED  (RPW) 53374,
MEAN D1A (L} 1.16 s srexD 2048,
EFF AREA [${ -2} 2.02 HEAD [la 2708,
we (ACTUM.)  0.383 DlA. (313} 1.89
MAX TIP SPEED 3%7. TP P <39,
STAGES 1 wR, FLow “»7.
GAMIS 1.1 HEAD COBF 9.439
PRESS RATIO (/1) 1.0} FLOW COEF ..201
PRESS RATIO (1/5) 1.02
HORSEPONER 29.
EXIT MACH NUMBER 6.10
SPECIFIC SPEED 142.58
SPECIFIC DIAMETER 8.51

TTTITTTTYT N snsecnssnny

» M2 TURBINE » - e rur e

SsoRSRNNSReREN L 1]

.
STAGE OWE  STAGE THMD STAGE THREE

EFFICIENCY (T/T)  0.7%% EFFICIDCY 0.631 0.65% .437
EFFICIENCY (T/5)  0.77% HORSEPOMER sle. T97. 77s.
SPEED (RPR) 134363, SPEED (RPW) 336365. 156365. 136343,
HORSEPOMER 2389. 33 SPEED ",
MEMN DA, [$L 3] 2.46 S SPEED 738 743, ™.
EFF AREA (IN2) .2 HEAD (FT) 63582 2239, o7el.
uwe (ACTuAL)  ©0.46¢ Dla. (i) 3.27 3.2 3.7
MAX TIP SPEED 1540, Tip SPELD 194y, 199, 1949,
SYAGES 2 vaL. Fuom 483, asd. 5.
Gaew 1.61 HEAD COIF ..539 o.327 0.51%
PRESS RATIO (T/7) .09 FLOW COEF (124
PRESS RATIO (1/3) 1.93 DIAMETER RATIO 3%
EXIT MACH NUMBER D.1é BEARING DM 3.00E-04
SPECIFIC SPEED 38.41 SHAFT DINETER 2.9

SPECIFIC DIAMETER 1.69

esssmansnans » >
e 02 BOOST TURDINE » . G2 BOOSY PUP o
e PLIYTRTITTYT ansensesssssserse
EFFICIENCY (T/T) 0.824 FiciIDgyY 0. 764
EFFICIENCY {T/S)  0.674 HORSEPOMER is.
SPEED RPH) 14272, SPEED  (RPM) 14272,
MEAN DIA 11%1 s.18 S SSEID 3826
EFF AREA (31 -3} 2.97 WEAD 1) 2.
e TACTUAL)  ©0.5%% DIA. (1 2] 2.
MAX TIP SPEED 237. TP SPEED 132.
STACES ] VoL, e 6.
GAXea 1.41 HEAD coeF 0.450
PRESS RATIO (Y/T) 1.00 Rw CoB 0.208
PRESS RATIO (T/3) 1.01
HORSEPOMER 5.
EXTT WACH NUKBER e.88

SPECIFIC SPEED 10).42
SPECIFIC DIAMETER 0.82

esveasnsnunnes [
o 02 TURBINE * " R PP

LT » seveocpacns

EFFICIENCY (T/T) 0.820
EFFICIENCY (T/sS) 6.7¢7

SPEED (RPW) 9)078
MORSEPO-ER 383,
MEAN D1A aw) 2.46
EFF AREA (IN2) 0.33
e (ACTUAL Y 0.5¢6¢7
MAX T1P SPEED 1043,
STAGES H
AN 1.41

PRESS RATIO (T/T) 1.09
PRESS RATIO (T/3) 1.1
EX1T RADM NUMBER 0.09
SPECIFIC SPEED .17
SPECIFIC DIAMETER 1.43

REGEMERATOR DATA
sues

cop SIpE HOT SIDE
bELP $4.08 63.52
OELY 143,18 ~176.69
MEA a.30 1.9
Lo “. &7 4.44
EFFECTIVENESS .27
NTY .58
cRaTlIO 0.92
[=J 1) 15.0¢
REGEN C 2802 .44




TABLE 26. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 25,000 LBF THRUST (COPPER TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

L P Y T Y I LYY LTy Y T Y T

CHAMBER PRESSURE 1786.4
VAC ENGINE THRUST 25000.
TOTAL ENGINE FLOW RATE 52.08
DEL. vac. 1SP 489.0
THROAT AREA 6.85
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 93.38
ENGINE MIXTURE RATIO 6.00
ETA C» 0.9%3
CHAMBER COOLANT DP 831.
CHAMBER COOLANTY DY %BO.
NOZZLE/CHAMBER O 13661.

ENGINE STATION CONDITIONS

* FUEL SYSTEM CONDITIONS &

STATION PRESS TEW FLOM ENTHALPY DENSITY
B.P. INLET 18.6¢ 37.¢4 7.45% -107.% €.37
8.P. EXIT 101.2 38.5 7.645 -103.0 4.3
PUMP INLET 103.2 38.5 7.45 -103.0 6.39
1ST STAGE EXIT 1817.1 60.7 7.45 -1.1 %.48
2ND SYAGE EXIT 3543.3 81.9 7.45% 100.0 6.56
PUMP EXIT 5281.9 102.¢ .45 200.0 4.66
COLD REGEN IN 5229.1 102.9 7.45 200.0 %.82
COLD REGEN EX 5176.8 253.0 7.45 765.0 2.71
COOLANT INLET 517¢.8 253.0 T7.4S 7645.0 2.7
COOLANT EXIT £366.0 733.1 7.45 2576.3 0.98

TBY INLET 4302.6 733.¢6 0.37 2576.3 0.97

TBV EXIT 2062.2 747.5 0.37 2576.3 0.649
02 TRB INLET 4302.6 733.4 7.08 2576.3 0.97
02 TR BXIT 3897.1 71%.1 7.08 2516.2 0.9
H2 TRB INLET 3897.1 719.1 7.08 2516.2 0.9}
M2 TRB EXIT 21%6.4 639.3 7.08 2197.6 0.60
HZ TRB DIFFUSER 2159.5 $39.5 7.08 2197.4 0.59
HZ BST TRB IN 2137.9 639.5 7.08 2197.4 0.59
H2 BST TRB OUT 2118.2 $38.4 7.08 2192.6 0.58
H2 BSY TRB DIFF 2106.8 638.4 7.08 2192.6 0.58
02 BST TRB IN 2083.8 638.6 7.08 219%2.6 8.57
02 BST TRB OUT 2074.1 €37.9 7.08 219%0.0 0.57
02 BST TRB DIFF 2072.6 632.9 7.08 21%0.0 0.57

H2 TANK PRESS 8.6 656.5 0.009]) 220%.4 0.0053
GOX MEAT EXCM IN 2062.2 663.6 7.64 220%.6 0.5¢
GOX HEAT EXCH OUT 2051.9 643.1 7.64 2208.0 0.56
HOT REGEN IN 2051.9 643.1 7.66 2208.0 0.56
HOT REGEN EX 1990.4 493.1 7.44 1662.4 0.70
FSOV IMLET 19%0.¢ 493.1 7.46 1662.4 e.70
FSOV EXIT 1940.6 493.3 7.64 1662.4 0.68
CHAMBER INJ 1921.0 493.3 7.66 1662.6 0.68
CHAMBER 1784.6

% OXYGEN SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMET 15.¢ 162.7 e 7 s1.1 7n.z?
B.P. EXIT 1I%.0 163.2 667 51.5 71.00
PUMP INLET 1I5.8 lez.2 46.7 1.5 71.20
PUMP EXIT 289:.0 176.0 é6.7 71.0 71.7%

02 TANK PRESS 16.0 %00.0 0.076 206.7 0.12
ocy INET 28661 176.1 L. 6 71.0 71.70
ocv EXIY 200¢.9 179.4 L“%.6 71.0 70.37
CHAMBER INJ 1965.0 179.6 “4.6 7.0 70.21
CHAMBER 1786.4¢

® VALVE DATA »
VALVE DELYA P AREA FLOMW X BYPASS
T8V 2260. 0.02 0.37 5.00
FSovV 0. 1.84 7.44
ocy 85¢%. 0.27 6. 66
® INJECTOR DATA »

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 13%. 1.26 7.46 1266.91
LOX 198, 0.60 44,66 153.42
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TABLE 26. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 25,000 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

» TURBOMACHINERY PERFORNANCE DATA =

® M2 BOGST TURBIME o

EFICIDCY (T/T)  0.023 EFFICIDEY 0768
EFICIDEY (T/5)  8.43) HORSEPOMER .
SPEED RPRY <1628, PEED  (PW) 41429,
MEAN D1A [T W s sPEED seal.
€FF AREA  (IN2)  3.02 HEAD [143) 2ns.
we CACTUALS  0.538 olA. [§7) 2.43
MAX Y1P SPEED . Tir SPEED .
STAGES i oL ROW 262.
e 1.6¢ MEAD COEF 0.450
PRESS RATIO (T/T) 1.0} FLOM COEF 0.200
PRESS WATIO T/S)  1.02
MORSEPCMER .
EX1T MAOY NUNBER 010
SPECIFIC SPEED
SPECIFIC DIAMETER  0.52

ETYTITTREY LRI L L] £ .

o2 PUv

® M2 TURBINE »
- (1] sesusessass

SYAGE ONE STAGE THO STAGE THREE

EFFICIDETY (T/7)  0.85¢ EFFICIDCY 700 9.699 9.699
OFICIECY (T/sS)  8.82¢ HORSEPOMER 3073, 1044, 1654,
SPEED (RPM) 123000, SPEED (apn) 125000. 125000, 12%008.
HORSEPOMER 3. SS SPEED 1287,
NEAN DA, 182 2.61 S SPEED %S, 3. *%2,
EFF AREA 1In2) 0.3% HEAD (FT) 55475. 54953 54386
we (ACTUAL)  9.50% Dla. (1) 3.5 3.38 3.38
Mmx TP SPEED 15453, TIP SPEED 184S, 1948, 1966,
STACES 2 voL. FALON 6. 733. 28,
GASA 1.44 HEAD COEF 0.52¢4 8.512 e.514
PRESS RATIO (V/Y) 1. FLOm COEF s.107
PRESS RATIC (T/S) 1.8) DIAMETER RATIO ..373
EXIT RADY NUMBER [N 1] PEARING DM 3.00C04
SPECIFIC SPEED $1.88 SHAFT DIAETER 28.00

SPECIFIC DIANETER 1.43

s €2 BODST TURBIME »

sasnvesvessasysen
» 02 BOOST PUNP o

EFICIECY (T/T) o.877 EFFICIENCY 0. 744
EFICIBCY (T/8) e.729 HORSEPOMER 2.
SPEED tRPUS 11088, SPEED () 11058,
MEAM DIA (21 2] 431 3 SPEED 302¢.
EFF AREA [31-3] 4.35 MEAD [1 28] 262.
wT CACTUAL ) 9.553 DIA. 0 2.72
mAX TIP SPEED 234, TIP SPEED 132.
SYAGES 1 voL.. ALOW 202.
G 1.46 HEAD COEF 9.4630
PRESS RATIO (Y/T) 1.08 FLOe COEF 0.208
PRESS RATIO (T/S) 1.0
HORSEPOMER 26.
EXIT RADY MIMBER .03
SPECIFIC SPEED ”.N
SPECIFIC DINETER ..86
. svsasnaness
02 TURBINE © "0 PUP o
SECRADNANRREND LATILTT L] L]
EFFICIBLY (Y/T) 0.854- EFFIC1EMCY
OFICIDLY  (T/3) 0.79%¢ HORSEP OMER \
SPEED (APK) 9046, SPEED  iRPW)
MORSEPOWER 02, 135 FEED
MEAN Dla [$L )] 2.41 3 SPEED
EFF AREA [$0-3) 8.88 MEAD 1y
we taCTUAL ) 0.454 DlA. [$0}]
MAX TIP SPEED "s. TiP SPEED
STAGES 1 oL, AN
[ Y 1.48 WEAD COEF
PRESS RATIO (Y/7) 1.18 FLOW COEF
PRESS RATIO (T/3) 1.1t DIAETER RATIO
EXIT MACH NUMBER .09 SEAANG 0N 1.38E°04
IPECIFIC SPEED «8.0% SHAFT DINETER 20.890

SPECIFIC DIAETER 1.49

REGEMERATOR DATA

coLD SI1DE HOT S1DE
onr $2.29 o1.5¢
[ 184 180.12 -1%0.00
AREA .50 1.8¢
LO% 7.48 7.4¢
EFFECYIVENESS 0.9
wTY .40
atTio 1.00
[~ 1] 27.0¢
REGEN Q 40%9.52
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TABLE 27. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
' — 37,500 LBF THRUST (COPPER TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1673.2
VAC ENGINE THRUST 37500.
TOTAL ENGINE FLOW RATE 78.12
DEL. VAC. ISP 4<80.0
THROAT AREA 10.9¢
NOZ2LE AREA RATIO 1000.0
NOZ2LE EXIT DIAMETER 118.14
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 752.
CHAMBER COOLANT DT %03,
NOZ2LE/CHAMBER Q 17580.

ENGINE STATION CONDITIONS

BN ANNE NS URRE NP RIS RSO ERNARENS

# FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 11.18 -107.% <.37
B.P. EXIT 100.8 8.5 it.18 -193.0 %.39
PUMP INLET 100.8 38.5 11.18 -103.0 .39
1ST STAGE EXIT 17¢8.9 8.6 11.18 ~7.9 $.52
2ND STAGE EXIT 3463.0 77.9 1nas 87.1 6.62
PUMP EXIT 5182.8 96.7 1t.18 181.6 4.72
COLD REGEN IN 5130.9% 97.2 11.18 181.¢ $.70
COLD REGEN EX 5079.6 228.0 11.18 618.8 2.90
COOLANT IMLET 5079.6 228.0 11.18 638.8 2.90
COOLANT EXITY %327.2 630.5 11.18 2211.8 1.11

TBV INLET «283.9 630.8 0.56 2211.8 1.10

TBY EXIT 1930.3 644.8 0.56 22)1.8 0.53
02 TRB INET 4283.9 630.8 10,62 2211.8 1.10
02 TRB EXIT 3867.8 618.4 10,62 2156.7 1.03
H2 TRB JMLET 3867.8 618.4 10.62 21%6.7 1.03
H2 TRB EXIY 2072.2 546.1 10,62 1857.1 .66
H2 TRB DIFFUSER 2026.3 546.3 10.62 1857.1 0.64
H2 BST TRB IN 2006.0 546.3 10.62 18%7.1 0.64
HZ2 BST TRB QUT 1984.9 565.1 10,62 1852.3 0.63
H2 BST TRB DIFF 1971.7 5¢5.2 10.62 1852.3 0.63
a2 BST TRB IN 1952.0 545.3 10.862 18%2.3 0.62
02 BST TRB OUT 1941.5 544.6 10.62 1849%.7 0.62
02 BST TRB DIFF 1940.0 544.6 10.62 1849.7 0.62

H2 TaNK PRESS 18.6 558.1 0.0161 1867.8 0.0063%
GOX HEAT EXCH IH 1930.3 549.7 1t.16 18¢7.9 8.61
GOX HEAT EXCH OUT 1920.6 549.3 11.16 1866.5 0.61
HOT REGEN IN 1920.¢ 54%.% it.16 1866.5 9.61
HOT REGEN EX 18631.0 %25.3 11.16 1408.6 Q.75
FSOV INMLET 1863.0 €25.3 1i.16 1408.¢ .78
FSOV EXIT 1816.4 %25.¢ 11,16 1408.6 8.74
CHAMBER INJ 17%98.4 425.5 11.16 1408.6 Q.73
CHAMBER 1673.2

» OXYGENR SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 67.1 61.1 n.ye
B.P. EXIT 135.6 163.2 7.1 61.5 .20
PUMP INLET 135.6 163.2 67.1 61.5 71.20
PUMP EXIT 2709.7 176.8 7.1 70.2 n.n

02 TANK PRESS 16.0 <00.0 0.113 204.7 0.12
oCcV INEY 2682.6 176.9 7.0 0.2 71.73
ocv EX1T 1877.8 177.9 67.0 0.2 70.48
CHAMBER INJ 18460.5 178.0 7.0 10.2 70.62
CHAMBER 1673.2

# VALVE DATA =

VALVE DELYA P AREA FLOW X BYPASS
TBV 23%6. 0.02 0.5¢4 5.00
FSov “7. 2.7% 1116
ocy 80S. 0.62 66.9%

» INJECTOR DATA =

INJECTOR DELTA P AREA FLoM VELOCITY

FUEL 125. 1.89 .1 1177.00

LOX 186. 0.92 66,96 168.3¢
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TABLE 27. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 37,500 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

PeeeNENIRAsANEETEERRREETERERIansRNS

» NURBOMACHINERY PERFORMANCE DATA &

* K2 BOCSY TURBINE @
[ .

= X2 BOOST PP =
[1

EFFICIDGY

EFFICIOCY (T/T}  0.339 0.745
EFFICIDEY (7/73)  S.¢56 MORSEP OMER n.
SPEED (Pn) 33742, SPEED (RPW) ssrear.
MEAN DIA (210 1.7 S SPEED 3048,
EFF AREA (80 -3} 4.9 HEAD ") 289,
we (ACTUAL)  0.333 DIA. an 2.9
maxX TIP SPEED 373. TiP SPEED a39.
STACES 1 VOL. FLOM 1143,
[~ 1.36 MEAD COEF 9.458
PRESS RAYIO (T/7) . FLOM COEF 201
PRESS RATIO (T/3) 1.02
HORSEPOMER 72.
ERIT MACH NUMBER s.10
SPECIFIC SPEED 150.08
SPECIFIC DIAMETER 8.53
LITTI LTI ) LITITT 13100 )
-2 PUP o

SPECIFIC DINKETER 1.8

RECOMERAYOR DATA

ontn 39.04

$109.9¢

149

»
STAGE ONE STAGE TMD STACE TYREE

DFICIDEY (T/T) 8.8%% OFICIENCY ..72¢ s. 2 o721
EFFICIDEY (1/3)  8.81% HORSEPCHER 1505, 1. Wy,
SPEED RPR) 107163, IPEED (RPM) 107363, 187143, 287143,
HORSEPOMER 4%081. $S SPEED 11892,
MEAN DIA. (i) 2.72 3 SPEED jois. 1904, 1008
EFF AREA 1R 0.6 MEAD (FT) S3604. 53334, s3821.
we CACTUALD  8.664 DIA. (1N} 3.8 3.99 3.9
MAX TIP SPEED 1397. TP SPEED me. . 8.
STAGES 2 vaL. FLoM 1130, 1084, 1963,
G 1.3¢ HEAD COEF 8.522 .51 0.51¢
PRESS RATIO (T/T) 1.7 oM COEF
PRESS RATIO (7/3) 1.92 DIAMETER RATIO
EXIT mAlH MSER {811 BEARING DN
SPECIFIC SPEED se.0¢ SIAFT DIAMETER
SPECIFIC DIANETER 1.27
L 1] SAPSRENABASPERDRS
v 02 JOOST TURBINE = a 02 OSY PUEP
SESARGNSNTROORRASES .
EFFICIDLY (1/3) ¢ 887 EFFICIENCY e.748
'EFFICIDCY (T/3)  0.74¢ HORSEPOMER 39,
SPEED (Row) %024, SPEED (L. o } "2,
MEAN DIA ($ L} $.04 S SPEED 2.
EFF amEA (31 -3} 3.9 HEAD Ty ™2,
wt 1ACTUAL)  9.553 DIA. [$1 }] 3.34
nax TP SPEED 232, TI¢ SPEED 152.
STAGES 1 V.. FLOM 23,
[~ Y 1.36 WEAD COEF 0.450
PRESS RATIO (T/T) 1.01 e COEF .29
PRESS RATIO (T/3) 1.92
HORSEPOMER 3.
EXIT MO MPBER 0.0
SPECIFIC SPEED .31
SPECIFIC DINETER 8.8y
LIIITITT AT I]d) L2217}
e 0 TURDINE » .~ 02 PP b
.
EFFICIDLY (1/1)  9.880 EFFICIDCY 0.768
EFFICIDEY  (173)  9.827 HORSEPOMER ”2e.
IPEED (Rem) 34816, SPEED (RPR) 44816,
MORSEPOMER [ 1 N 33 SPEED 21918,
MEAN DIA the 2.72 3 SPEXD 1833.
TFF AREA (3] -2 8.73 MEAD tFY) $1€2.
we taCTUML. 3} 0.5%39 DIA. [$L} ] 2.1
WAX TIP SPEED 728, Tir SPEED [~ 8
STAES 2 vOL. FLON aly.
CA 1.3 HEAD COEF 0.43)
PRESS RATIO (Y/T) B.1t 0w COEF 0.1%4
PRESS BATIO (V/3) 1.12 DIAMETER RATIO 8.403
XY RACH MIRER .09 BEARING ON 1.62€+06
SPECIFIC SPEED 26.33 SMAFT DINETER 6.0



TABLE 28. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 50,000 LBF THRUST (COPPER TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1557.9
VAC ENGINE THRUST 50000.
TOTAL ENGINE FLOM RATE 106.17
DEL. vAC. ISP «80.0
THROAT AREA 15.69
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 161.34
ENGINE MIXTURE RAT1Q 6.00
ETA Ca 0.993
CHAMBER COOLANTY DP 672,
CHAMBER COOLANT DT 358.
NOZZ2LE/CHAMBER Q 23099.

ENGINE STATION CONDITIONS

NN ARNNERRSR I NR NN R AR RRE AR

. * FUEL SYSTEM CONDITIONS =

SYATION PRESS e FLOW ENTHALPY DENSITY
B.P. INLET 18.6¢ 37.4 16.91 -107.5 €.37
B.P. EXIT 100.9 3.5 16.91 -l03.0 4.39
Pure INLET 100.9 .5 164.9%1 -103.0 6.39
IST STAGE EXIT 1612.6 55.5 14.91 ~26.1 «.55
2ND STAGE EXIT 3160.0 71.8 14.91 63.0 4£.66
PUP EXIT 4741.5 8?2.7 16.91 166.2 €.77
COLD REGEN IN £694.1 88.2 16.91 166.2 6.7%
COLD REGEM EX ©647.1 204.0 14.91 $36.3 2.98
COOLANT IMLET 4647.1 204.0 16.91 $36.3 2.98
COOLANT EXIT 3975.6 561.9 16.91 194%.9 1.14

TBV INLET 3935.8 562.1 6.75 1949.9 1.13

TBV EXIT 1797.6¢ 572.8 0.75 1949.9 0.5%
02 TRB INLEY 3935.8 562.1 16.16 1949.9 1.13
02 TRB EXIT 3542.5 550.4 16.16 1899.3 1.0¢
H2 TRB IMLET 3562.5 550.4 14.1¢ 1899.3 1.06
H2 TRB EXIT 1937.7 “8¢.3 14.16 1632.1 D.69
M2 TRB DIFFUSER 1891.0 <84.5 16.14 1637.1 0.67
H2 BST TRB IN 1872.0 486.5 14.18 16372.1 0.67
H2 BST TRB OUT 1850.6 “85.4 16.16 1632.3 0.66
H2 BST TRB DIFF 1837.4 485 .4 16.16 1632.3 0.66
vl BSY TRB IN 1319.2 485.5 16.16 1632.3 0.65
02 BST TRE Cut 1808.2 %B4é.8 14,16 1629.8 0.45
02 BST TRB DIFF 1806.7 <8¢.8 14.16 1629.8 .65

H2 TANK PRESS 18.6 495.7 0.026¢2 1665.8 0.0071
GOX HEAT EXCH IN 1797.6 “89.3 14.88 1645.8 0.64
GOX HEAT EXCHM OUT 1798.7 <B8.9Y 14.88 16666 0.464
HOT REGEN IN 1788.7 “88.9 16.88 16446 0.66
HOT REGEW EX 1735.0 38¢.3 14 .88 1255.6 0.78
FSOV INLET 1735.0 386.3 14.88 1255.6 6.78
FSOV EXIT 16%1.6 386.4 16.88 1255.¢ 0.7¢
CHAMBER INJ 1675.1 386.4 14.88 1255.6 0.75
CHAMBER 1557.9

& OXYGEN SYSTEM CONDITIONS »

STATION PRESS h1a 4 FlLoW ENTHALPY DENSITY
8.P. IMLET 16.0 162.7 89.4 61.1 7.7
B.P. EXIT 1235.6 163.2 8.4 1.5 71.20
PUMP INLET 135.6¢ 163.2 89.4 61.5 71.20
PuUMP EXIT 252%.0 173.7 8Y.4 6.5 71.77

02 TANK PRESS 16.0 %00.0 0.151 204.7 0.12
OCv INLET 2497.8 173.8 89.3 6.5 71.73
ocv EXIT 1748.4 176.¢ 8%.3 69.% 70.%6
CHAMBER INJ 1713.6 17¢.2 8y.3 9.5 70.53
CHAMBER 1557.9

® VALVE DATA »

VALVE DELTA P AREA FLOW X BYPASS
T8V 2138. 0.03 0.75 5.00
Fsov o3, 3.73 14.88
ocv 769. 0.58 89.29

= INJECTOR DATA =

INJECTOR DELYA P AREA FLOM vELOCITY
FUEL 117, 2.58 14.88 1z.el
Lox 173. 1.27 89.29 163.07




TABLE 28. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 50,000 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

o TURBORACH INERY PERFORMAMCE DATA =

ssssauseesensrssases scussnosesssansne

M2 BOOST TURDINE » o W2 DOOST PO ®

. »
EFFICIENCY (T/T)  0.889% TFICIDCY 0.743
EFFICIENCY (T75)  8.47¢ MORSEPOMER *%.
SPEED emy 29251, SPEED (RPN} 2928 .
MEAN DIA 1) 2.93 3 D 3048.
EFF AREA () .39 HEAD (28] 2702.
we (ACTUAL)  9.3529 BlA. (303} 3.44
MAX TIP SPEED 369, Tir SPEED an.
STAGES 3 .. FLOM 1524,
(<7 ) 1.42 HEAD COEF 8.458
PRESS RATIO (T/7) 1.81 LN COBF 0.201
PRESS RATIO (1/3) .22
HORSEPONER

EXIT MACH NUVEER
SPECIFIC SPEED
SPECIFIC DINETER .53

-2 PUP =
Nasnzannsanews ssensunsese

STAGE ONE 3STAGE TMD STAGE THREE

EFFICIENCY (T/T)  0.87¢ BFICIDCY 8.758 . 748 0.746
EFFICIENCY (1/3) VORSEPOHER 1769. 1752, 173,
SPEED (PR} SPEED (RPN) 100000, 190880
HORSEPONER 3 PEED
MEAN DIa. 1IN} 2.2 3 st 1162, 1150,
EFF aAREA (3] -2 o.67 HEAD IFY) 48337, “»277.
usc (ACTUALY  9.497 A, ) 4.082 ..82
MAX TIP SPEED 1433, T SOD 1753, 1784,
STAGES 2 . Ao 1433, 1606
(=) .42 MEAB COEF .50 9.505
PRESS RATIO (T/T) 1.83 ALoM COEF
PRESS RATIO (Y/S) 1.9 BIAMETER RAYIO
EXIT MACH MSWER 8.28 SEARDE D
SPECIFIC SPEED £3.23 DuFT BIANETER
SPECIFIC DIANETER 1.18
esEsenasusessasseseD sunmERSSuNSssSERS
02 BOOST TURBINE ® * 02 BOOST PP
- snss (13
EFFICIENCY (T/T)  9.8% EFFICIENCY 0.764
EFFICIENCY (T/3) 0.738 HORSEPONER 51.
SPEED ineM) 7837, SPEED  (RPM) »mz.
-MEAN D1A Ny S.83 3 e 3026,
EFF AREA tna)y .48 MEAD *T) 262,
usc (ACTUALS 8.5 Dla. IN) 3.9%
MAX TIP SPEED 252, TIP SERD 132,
STAGES ¥ L. RLOM Se4.
[ ) 1. MEAD CORF 8.439
PRESS RATIO (T/T) .00 Ao CoF 9.200
PRESS RATIO (T/3) 1.0
MORSEPONER ).
EXIT MACH MUDER .08
SPECIFIC SPEED ”.38
SPECIFIC DINKETER 9.9
wespesEnsenses [IITTTTTTYT
02 TURBINE »
1)
EFFICIENCY (T/T) 0269
EFFICIENCY (T/3) 0.82¢ 1933,
SPEED RPN} 434615, 45615,
MORSEPOMER 3. 21168,
MEAN DIA [$1 2] 2.92 187s.
EFF AREA tna) .. HEAD {FT) 4788,
we taACTuaL)  8.%1¢ BtA. (81} ] 2.9
NAX TP SPEED (118 1P SPEED 59¢.
STAGES 2 YOL. A.OM $59.
Gan 1.42 WEAD CoEF 9.63¢
PRESS RATIO (/1) LN FLOM COEF 0.1%7
PRESS RATIO (1/3) 1.12 DIAMETER RATIOD 0.484
EXIT MACH NDBER [N 1] BEARING DM 1.37€0¢6
SPECIFIC SPEED 72.09 DWT DINETER 30.00

SPECIFIC DINETER 1.8

RECDERATOR DATA

sesssrsesnnssene
b It [
- 2V 4 46,9 33.64
bELY 115.08 ~102.44
AREA 1.08 .n
o 14.9) 14.08
EFFECTIVENESS .2y
134 0.
CRATIO LN ]
iN “9.%
RECEN & 3795 . 44
151




TABLE 29. — FULL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1750.2
VAC ENGINE THRUST 7500.
TOTAL ENGIME FLOW RATE 15.62
DEL. vAC. 1SP <B0.0
THROAT AREA 2.10
NOZZLE AREA RATIO 1000.0
NOZZUE EXIT DIAMETER sl.67
ENGINE MIXTURE RATIO 6.00
ETA C= 0.993
CHAMBER COOLANT DP 731.
CHAMBER COOLANT DT 710.
NOZZUE/CHAMBER Q $975.

ENGINE STATION CONDITIONS

CEAN NN T YRR AN RN RN RO

& FUEL SYSTEM CONDITIONS «

STATION PRESS TEMNP FLOW ENTHALPY DENSITY
B.F. INLET 18.6 37.4 2.23 -107.% <.37
B.P. EXIT 100.3 8.5 2.23 -103.0 <.39
PUMP INLET 100.3 8.5 2.23 -103.0 6.59
1ST STAGE EXITY 1804.9% $6.9 2.23 15.5 <.30
2ND STAGE EXIT 3447.1 3.2 2.23 129.3 %.29
PUMP EXIT $063.6 117.8 2.23 239.0 $.32
COOLANT INLET €933.0 118.2 2.23 239.0 .30
COOLANT EXIT 4262.4 828.3 2.23 2913.2 0.86
TBV IMLET <219%.8 828.6 0.11 2913.2 0.8%
TBY EXIT 1959.7 863.2 0.11 2913.2 0.4}
02 TRB IMLEY 4219.8 828.6 2.12 2913.2 0.8%
02 TRB EXIT 3829.5 813.6 2.12 2850.5 0.80
H2 TRB INLET 3829.5 813.6 2.12 2850.5 0.80
H2 TRB €XIT 2082.2 723.0 2.12 2490.3 0.51
M2 TRB DIFFUSER 2053.7 723.1 2.12 2490.3 0.50
H2 BST TRS IN 2033.1 723.1 2.12 2490.3 0.50
H2 BST TRB OUT 2015.3 722.0 2.12 2485.6 8.49
H2 BST TRB DIFF 1999.9 722.1 2.12 2485.6 0.49
02 BST TRB IN 1979.9 722.2 2.12 2485.6 0.49
0z BST TRB OUT 1971.0 721.5 2.12 2483.0 0.48
02 BST TRB DIFF 1969.% 721.6 2.12 2483.0 0.48
H2 TANK PRESS 18.6 739.1 0.0024 2506.5 0.0047
GOX HEAT EXCH IN 1959.7 727.7 2.23 25064.5 0.48
GOX HEAT EXCH OUT 1949.9 727.4 2.23 2503.2 0.48
FSOV INET 1949.9 727.4 2.23 2503.2 0.48
FSOV EXIT 1901.1 127.7 2.23 2503.2 0.46
CHAMBER INJ 1862.3% 727.9 2.23 2503.2 0.65
CHAMBER 1756.2
# OXYGEN SYSTEM CONDITIONS ®
STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 13.4 61.1 71.17
B.P. EXIT 135.6 163.2 13.4 61.5 ?1.20
PUMP TLET 135.6 163.2 13.4 61.5 71.2
PUMP EXIT 2834.5 177.2 13.4 71.4 71.50
02 TANK PRESS 16.0 <00.0 6.023 204.7 0.12
acv INLEY 2806.2 177.3 13.4 71.4 71.46
ocv EXIT 1964.3% 180.6 13.4 71.4 70.1%
CHAMBER INJ 1925.2 180.7 13.¢ 71.4 70.09
CHAMBER 1750.2

® VALVE DATA =

VALVE DELYA P AREA FLOW X BYPASS
™Y 2260. 0.01 0.11 5.00
FSOv a9, 0.68 2.23
ocv 842. 0.08 13.39

® INJECTOR DATA =

INJECTOR DELTA P AREA FLOM VELOCITY
FUEL 132. 0.47 2.23% 15046.1<
Lox 196, 0.18 13.39 152.10




FULL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

TABLE 29. —

o TURBOMACHIMNERY PERFORMANCE DATA #

ANsNsEARsaEdERNRASUREASARURRANERERS

[TTIRYY TRy YYYYY

* H2 BOOST TURBINE =

s K2 BOOST PUMP »

EFFICIENCY (T/T} 0.758 EFFICIENCY 0.766
EFFICIENCY (T/5) 6.350 HORSEPOWER 14.
SPEED (RPM3 25229. SPEED {kPK) 75279.
MEAN DIA tIN) 0.83 S SPEED 3050.
EFF AREA m2) 1.04 HEAD (FY) 268S.
usc (ACTUAL S 0.562 DlA. (IN) 1.33
MAX TIP SPEED %00, TIP SPEED %38.
STAGES 1 VoL, FLOM 228.
GAMMA 1.446 HEAD COEF 0.450
PRESS RATIO (T/T) 1.0} FLOMW COEF 0.201
PRESS RATIO (T/S) 1.02
HORSEPOMER 14.
EX1T MACH NUMBER 0.10
SPECIFIC SPEED 146.08
SPECIFIC DIAMETER 0.51

SENEaIuRSENANS AGpmNESSwEN

» H2 TURBINE = "2 PUP &

LIty ys) CENEEEENEES

STAGE ONE STAGE THO STAGE THREE
AAANEEEG BARENNRER ARNEGNASEEN

EFFICIOKY (T/T} ©0.808 EFFICIENCY 0.615 0.62) 0.626
EFFICIENCY (T/S) 0.787 HORSEPOMER 375. 360. 347.
SPEED (RPH) 187500. SPEED (RPM) 187500. 187500. 187500.
HORSEPOWER io82. SS SPEED 9340.
MEAN DIA. Ny 1.65 S SPEED 779. 797. 813.
EFF AREA (IN2} 0.11 HEAD (FT) 56759. 55094. 53385,
us/c (ACTUAL) 0.549 DIA. (IN) 2.29 2.29 2.2%
MAX TIP SPEED 1456. TEP SPEED 1874. 1874. 1873.
STAGES 3 VOL. FLOW 233. 234. 232.
GAMMA 1.44 HEAD COEF 6.520 0.50% 0.489
PRESS RAYIO (T/7) 1.84 FLOM COEF 0.09%
PRESS RATIO (T/3) 1.87 DIAMETER RATIO 0.322
EXIT MACH NUMBER 0.14 BEARING DN 5.00£+06
SPECIFIC SPEED $6.79 SHAFT DIAMETER 16.00
SPECIFIC DIAMETER 1.42

® 02 BOOST TURBINE »

= 02 BOGST PUMP »

EFFICIENCY (T/T)  0.80% EFFICIENCY 0.764
EFFICIENCY (T/S)  0.658 HORSEPOMER 8.
SPEED (RPM) 20183. SPEED  (RPM) 20183.
MEAN DIA any o 2.2% S SPEED 3026.
EFF AREA  (IN2)  1.49 HEAD FT) 262.
usc (ACTUAL)  0.553 DIA. (N 1.49
aax TIP SPEED 237. TIP SPEED 132,
STAGES 1 VOL. FLOW 8s.
GAMMA 1.46 HEAD COEF 0.450
PRESS RATIO LT/T)  1.00 FLOW COEF 0.200
PRESS RATIO (T/S)  1.0)
HORSEPOHER 8.
EXIT MACH NUMBER 0.03
SPECIFIC SPEED 100.3¢
SPECIFIC DIAMETER  0.82

AN ERNETUEN cepaARpEERES

" 02 TURBINE & . 02 PUMP &

SEASRUBEENASUR stssduEENEY
EFFICIENCY (T/T)  0.804 EFFICIENCY 0.703
EFFICIENCY (T/S)  0.754 HORSEPOMER 188.
SPEED (RPM) 127128. SPEED  (RPM)  127128.
HORSEPOMER 188. $$ SPEED 22848.
MEAN DIA (M) 1.65 S SPEED 1845.
EFF AREA  (IN2)  0.17 HEAD (FT3 5436.
usc (ACTUAL)  0.51S ora. am 1.18
MAX TIP SPEED %1, TIP SPEED 3
STAGES 1 voL. ALoW 84.
GAMMA 1.44 HEAD COEF a.410
PRESS RATIO (T/T)  1.10 FLON COEF 0.155
PRESS RATIO (T/$)  1.11 DIAMETER RAT1O 0.¢81
EXIT MACH NUMBER 0.09 BEARING DN 1.55€+06
SPECIFIC SPEED 48.50 SHAFT DIAMETER 12.00

SPECIFIC DIAMETER 1.52



TABLE 30. — FULL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMAMCE PARAMETERS

CHAMBER PRESSURE 1556.2
VAC ENGINE THRUST 15000.
TOTAL ENCINE FLOW RATE 31.2%
DEL. VAC. ISP <86.0
THROAT AREA 4.7
NO2ZLE AREA RATIO 1000.3
NOZZLE EXIT DIAMETER 77.46
ENGINE MIXTURE RATIO €.00
ETA C» 0.993
CHAMBER COOLANT DP 523.
CHAMBER COOLANT DT 535,
NOZZLE/CHAMBER Q 938,

ENGINE STATION CONDITIONS

a FUEL SYSTEM CONDITIONS »

STATION PRESS TEP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 6.7 -107.5% 4.37
B.P. EXIT 100.5 38.5 6.47 -103.0 4.3
PUMP INLEY 100.5 8.5 % .47 -103.0 4.39
IST STAGE EXIT 1526.5 58.2 .67 -15.2 £.43
2ND STAGE EXIT 2944.9 17.0 %.47 71.3 4.48
PUP EXIT 4356.9 99%.0 4.67 156 .4 €.53
COOLANT INLET 6313.3 9% .6 €.&7 15¢6.4 %.51
COOLANT EXIT 378%.8 €30.7 4.47 2200.2 0.9
T8V IMET 3751.9 630.9 6.22 2200.2 0.9
TBV EXIT 1762.3 642.6 0.22 2200.2 0.48
02 TRB INLEY 3751.9 630.9 €.25 2200.2 0.98
G2 TRB EXIT 3374.2 618.6 «.2% 2146.9 o.91
N2 TRB IMLET 3374.2 618.6 €.2% 2146.9 0.9}
2 TRB EXIY 1866.0 551.¢6 6.25 1873.8 0.59
K2 TRB DIFFUSER 1836.4 551.7 4.25 1873.8 a.58
2 BST TRB IN 1816.1 551.7 4.25 1873.8 0.58
H2 BST TRB OUT 1794.8 550.6 €.2% 1869.1 0.57
H? BST TRB DIFF 1780.4 550.7 4.25 1869.1 8.52
02 BST TRB IN 1762.6 550.7 4.25 1869%.1 8.5¢
a2 8ST TRB OUT 1752.6 $50.1 €.25 1866.% 0.5¢
02 BSY TRB DIFF 1751.1 $50.1 4.25 1866.5 8.56
H2 TANK PRESS 18.6 562.4 0.0064 1883.2 0.0062
GOX HEAT EXCH IN 1742.3 55¢.7 &.46 1883.2 0.5%
GOX HEAT EXCH OUT 1733.6 £54.4 %.46 i881.8 0.55
FSOV INLET 1733.¢6 554.4 6.46 1881.8 0.55
FSOV EXIT 1690.2 55¢.¢ 4.6h 1881.8 0.5
CHAMBER 1NJ 1655.8 5%5¢6.7 4.46 1881.8 0.53
CHAMNBER 1556.2
a OXYGEN SVSTEM COMDITIONS =
STATION PRESS TEWw FLON ENTHALPY DENSITY
B.P. INLET 16.0 162.7 26.8 61.}) .17
B.P. EXIT 135.6 163.2 26.8 1.5 71.20
PUP INLET 135.6 163.2 26.8 61.% n.2e
P EXIT 2520.3 174.8 26.8 9.9 71.59
02 TaNK PRESS 16.0 400.¢ 0.04% 204.7 g 12
OCV INLET 2695.1 176.9 26.8 69.9 71.55
ocv EXIT 1746.6 177.7 26.8 9.9 70.38
CHAMBER INJ i711.8 177.8 26.8 9.9 70.33
CHAMBER 1556.2

® VALVE DATA *

VALVE DELTA P ARE A Ao X BYPASS
TBY 2010. ¢.0! 0.22 .09
Fsov 3. 1.34 6.46
ocv 749. 0.1? 26.79

® INJECTCR DATA =

INJECTOR DELTA P AREA FLOM veLactry
FueL 117, 0.92 4.66 1321.47
Lox 173, 0.38 2¢.79 143.17




TABLE 30. — FULL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

SEBNRNENSEIABEANSUANASERRREB RSN
® TURBOMACHINERY PERFORMANCE DATA o
SRR ERESAYAANNRARTATRENEARREIN RN
BusdnaNERRaTRENRBNAY
* H2 BOOST TURBINE »

revunARNRRRNERERS
« H2 BOOST PUMP &

sadsnnuRAREUREnN"

EFFICIENCY (T/T) 0.742 EFFICIENCY 0.766
EFFICIENCY (T/5) 0.3%0 HOR SEPOWER 2.
SPEED (RPM) 53252. SPEED (RPN) 53252
MEAN O1A ting 1.26 S SPEED 3049.
EFF AREA 81 =8 1.76 HEAD (FT) 2689.
usc (ACTUAL) 0.553% DIA. (1N) 1.89
MAX TIP SPEED 389. TIP SPEED «38.
STAGES 1 VOL. FLOW «57.
GAMMA 1.37 HEAD COEF 0.450
PRESS RATIO (1/T) 1.0} FLOW COEF 0.201

PRESS RATIO (T/3) 1.02
HORSEPORER 29.
EXIT WACH NUMBER .11
SPECIFIC SPEED 146.5%
SPECIFIC DIAMETER 6.52

ARNSERNARENEAN ANNEBUNSANN

s H2 TURBIME « " H2 PP =

dENERERNE san AREpERgEAEN

STAGE ONE STAGE TWO STAGE THREE
SRNERUS .2 e sutn an -

EFFICIENCY (T/T)  0.818 EFFICIENCY 0.68¢ 0.681 0.481
EFFICIENCY (T/S)  0.790 HORSEPOMER 556. s47. s38.
SPEED (RPM) 136363. SPEED (RPM) 136363. 136363. 136363.
HORSEPOMER 1641, SS SPEED 9599.
MEAN DIA. (N 2.62 S SPEED 917. s22. 927.
EFF AREA  (DC)  0.23 HEAD (FT) 46666 <5825 45101.
u/c (ACTUAL)  0.%50 DIA. (1K) 2.85 2.8% 2.8%
MAX TIP SPEED 1536. TIP SPEED 1696. 1695. 169
STAGES z VOL. FLOW es3. a8, 443,
GAMMA 1.37 MEAD COEF 0.521 0.513 0.50%
PRESS RATIO (T/T) 1.81 FLOW COEF 0.10%
PRESS RATIO (T/5) 1.8% DIAMETER RATIO 0.362
EXIT MACH NUMBER 0.127 BEARING DN 5.00E+06
SPECIFIC SPEED 48.65 SHAFT DIAMETER 22.00
SPECIFIC DIAMETER  1.61

NENRENEEANBRN N AN EEN EREAARAMAANEAUNES

« 02 BOOST TURBINE » s 02 BOOST PUMP =

ANNERNENRE AR AN RANAAAERNERAE NN
EFFICIENCY (T/T]  0.826 EFFICIENCY 9.766
EFFICIENCY (T/5)  0.689 HORSEPOWER 15.
SPEED (RPM)  14271. SPEED  (RPM) 16271,
MEAN DIA (Im) 3.18 S SPEED 3026.
EFF AREA  (INZ1  2.%59 MEAD (FT) 2¢2.
wre (ACTUAL)  0.553 DIaA. (N 2.11
MAX TIP SPEED 234. TIP SPEED 132.
STAGES 1 VOL. FLOW 169.
Garma 1.37 MEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOM COEF 0.200
PRESS RATIO (T/5) 1.01
HORSEPOWER 1s.
EXIT MACH NUMBER 0.06
SPECIFIC SPEED 96.18
SPECIFIC DIAMETER  0.86

AEUpEANERNEASN SARAEnwNena

" 02 TURBINE = a G PUMP »

NAREAREANERaAN (A LA EREN)
EFFICIENCY (T/71  0.821 EFFICIENCY 0.730
EFFICIENCY (T/S)  0.767 HORSEPOWER 321.
SPEED (RPW)  BG4BY. SPEED  (RPM) 84687.
HORSEPOKER 321. SS SPEED 21475,
MEAN D1A any 2.62 S SPEED 1902.
EFF AREA  (INQ) 0.33 HEAD (FT) «795.
usc (ACTUAL)  0.56% Dla. () 1.66
MAX TIP SPEED 952, TiP SPEED 606.
STAGES 1 VOL. FLOW 168.
GaMMa 1.37 HEAD COEF 0.620
PRESS RATIO (T/T) 1.1 FLOW COEF 0.158
PRESS RATIO (T/5) 1.12 DIAMETER RATIO 0.683
EXIT MACH NUMBER 0.10 BEARING uN 1.52€+06
SPECIFIC SPEED 48.53 SMAFT DIAMETER 12.00

SPECIFIC DIAMETER 1.61
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TABLE 31. — FULL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

AlssduAERRERNSRNERARURERASNNERRANRARSE

CHAMBER PRESSURE 1491.7
VAC ENGINE THRUST 25006.
TOTAL SNGINE FLOW RATE 52.0L9
DEL. VAC. ISP <80.0
THROAT AREA 8.1%
NOZLE AREA RATIO 1000.0
NOZLE EXIT DIAMETER 102.12
ENGINE MIXTURE RATIO 6.00
ETa C» 0.993
CHAMBER COOLANT DP 473,
CHAMBER COOLANT DT (128
NOZZLE/CHAMBER Q 12774,

ENGINE STATION CONDITIONS

& FUEL SYSTEM CONDITIONS o

STATION PRESS TEWP FLOM ENTHALPY DENSITY
B8.P. INMET 18.6 37.4 7.4% -107.% %.37
B.P. EXIT 100.¢ 38.5 7.45 ~103.0 6.39
PUMP INMLET 100.6 38.5 7.45 -103.0 4.39
1ST STAGE EXIT 1633.1 54.5 7.45 -27.1 €.50
2ND STAGE EXIT 2782.0 0.0 7.45 .6 «.%8
PP EXIT 4167.2 85.1 7.45 123.9 “.67
COOLANT TNLET 4105.7 85.5 7.45 123.9 4.65
COOLANT EXIT 3632.% 533.3 7.65 1837.8 1.1
T8V INMET 5596.2 533.5% 0.37 1837.8 1.10
TBV EXIY 1670.3 542.6 0.37 1857.8 0.54
02 TRE INLEY 3596.2 533.5 7.08 1837.8 1.10
02 TRB EXIT 3211.3 521.9 7.08 1768.0 t.02
H2 TRB INLET 3211.3 s21.9 7.08 1788.0 1.02
H2 TRB EXIT 1799.8 463.1 7.08 1569.3 0.68
H2 TRB DIFFUSER 1760.7 “63.3 7.08 1549.3 0.66
H2 BST TRB IN 17651 463.3 7.08 1549.3 0.486
H2 BST TRB OUT 1721.4 662.1 7.08 1544.5 0.65
H2 BST TRB DIFF 1708.1 6462.2 7.08 15¢4.5 0.64
02 BSY TRB IN 1¢91.0 462.3 7.08 1564.5 0.64
02 BST TRB OUY 1680.2 46l1.6 7.08 1562.0 0.64
02 BST TRB DIFF 1678.7 %6l 6 7.08 15642.0 0.64
H2 TAMNK PRESS 18.6 471.0 0.0127 155¢.8 0.0074
GOX HEAT €£XCH IN 1670.3 465.6 7.646 155¢.8 0.63
GOX HEAT EXCH OUT 1661.9 665.3 7.46 165%.4 0.62
FSOV INLETY 1661.9 “65.3 7.44 1555.4 0.62
FSOV EXIT 1620.4 %65.6 7.64 1585 .4 0.61
CHAMBER INJ 1587.3 465.5 7.44 15%8.4 0.60
CHAMBER 1491.7
s OXYGEN SYSTEM CONDITIONS =
STATION PRESS TEMP FLOMW ENTHRALPY DENS1TY
B.P. INLETY 16.0 162.7 467 61.1 n.az
B.P. EXIT 135.6 163.2 44,7 3.5 T1.20
PUMP INLEY 135.6 163.2 “%.7 1.5 71.20
PP EXIT 2a15.8 173.8 “6.? 69.2 71.65
G2 TANK PRESS 16.0 400.0 0.076 204.7 0.12
OCV INET 2391.7 173.9 “6.6 9.2 71.61
ocv EX1T 1674.2 176.6 4.6 9.2 70.50
CHAMBER 1NJ 16<0.9 176.7 “.e 6.3 70.44
CHAMBER 16491.7

* VALVE DATA =

VALVE el Ta P AREA FLOW X BYPASS
TBV 192¢. 0.02 0.37 $.00
£sav 2. 2.14 7.64
[+ ) ris. a.29 44,64

® INJECTOR DATA »

INJECTOR DELTA P AREA FLOM VELOCITY
FUEL nz. 1.4¢7 7.44 1218.70
Lox l166. 0.6% 4. 66 140.0¢
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TABLE 31. — FULL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

# TURBOMACHINERY PERFORMANCE DATA &

* HZ BOGST TURBINE » « H2 BOOST Pl »

REEARRENAREREANNENSE SpssABuSEaRRsanEAa

EFFICIENCY (T/T) 0.836 EFFICIENCY 8.766
EFFICIENCY (T/S) 0.458 HORSEPOWER 8.
SPEED {RPM) 41277. SPEED (RPM) £12727.
MEAN D1a [§1,3] 1.45 S SPEED Jocs.
EFF AREA (IN2) 2.72 HEAD (FT) 26% .
usc (ACTUAL) 0.536 DilA. 118) 2.43
MAX TIP SPEED 376. TIP SPEED “39.
STAGES ] VOL. FLOM 762.
GaMna 1.39 HEAD COEF 0.450
PRESS RATIO (T/T) 1.0 FLOW COEF 9.281
PRESS RATIO (T/3) 1.02
HORSEPOMER 48,
EXIT MACH WUMBER o.1
SPECIFIC SPEED 159.00
SPECIFIC DIAMETER 0.53

EANsERRENERRAN LITITYTTYTT

u H2 TURBINE = " H PP =

[LIYIYYTTYT YT LLLrr i ey

STAGE ONE STAGE TWO STAGE THREE
san =

EFFICIENCY (T/T) 0.869 EFFICIENCY 9.727 0.72¢ 6.725
EFFICIENCY (T/3) 6.830 HORSEPOMER 800. 7. 794.
SPEED (RPN) 125000, SPEED (RPH) 125000. 125080, 125000.
HORSEPOMER 2391. SS SPEED 11347,
MEAN DIA. CIND 2.46 S SPEED 1142, 1136. 1133,
EFF AREA tIN2) 0.36 HEAD (FT) 42954 €2738. 4269},
usc CACTUAL ) 0.5%0 DIA. (IN) 3.04 3.04 3.04
MAX TIP SPEED 1465. TiP SPEED 1658. 1658, 1658.
STAGES 2 VOL. FLOM 746. 730. nz.
GAMIA 1.39 HEAD COEF 8.503 0.500 0.697
PRESS RATIO (1/T) 1.78 FLOW COEF 2.119
PRESS RATIO (T/S3 1.8¢ DIAMETER RATIO 0.415
EXIT MACH NUMBER 6.19 BEARING DN 3.00E-06
SPECIFIC SPEED 61.19 SHAFT DIAMETER 26.00
SPECIFIC DIAMETER 1.33

= 02 BOOST TURBINE =

EFFICIENCY (T/T) 6.877
EFFICIENCY (T/3) 0.740
SPEED (RPM) 11054,
MEAN D14 {1M) 6.1}
EFF AREA (IN2) 3.89
vsc (ACTUAL ) 0.553
MAX TIP SPEED 232.
STAGES 1
GaMmna 1.39

PRESS RATIO (T/T) 1.01
PRESS RATIO (7/3) 1.01
HORSEPOMER 26.
EXIT MACH MUMBER 0.06
SPECIFIC SPEED 94.95
SPECIFIC DIAMETER 0.9%0

" 02 TURBINE =

EFFICIENCY (T/T) 0.8%0
EFFICIENCY (T/5) 0.782
SPEED (RPM)  6380¢.
HORSEPOMER 498 .
MEAN DIA (M) 2.46
£FF AREA (IN2) 0.51
usc {ACTUAL) 0.43%
MAX TIP SPEED 749.
STAGES 1
GAMMA 1.39
PRESS RATIO (T/T) 1.2
PRESS RATLO (T/S) .13
FXIT MACH NUMBER s.1
SPECIFIC SPEED “7.64

SPECIFIC DIAMETER 1.3%

® 02 BOOST PUae =

EFFICIENCY
HORSEPOMER
SPEED (RPM)}
S SPEED

HEAD (FT)
OIA. (IN)
YIP SPEED
VOL. FLOM
HEAD COEF
FLOW COEF

mosnssenansn
(R PUMP »
usspesasuen

EFFICLENY

HOR SEPOMER

SPEED ("PW)

SS SPEED

S SPEED

HEAD (F1)

O1A. IN)

TIP SPEED

VOL. FLOW

HEAD COEF

FLOW COEF

DIAMETER RATIO

BEARING DN

SHAFT DIMETER

157

0.764
26.
110%.
3026.
262,
2.72
132,
2.
0.450
0.200

0.247
<%,
3806 .
20937,
1918,
“581.
2.n

me.
6.62¢
0.159

1.4<0£+06

J2.00



TABLE 32. — FULL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1336.9
VAC ENGINE THRUST 37500.
TOTAL ENGINE FLOW RATE 78.14
DEL. VAC. ISP %79.9%
THROAT AREA 13.72
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 132.1¢
ENGIMNE MIXTURE RATIO €.00
ETA Cx 0.993
CHAMBER COOLANT DP 386.
CHAMBER COOLANT DT 37¢.
NOZZLE/CHAMBER Q 16125,

ENGINE STATION CONDITIONS

* FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INET 18.6 37.4 11.18 -107.5 $.37
B.P. EXIV 100.7 38.5 11.18 -103.0 %.39
PUMP INLET 100.7 8.5 11.18 -103.0 4.39
1ST STAGE EXIT 1267.6 S1.6 11.18 -39.0 €.52
2MD STAGE EXIT 2460.2 66.3 11.18 25.0 “.62
PUN EX1Y 3673.3 76.6 11.18 8y.2 6.69
COOGLANT TMLET 363¢.6 7.0 11.18 89.2 6.68
COOLAMT EXIT 32%0.7 6%2.5 11.18 1530.9 1.17
TBV INLET 3218.2 452.7 0.56 1530.9 1.16
TBY EXIT 169¢.5 459.3 0.5¢ 1539.9 0.57
02 TRB INLEY 3218.2 652.7 10.63 1530.9 1.16
2 TRB EXIY 2875.6 “62.7 10.63 1487.¢ .07
H TRB INMLEY 2875.6 “%2.7 10.63 1487.4 1.07
H2 TRB EXIT 1623.9 394.1 10.63 1285.1 0.72
H2 TRB DIFFUSER 1581.6 394.2 10.63 128%.1 0.70
H2 BST TRB IN 1565.8 394.2 10.63 128%.1 0.70
2 BSY TRB OUT 15643.3 393.1 10.63 1280.3 0.69
H2 BST TRB DIFF 1530.1 393.1 10.63 1280.3 0.68
a2 BST TRB IN 1516¢.8 393.2 10.63 1280.3 0.67
a2 BST TRB OUT 1503.5 392.% 10.63 1277.8 0.47
02 BSY TRB DIFF 1502.0 392.5 10.63 1277.8 0.67
K2 TANK PRESS 18.6 398.6 0.022% 12%0.4 ¢.0088
GOX MEAT EXCH IN 1694.5 395.8 11.16 1290.4 0.66
GOX HEAT EXCH OUT 1487.0 395.5 11.1¢ 128%.¢0 0.66
FSOV INLET 1487.0 395.5 11.1¢ 128%.0 0.66
FSOV EXIT 1469.9 395.6 11.1¢ 1289.0 0.64
CHAMBER INJ 1620.3 395.¢ 11.16 1289.0 0.63
CHAMBER 1334.9
* OXYGEN SYSTEM CONDITIONS =
STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 67.1 1.1 71.17
B.P. EXIT 135.6 163.2 67.1 61.5 71.20
PUMP TMLET 135.6 163.2 67.1 1.5 71.20
PUMP EXIT 2162.0 172.3 67.1 8.3 71.65
02 TAMK PRESS 16.0 %00.0 0.114 204.7 0.12
OCV INLET 2140.4 172.4 67.0 .3 71.62
oCv EXIT 1498.3 176¢.9 67.0 8.3 70.861
CHAMBER [NJ 16468 .4 175.0 67.0 6.3 70.57
CHAMBER 13134.9

* VALVE DATA =

VALVE DELYA P AREA FLOW X BYPASS
TBY 1724, 0.03 0.56¢ s.00
FsSov 37. 3.30 11.16
ocv €62, 0.47 €6.97

* INJECTOR DATA

INJECTOR DELTA ¢ AREA FLOW veLociry

FUEL 100. 2.28 11,16 11172.82

Lox 148. 1.03 66.97 132.38
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TABLE 32. — FULL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

amaunan REEAGARAKARRSERAUR Y

* TURBOMACHINERY PERFORMANCE DATA «

anm EANE NS AN NS RN NN R

AENRAREERRNEERNE

* M2 BOOST TURBINE ®’

® H2 BOOST PO »

EFFICIENCY (T/T7) 0.847 EFFICIENCY 6.765
EFFICIENCY (T/S) Q.475 HORSEPOMER T2.
SPEED (RPM) 33715. SPEED (RPM} 33718.
MEAN DIA [§12] 1.78 S SPEED 3047.
EFF AREA (IN2) 3.90 HEAD (FT) 2697.
usc (ACTUAL) 0.536 DIA. Ny 2.9
MAX T1P SPEED 372. TiP SPEED “39.
STAGES 1 VOL. FLOW 1144,
GAMMA 1.4} HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 8.203
PRESS RATIO (T/S) 1.03

HORSEPOMER 72.

EXIT MACH NUMBER 0.12

SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.56

SNNANERRBA NN

" H2 TURBINE »

® H2 PUMNP =

STAGE OME STAGE TMO STAGE TMREE

SENENUEAN QUEAAEAMSE SRRAANSEEEE

EFFICIENCY (T/T) 0.881 EFFICIENCY 0.754 0.7%2 0.752
EFFICIENCY (T/S) 0.834 HORSEPOWER 1012. t1o1%. 101S.
SPEED (RPM]} 107163, SPEED (RPM) 1073163, 107163, 107143
HORSEPOKER 3062, SS SPEED 11905.
HMEAN DIA. (IN) 2.65 S SPEED 132s. 1510, 1300.
€FF AREA {IN2) 0.5% MEAD (FT) 37518. 37553. 3769%.
usc {ACTUAL) 0.550 Dia. (IN) 3.37 3.37 3.37
MAX TIP SPEED 1373, TIP SPEED 1575. 1575. 157S.
STAGES 2 VOL. FLOW 1111, 1087. 1069.
GAMMA 1.41 HEAD COEF 0.487 0.487 0.486
PRESS RATIO (T/T) 1.77 FLOW COEF 0.130
PRESS RATIOC (T/S) 1.83 DIAMETER RATIO 8.451
EXIT MACH NUMBER 0.2} BEARING DN 3.00€£+06
SPECIFIC SPEED 70.25 SHAFT DIAMETER 28.00

SPECIFIC DIAMETER 1.18

* 02 BOOST PUW =

aEpNsNNSYsEsRagEn

* 02 BOOST TURBIME -

ARnsNAuNEY RN TN

EFFICIENCY (T/T} 0.887 EFFICIENCY 0.764
EFFICIENCY (T/S) 0.7s2 HORSEP OMER 39.
SPEED (RPM) 9026. SPEED {RPM) 9026 .
MEAN DIA {IN) 5.03 S SPEED 3026.
€FF AREA {IN2) 5.58 HEAD (F7) 262.
usC {ACTUAL) 0.553 Dia. IN) 3.34
MAX TIP SPEED 231. Y1P SPEED 132.
STAGES 1 VOL. FLOW «23.
GAMMA 1.41 HEAD COEF 0.450
PRESS RATIO (T/T) t.e1 FLOM COEF 0.200
PRESS RATIO (T/S) 1.01

HORSEPOWER 19.

EXIT MACH NUMBER 0.06

SPECIFIC SPEED $3.77

SPECIFIC DIAMETER 0.91

= 02 TURBINE = " Q2 PO @

AjaREBYESIENARN asvsesnsanne
EFFICIENCY (T/T) 0.880 EFFCLENCY 0.7¢0
EFFICIENCY (T/S)  0.823 HORSEPOHER 8.
SPEED (RPM) 493¢9. SPEED (RPM) £9369.
HORSEPORER (338 SS SPEED 19842,
MEAN DIA (IN) 2.86% S SPEED 198¢.
EFF AREA  (IN2)  0.79 HEAD *F 1) «071.
usc (ACTUAL ) 6.%46 Dia. N 2.5%6
MAX TIP SPEED 6. T1P SPEED 552,
STAGES 2 VO . FLOM <20.
GARMA 1.41 HEAD COEF 0.¢31
PRESS RATIO (T/7) 1.12 FLOW COEF G.160
PRESS RATIO (1/5) 1.33 DIAMETER RATIO 0.68¢
EXIT MACH NUMBER 0.10 BEARING DN 1.58E Q¢
SPECIFIC SPEED 80.41 SHAFY DIAMETER I8.00
SPECIFIC DLAMETER i.03
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TABLE 33. — FULL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENCINF PERFORMANCE PARAMETERS

AN EANE NSRS AN AN E AN

CHAMBER PRESSURE 1342.3
VAC ENGINE THRUST $0000.
TOTAL ENGINE FLOW RATE 104.18
DEL. VAC. ISP «79.9
THROAT AREA 18.19
NOZZLE AREA RaTIO 1000.0
NOZZLE €XIT DIAMETER 152.19
ENGIMNE MIXTURE RATIO 6.00
ETA C»= 0.993
CHAMBER COOLANT D¢ 361.
CHAMBER COOLANT DT 36S.
MNOZZUE /CHAMBER Q@ 20902.

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS «

STATION PRESS e FLOW ENTHALPY DENSITY
B.P. INET 18.6 37.¢6 14.9 -107.5 %.37
B.P. EXIT 100.7 38.5 1¢.9) -103.0 6.39
PUMP INLET 100.7 38.5 14.91 -103.0 «.39
1ST STAGE EXIT 12¢0.0 Si.0 16.91 -40.6 4.53
2ND STAGE EXIT 2649.2 63.2 14.9) 22.0 4.64
PUMP EXIT 3666.8 5.1 14.91 84.8 4.74
COOLANT INLET 3630.1 5.6 14.9) 84.8 4.72
COOLANT EXIT 3268.8 €40.8 14.91 1486.4 1.20

TBV INLET 3236.1 %40.9 0.75 1486.4 1.19

TBV EXIT 1502.6 €47.3 0.7% 1486 .4 9.59
02 TRB INLET 3236.1 440.9 14.17 1486.4 1.19
02 TRB EXIT 2884.1 «31.0 16.17 14643.2 1.10
H2 TRB INLET 2886.1 “31.0 164.17 1443.2 1.10
H2 TR8 EXIT 1637.4 383.9 16.17 1245.3 a.24
H2 TRB DIFFUSER 1590.4 384.0 16.17 1245.3 0.72
H2 BST TRE IN 1574¢.5 384.0 14.17 1245.3 0.72
H2 BST TRB OUT 1551.9% 382.8 16.17 1240.6 0.71
H2 BST TRB DIFF 1538.6 382.9 16.17 1240.6 0.70
02 BSY TRB IN 1523.2 382.9 16.17 1240.6 0.69
02 BST TRB OUT 1511.7 382.3 14.17 1238.0 0.69
02 BST TRB DIFF 1510.1 382.3 14.17 1238.0 0.69

HZ TAMK PRESS 18.6 387.9 v.0309 1250.4 0.00%0
GOX HEAY EXCH IN 1502.6 385.5 14.88 1250.4 C.68
GOX HEAT EXCH QUT 1495.1 3185.1 14.88 124%.0 0.68
FSOV INLETY 16495.1 385.1 14.88 12649.0 0.68
FSov EXIT 1457.7 385.2 14.88 1249.0 0.66
CHAMBER INJ 1428.0 385.3 1¢.88 1249.0 0.6%
CHAMBER 1362.3

" OXYGEN SYSTEN CONDITIONS =

STATION PRESS TEWP FLOW ENTHALPY DENS1TY
B.P. INET 16.0 162.7 89.4 61.1 71.17
B.P. EXIY 135.6 163.2 89.46 61.5 71.20
PUMP INLET 135.6 163.2 89.4 61.5 71.2¢0
PUMP EXIT 21713.9 172.2 89.4 68.3 71.69

02 TAMK PRESS 16.0 <00.0 0.151 204.7 0.12
OCV INLET 21%2.2 172.3 89.3 68.3 71.65
oCv EXIT 1506.5 1262 8%.3 68.3 70.64
CHAMBER 1NJ 1476.5 174.8 89.3 €8.3 70.60
CHAMBER 1342.3

® YALVE DATA =

VALVE DELTA P AREA FLOS T BYPASS
T8V 1233. 0.03 a.7s% 5.00
Fsov 37. £.32 14.88
ocv 666 0.62 89.30

# INJECTOR DATA ®

INJECTOR DELTA P AREA FLOW VELOCITY

FUEL 101. 2.98 14.88 1104.05

LOX 149. 1.37 89%.30 132.72
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TABLE 33.

FULL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA =

ABEARRNARENANENELEadSEENRUERERRNARS

& H2 BOOST TURBINE =

EFFICIENCY (T/T) 0.861
EFFICIENCY (T/S) 0.489
SPEED (RPM) 29193.
HEAN DIA (IN) 2.04
€FF AREA 1IN2) 5.08
u/c {ACTUAL) 0.533
MAX TIP SPEED 368.
STAGES 1
GAMMA 1.3%

PRESS RATIO (T/T7) 1.01
PRESS RATIO (T/S) 1.03
HORSEPOWER 96.
EXIT MACH NUMBER 0.12
SPECIFIC SPEED 150.00
SPECIFIC DIAMETER 0.54

* H2 TURBINE »

EFFICIENCY (T/T) ©0.890
EFFICIENCY (T1/S} 0.837
SPEED {RPM) 100000.
HORSEPOWER 3966.
HEAN DIA. (i) 2.81
EFF AREA (IN2) 0.73
usc {ACTUAL) 0.550
MAX TIP SPEED 1373.
STAGES k4
GAMMA 1.39

PRESS RATIO (T/T) 1.76
PRESS RATIO (T/S) 1.83
EX1T MACH NUMBER 0.22
SPECIFIC SPEED 75.88
SPECIFIC DIAMETER 1.10

* 02 BOOST TURBINE =

aAnEEANEN ABEAREAN

EFFICIENCY (T/T) 0.89%¢
EFFICIENCY (T/S) 0.761
SPEED (RPM) 7816.
MEAN DIA (IN) 5.81
EFF AREA (IN2) 7.24
usc {ACTUAL ) 0.553
MAX TIP SPEED 230.
STAGES 1
GAMMA 1.39
PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.01
HORSEPOMER 51.
EXIT MACH NUMBER 0.04
SPECIFIC SPEED $3.13

SPECIFIC DIAMETER 0.92

® 02 TURBINE «

EFFICIENCY (T/T) 0.878
EFFICIENCY (T/S) 0.819
SPEED (RPM)  42723.
HORSEPOWER 866.
MEAN DIA N} 2.81
EFF AREA (1N2) 1.02
usc (ACTUAL) 0.503
MAX TIP SPEED 601,
STAGES 2
GAMMA .39

1

PRESS RATIO (T/T) P12
PRESS RATIO (T/S) 1.13
EXIT MACH NUMBER g.10
SPECIFIC SPEED 78.9<
SPECIFIC DIAMETER 0.98

o M2 BOOSY PP =

EFFICIENCY 0.765
HORSEPOWER 9%.
SPEED  (RPM) 29193,
S SPEED 3047.
HEAD FT) 2696.
DIA. (IN) 3.64
TIP SPEED 439,
vOL. FLOK 1525.
HEAD COEF 0.450
FLOW COEF 0.201

ARgeRERENEN

Q2 PUP e

EFFICIENCY
HORSEPOMER
SPEED (RPM)
$S SPEED

S SPEED

HEAD (FT)
DIA. (IN)

TIP SPEED

VOL. FLOW
HEAD COEF

FLOM COEF
DIAMETER RATIO
BEARING DN
SHAFT DIAMETER

STAGE ONE STAGE TWO STAGE THREE

messswany
0.766
1317,
100000.
12833.
1435.
37200.
3.63
158S.
1478.
0.47¢
0.136
0.479
3.00E+06
30.00

100000,

16415,
37299.
3.63
1588,
1643,
¢.¢78

sassnuEsunRmRSsan
02 BOOST PUMP =
sussssusEnaanNann
EFFICIENCY
HORSEPOMER

SPEED

(RPM]

S SPEED

HEAD
Dia.

(FT)
CIN)

TIP SPEED

vaL .
HEAD
FLOW

FLOW
COEF
COEF

"0z PUMP »

EFFICIENCY
HORSEPONER

SPEED

(RPM)

SS SPEED
S SPEED

HEAD
Dia.

(FT)
(IN)

TIP SPEED

VoL .
HEAD
FLOW

FLOM
COEF
COEF

DIAMETER RATIOD

BEARING DN

SHAFT GlAaMETER

161

1.

0.76<
S1.
7816.
3026.
262,
3.8%
132.
564.
0.458
0.200

0.769
B66.

“2723.

19827,
1976.
4093,

2.9
%51,
560.
0.434
0.161
0.684

JRE0&

30.00

0.764
1326.
100000.

1399.
37355.
5.63
1585.
1412.
0.479



TABLE 34. — SPLIT-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAME TERS

CHAMBER PRESSURE 1247.9
VAC ENGINE THRUST 7500.
TOTAL ENGINE FLOW RATE 15.63
DEL. vaC. ISP 479.9
THROAT ARCA 2.93
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 61.12
ENGINE MIXTURE RATID 6.00
ETA C= 0.993
CHAMBER COOLANT DP 1niz.
CHAMBER COOLANT DT 993.
NOZZLE/CHAMBER Q 4087.

ENGINE STATION CONDITIONS

LT L R e P R L TR R T YA )

s FUEL SYSTEM CONDITIONS =

STATION PRESS TEWP FLOW ENTHALPY DENSITY
B.P. INMLET 1.6 37.4 2.23 -107.5 4.37
B.P. EXIT 100.7 8.5 2.23 -103.0 4.39
PUMP INLEY 100.7 8.5 2.23 -103.0 %.39
1ST STAGE EXIT 1756.6 5.6 2.23 10.7 6.31
JBY INLET 1721.% 5.9 1.12 10.9 $.29
JBV EXIT 1463.2 67.8 1.12 10.9 .09
2ND STAGE EXIT 3105.7 2.3 1.12 119.1 .18
PUMP EXIT %356.6 116.4 1.12 218.8 4.1¢
COOLANT IMLET &311.0 116.7 1.12 218.8 4.12
COOLANT EXIT 3198.8 1110.0 1.12 1876.7 0.50
TBV INLET 3166.8 1110.2 0.06 3876.7 0.50
TBV EXIV 1470.1 1122.3 0.06 3876.7 0.24
02 TRB INET 3166.8 111e.2 1.06é 3876.7 0.50
02 TRB EXIT 2851.0 1087.4 1.06 3788.8 0.46
H2 TRB INET 2851.0 1087.4 1.06 3788.8 0.4¢
W2 TRB EXIT 1560.2 966.9 1.06 3329.9 0.29
2 TRB DIFFUSER 1542.9 965.0 1.06 3329.9 0.2%
2 BST TRB IN 1527.5 965.0 1.06 3329.9 0.29
H2 8ST TR8 OUT 1508.2 962.5 1.06 3320.4 0.28
H2 BST TRB DIFF 1503.2 %62.5 1.06 3320.4 8.28
02 BST TRB IN 1488.1 262.6 1.06 3320.4 0.28
02 BSY TRB OUT 1478.2 961.2 1.06 3315.2 0.28
0z BST TRB DIFF 1477.5% 961.2 1.06 331%.2 6.28
H2 TANK PRESS i18.6 979.% 0.0018 3343.3 0.0036
GOX HEAT EXCH IN 1470.1 969.3 1.12 334¢3.3 0.27
GOX HEAT EXCH OQUT 1462.8 9%8.6 1.12 3340.5 0.27
MIXER HOT IN 1662.8 968.¢ 1.12 33¢0.% 0.27
MIXER COLD IN 1463.2 67.8 1.12 10.9 .09
MIXER OUT 1389.6 4%8.7 2.23 1674.4 0.49
FSOV INLET 1389.6 “98.7 2.23 1674.¢ 0.49
FSOV EXIT 1354.9 498.9 2.23 1674.4 0.48
CHAMBER INJ 1361.3 498.9 2.23 1676 .4 0.48
CHAMBER 1247.9
u OXYGEN SYSTEM CTONDITIONS =
STATION PRESS TEWP FLOW ENTHALPY DENSITY
B.P. INET 16.0 162.7 13.6 61.1 7117
B.P. EXIT 135.6 163.2 13.4 61.5 71.20
PUMP INMLET 135.6 1e38.2 13.4 61.% 71.20
PUMP EXIT 2020.9 173.0 13.4 68.4 71.41
02 TANK PRESS 16.0 400.0 0.02% 204.7 0.12
ocV INLET 2000.7 123.1 13.< €8.4 71.38
ocv EXIY 1400.5 175.4 13.¢ 68.4 70.43
CHAMBER IMJ 1386.5 175.4 13.6 68.4 70.41
CHAMBER 1247.9
® VALVE DATA «
VALVE DELTA P AREA FLOW 3 BYPASS
J8v 258, 9.05 1.12 50.00
T8V 1697. 0.00 0.0¢ 5.00
FS0V 35. 0.7 2.23
ocy 600. .10 13.40
" INJECTOR QATA »
INJECTOR DELTA P AREA FLOW YELOCITY
FUEL .. 0.51 2.23 1238.0%
LOxX 139, 6.20 13.40 1°8.16

(62




TABLE 34. — SPLIT-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)
o e,
# TURBOMACHINERY PERFORMANCE DATA #
EsnaNANSsEsYERKRusREARANRES RN aTRS
Besacvncnnnnssunnne [
¥ W2 BOOST TURBINE « * 2 BOOST PP «
nhsasemTaRRsEetaRAnE WrsusEaRRENARESnS
EFFICIENCY (T/T)  0.789 EFF ICIENCY 0.765
EFFICIENCY (T/S)  0.587 HORSEPOHER 14.
SPEED (RPM)  75439. SPEED  (RPM) 75439.
MEAN D1a (1IN 1.16 S SPEED 3066.
EFF AREA (IN2) 0.67 HEAD (FT3 2697.
usc (ACTUAL}  0.553 Dla. CIN) 1.33
Max TIP SPEED <84, TIP SPEED <39.
STAGES 1 VOL. FLOM 228.
GAMMA 1.42 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLO. COEF 0.20:
PRESS RATIO (1/8) 1.02
HORSEPOWER 14.
EXIT MACH NUMBER 0.07
SPECIFIC SPEED 120.28
SPECIFIC DIAMETER 0.68
HABANENEERNENS SN
s H2 TURBINE = " HZ PP «
(13T R ]} sAEBANARRED
STAGE ONE STAGE TWO STAGE THREE
ANYNNUREN ANERNENNE NUNSEREAREN
EFFICIENCY (T/T) 0.77% EFFICIENCY 6.621 0.543 0.557
EFFICIENCY (T/8)  0.759% HORSEPOWER 360. 171. 158.
SPEED (RPH) 187500 SPEED (RPM) 187500. 187500. 187500.
HORSEPOWER 689. SS SPEED 9310.
MEAN DIA. (N 2.28 S SPEED 7%6. 656. 688.
EFF AREA 3173} 6.09 HEAD (FT) £5008 . 45817. 43238
use (ACTUAL)  0.550 DIA. (IN) 2.26 2.13 2.13
mAX TIP SPEED 1933, TIP SPEED 1847, 1743. 1743,
STAGES 2 VOL. FLGH 233. 120. 121.
GAMMA 1.62 HEAD COEF 6.519 0.485 0.458
PRESS RATIO (T/T) .83 FLOW COEF 0.097
PRESS RATIO (1/5) 1.85% DIAMETER RATIO 0.327
EXIT MACH NUMBER 0.13 BEARING DN 3.00£+06
SPECIFIC SPEED 33.97 SHAFT DIAMETER 16.00
SPECIFIC DIAMETER 2.364
ENAERENNERARENENET R NeGpsERASANEgaERAn
% 02 BOOST TURBINE » ® 02 BOOST PU® =
ANSOANURNEREERRE NN EBRARFARRNSARNES »
EFFICIENCY (T/T)  0.811 EFFICIENCY
EFFICIENCY (T/S)  0.739 HORSEPOWER
SPEED (RPN}  20181. SPEED  (RPM) 20181,
MEAN DIA © (IN) 3.19 S SPEED 3026.
EFF AREA (IN2) 0.94 HEAD (FT) 242.
T - (ACTUAL)  0.553 DIA. (IN) 1.49
MAX TIP SPEED 307. TIP SPEED 132.
STAGES 1 vOL. FLOW 8s.
Gamma 1.62 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW COEF 0.200
PRESS RATIO (T/S) 1.01
HORSEPORER 8.
EXIT MACHM NUMBER 0.03
SPECIFIC SPEED 61.32
SPECIFIC DIAMETER 1.30
sravesusnnnuan seasannnnne
» 02 TURBINE « .02 P .
sausannnsnunny cevnunnsane
EFFICIENCY (T/T)  0.778 EFFICIENCY 0.702
EFFICIENCY (T/S)  0.7%0 HORSEPOMER 132,
SPEED (RPM} 109465 SPEED  (RPM) 109465,
HORSEPOMER 132. SS SPEED 19676.
MEAN DIA (IN) 2.28 S SPEED 2077.
EFF AREA (IN2) 0.13 HEAD (FT) 1801.
use (ACTUAL)  0.519 Dla. N 1.1
MAX TIP SPEED 1130, TIF SPEED 546.
STAGES 1 vOL. FLOM 84.
GAMMA 1.42 HEAD COEF 0.410
PRESS RATIO (T/T) 1.11 FLOM COEF 0.165
PRESS RATIO (1/35) 1.12 DIAMETER RATIO 0.687
XIT MACH NUMBER 0.07 BFARING DN 1.316+06
SPECIFIC SPEED 30.59 SHAFT DIAMETER 12.00
SPECIFIC C1AMETER 2.33
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TABLE 35. — SPLIT-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1496.3
VAC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.2%
DEL. VAC. ISP «80.0
THROAT aREA <.91
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 7%.03
ENGINE MIXTURE RATIO 6.00
ETA C= 0.993
CHAMBER COOLANT DP §34.
CHAMBER COOLANT DT 1014
NOZZLE/CHAMBER ©Q 8357.

ENGINE STATION CONDITIONS

* FUEL SYSTEM CONDITIONS =

STATION PRESS TEW FLOW ENTHALPY DENSITY
B.P. INLET 18.¢ 37.4 4.47 ~1072.% %.37
B.P. EXIT 100.3 8.5 4.47 ~103.0 4.39
PUMP INLET 100.3 8.5 4.47 ~103.0 %.39
IST STAGE EXIT 2103.5 71.0 .47 34.3 6.3}
JBV INLET 2061.5 .4 2.23 34.3 6.28
JBV EXIT 1752.3 13.6 2.23 34.3 4.07
2ND STAGE EXIT 3274.3 9.0 2.23 136.1 «.30
PUMP EXIT 4408.2 107.9 2.23 196.6 4.31
COOLANT INLET 6364.1 108.2 2.23 196.6 4.29
COOLANT EXIT 3830.6 nz2.2 2.23 3935.2 0.59
TBV INLEY 3792.3 1122.5 0.1} 393%.2 0.58
1BV EXIT 1761.4 1137.0 0.11 393%.2 0.28
02 TRB IMLET 3792.3 nzz.s 2.12 393%.2 0.58
02 TRB EXIT 3361.7 10%6.3 2.12 3832.9 0.54
H2 TRB INLET 3361.7 109%6.3 2.12 3832.9 0.54
H2 TRB EXIT 1864.0 975.8 2.12 3375.0 0.34
H2 TRB DIFFUSER 1846.0 975.9 2.12 1375.0 0.34
H2 BST TRB IN 1827.6 975.9 2.12 3375.0 0.34
H2 BST TRB QUT 1805.6 973.4 2.12 2309.% 0.33
HZ BST TRB DIFF 1800.6 973.5 2.12 3365.5 0.33
02 BST TRE IN 1782.6 973.6 2.12 3365.5 0.33
02 BST TRB OUT 1771.0 972.2 2.12 3360.4 0.33
02 BST TRB DIFF 1770.3 972.2 2.12 3360.6 0.33
H2 TANK PRESS 18.6 992.7 6.0036 338%.3 0.003S
GOX HEAT EXCH IN 1761.4 980.5 2.23 3389.1 0.32
GOX HEAT EXCH OUT 1752.6 979.8 2.23 3186.4 0.32
MIXER HOT IN 1752.¢ 979.8 2.23 3386.4 0.32
MIXER COLD IN 17%2.3 3.6 2.23 34.3 «.07
MIXER OUT 1665.0 507.2 “.56 1709.0 0.58
FSOV INLET 1665.0 s87.2 6.46 1709.0 0.58
FSOvV EXIT 1623.3 507.4 4.66 1709.0 0.56
CHAMBER INJ 1607.1 507.4 4.46 1709.0 0.56
CHAMBER 1694.3

= OXYGEMN SYSTEM CONDITIONS =

STATION PRESS TENP FLOoW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 2¢.8 61.1 71.17
B.P. EXIT 135.6 183.2 26.8 61.5 71.20
PUMP INLET 135.¢ 163.2 26.8 61.5 71.20
PUMP EXIT 26¢20.1} 176.3 26.8 69.% 71.58

02 YAMK PRESS 16.0 €00.0 0.04% 204.7 0.12
aCV INLET 2395.9 174.4 26.8 £9.5 71.54
ocv EXIT 16771 172.1 26.8 69.5 70.42
CHAMBER INJ 1660.3 177.2 26.8 69.5 70.39
CHAMBER 1694.3

& VALVE DATA ¢

VALVE DELTA P AREA LoW t BYPASS
JBV 309. .09 2.23 50.00
BV 2031. 0.01 0.11 5.00
FsSov “2. 1.34 6.46
ocv ne. 0.18 26.79

® INXCTOR DATA o

INJECTOR oLt f ARE A FLOM VELOCITY

FUEL 115, 0.8% &.46 1266.5%

LOX l166. 0.37 26.79 140.2¢
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TABLE 35.

SPLIT-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

L R Y R LY R R Ry R PP LY YY)

» TURBOMACHINERY PERFORMANCE DATA «

AEANENRES IR SRR ER U AR NAS RN

seassnnnne
= M2 BOOST TURBINE «

EFFICIENCY (T/T)  0.815
EFFICIENCY (T/S)  0.626
SPEED (RPM}  53228.
MEAN DIA 3TN 1.64
EFF AREA ane) 1.15
u/c (ACTUAL)  0.553
Max T1P SPEED 475.
STAGES i
GAMMA 1.46
PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) .02
HORSEPOMER 28.
EXIT MACH NUMBER 0.0¢
SPECIFIC SPEED 116.1%
SPECIFIC DIAMETER 6.72

SRSARNRNENERANY

* H2 TURBINE =

FOARRNERREENEN
EFFICIENCY (T/T)  0.786
EFFICIENCY (T/S)  0.770
SPEED (RPM) 136363.
HORSEPONER 1375.
MEAN DIA. (IN) 3.0
EFF AREA 1IN2) 0.15
ure (ACTUAL)  0.537
MAX TIP SPEED 1884,
STAGES 2
GAMMA 1.64
PRESS RATIO (T/T) 1.80
PRESS RATIO (T/3) 1.83
EXIT MACH NUMBER 0.12
SPECIFIC SPEED 30.55
SPECIFIC DIAMETER 2.4l

VAR NN REA RN AN

» 02 BOOST TURBINE »

EFFICIENCY (T/T) 0.827
EFFICIENCY (T/3) 0.760
SPEED (RPM) 14271,
MEAN DIA (IN) 4.50
EFF AREA as2) 1.0
w/C (ACTUAL) 0.553
HMAX TIP SPEED 304.
SYAGES 1
GaMMA .64
PRESS RATIO (T/T) 1.0
PRESS RATIO (1/3) 1.01

HORSEPOWER 15.

EXIT MACH NUMBER 0.03
SPECIFIC SPEED §7.49
SPECIFIC DIAMETER 1.39

sesmnNnEEREuNY

» 02 TURBINE =

sssuannNNuUNEn.
EFFICIENCY (T/T) 0.782
EFFICIENCY (T/3) 0.758
SPEED {RPM) 82996.
HORSEPOWER 302.
MEAN DIA (IN) 3.06
EFF AREA e) 0.20
wc (ACTUAL) 0.489
MAX TIP SPEED 1146.
STAGES 1
GAMMA 1.44
PRESS RATIO (T/T) 1.13
PRESS RATIO (T/5) 1.13
EXIT MACH NUMBER 0.06
SPECIFIC SPEED 27.29

SPECIFIC DIAMETER 2.7

sSunEmsNERRNNanSNE

® M2 BOOSY PUMP »

EFFICIENCY 0.766
HORSEPOWER 28.
SPEED  (RPM) 53228.
S SPEED 30851.
HEAD (ET) 2686.
DiA. () 1.88
TIP SPEED «38.
VOL. FLOW as7.
HEAD COEF 0.450
FLOW COEF 0.201

[

" H2 PUMP

STAGE ONE STAGE TWO STAGE THREE

RANmaRNEN WERREENER
EFFICIENCY 0.623 0.615
HORSEPOMER 868. 259
SPEED (RPM) 136363, 136363.
SS SPEED 9607.
S SPEED 710. 748.
HEAD (FT3 66570. 53185.
DIa. (IN) 3.34 2.66
TIP SPEED 19%0. 1582.
VOL. FLOM 465, 23%.
HEAD COEF 0.541 0.503
FLOW COEF 0.090
DIAMETER RATIO 0.309
BEARING DN 3.00E+06
SMAFT DIAMETER 22.00

® 02 BOOST PUMP »

EFFICIENCY ¢.764
HORSEPOWER 15.
SPEED  (RPM) 14271,
S SPEED 3026.
MEAD (FT) 262.
DlA. (IN) 2.11
T1P SPEED 132.
VOL. FLOW 169.
HEAD COEF 0.450
FLOW COEF 0.200

[

« 02 PUMP »

vanansvarse
EFFICIENCY 0.730
HORSEPOWER 307.
SPEED  (RPM) 82994.
$S SPEED 21095,
S SPEED 1929.
HEAD (FTy 4595,
DIA. 313} 1.64
TIP SPEED 593.
VOL. FLOM 168.
HEAD COEF 0.420
FLOW COEF 0.159
DIAMETER RATIO 0.684
BEARING DN 1.49E-06
SHAFT DIAMETER 18.90

sRmnsusnann
0.621
268.
136363,

765.
37954.
2.66
1583,
23%.
0.489



TABLE 36. — SPLIT-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESTURE 15%9.9
VAC ENGINE THRUST 2%000.
TOTAL ENGINE FLOW RATE 52.08
DEL. vaC. IspP “<80.0
THROAT AREA 7.83
NOZZLE AREA RATIO 1020.0
NOZTLE EXIT DIAMETER 99.88
ENGINE MIXTURE RATIO 6.00
ETA C» 0.993
CHAMBER COOLANT DP 539.
CHAMBER COOLANT DT 905.
NOZZ{ E/CHAMBER Q 12485,

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS «

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 7.45 -107.% 6.37
B.P. EX]Y 100.8 38.5 7.45 -103.0 4.39
PUMP INLET 100.8 38.5 7.45 -103.0 <.39
1ST STAGE EXIT 2195.6 67.8 7.645 27.4 4.44
JBV INLET 2151.7 €8.2 5.72 27.% 4.6)
JBV EXIT 1828.9 70.8 3.72 27.5 4.1y
2ND STAGE EXIT 3396.2 84.1 3.72 102.2 6.67
PUMP EXIY 4583.6 99.8 3.72 175.3 «.51
COOLANT TMNLET 4537.7 100.2 3.72 175.3 «.49
COOLANT EXIT 3998.5 1004.9 3.72 3528.3 0.68
TBY INLET 3958.5 1005.2 0.19% 3528.3 0.67
TBV EXIT 1838.3 1019.9 0.19 3528.3 0.32
02 TRB INLET 3958.5 1005.2 3.54 3528.3 0.67
02 TREB EXIT 34689.3 978.6 3.54 3423.9 0.62
H2 TRB INLET 3489.3 978.6 3.5%4 3423.9 0.62
HZ TRB EXIT 1949.5 B866.0 3.%¢ 2993.7 0.40
H2 TRB DIFFUSER 1928.6 866.1 3.54 2993.7 0.49
HZ BST TRB IN 1909.4 866.1 3.54 2993.7 0.40
M2 BST TRB OUT 1885.0 863.7 3.54 2984.1 0.39
H2 BST TRB DIFF 1880.0 8¢3.8 3.%4 2984.1 0.39
02 BST TRB IN 1861.2 863.9 3.5%4 2984.1 0.38
02 BST TRB ouT 1848.3 862.5 3.564 2979%.0 0.38
02 BST TREB DIFF 1847.5 862.5 3.54 2979.0 0.38
H2 TANK PRESS 18.6 |82. 0.0068 3006.4 0.0040
GOX HEAT EXCH IN 1838.3 ’70.4 3.2 3006.4 0.38
GOX HEAT EXCH OUT 1829.1 869.6 2.72 3003.7 0.38
MIXER HOT IN 1829.1 869.6 3.72 30Q3.7 0.38
MIXER COLD IN 1828.9 10.8 3.72 27.5 %.19
MIXER OUT 1737.6 454.0 7.44 1514.2 9.67
FSOV INLET 1737.6 454.0 7.44 1514.2 0.67
SOV EXIT 1694.2 454.1 7.44 is1¢.2 0.65
CHAMBER INJ 1659.6 454.2 7.46 1514.2 0.64
CHAMBER 1559.9
®= OXYGEN SYSTEM CONDITIONS &
STATION PRESS TEMP FLON ENTHALPY DENSITY
B.P. IMLET 16.0 162.7 647 61.1 .17
8.P. EXIT 135.¢ 163.2 4%.7 €1.5 7.2
PUMP INLET 135.6 165.2 6.7 61.5 71.20
PUMP EXIT 2526.3 176.3 «a.7 €9.7 71.68
02 TANK PRESS 16.0 <%00.0 0.076 204.7 0.12
ocV IMLET 2501.1 174.4 646 69.7 71.64
ocv EXIT 1250.8 177.2 “6.6 €9.7 70.42
CHAMBER INJy 1715.9 177.4 44.6 9.7 70.41
CHAMBER 1559.9%
®* VALVE DATA =
VALVE DELTA P AREA FLOW X BYPASS
J4BY 325. 0.15 s.12 50.00
T8V 2120. 0.01 0.19 $.00
FsSov 43. 2.02 7.64
ocv 750. 0.29 6. b4
" INJECTOR DATA «
INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 17z, 1.39 7.44 1206.29
Lox 173, a.64 4“6 .84 143.26

I66




TABLE 36.

SPLIT-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

NaSseERUNAEARNaSRNSRUNRREERANRARDRY

s TURBOMACHINERY PERFORMANCE DATA @

ANSNSREACAETRgRGannE
s H2 BOOST TURBINE »
ENuBEcENSSRERARERNEN

EFFICIENCY (T/T) 0.873

EFFICIENCY (T/S) 0.685

SPEED (RPM) 413643,
MEAN DIA (IN) 2.32
EFF AREA IN) 1.68
usc (ACTUAL ) 0.553
MAX TIP SPEED “69.
STAGES 1
GAMMA 1.4¢6

PRESS RATIO (T/T) 1.01
PRESS RATIC (T/S) 1.02
HORSEPOWER <8.
EXIT MACH NUMBER 0.07
SPECIFIC SPEED 114.44
SPECIFIC DIAMETER 0.75

® {2 TURDINE «

EFFICIENCY (T/T) 0.837
EFFICIENCY (T/S) 0.819%
SPEED (RPHM) 125000,
HORSEPOWER 2153,
MEAN DIA. CIN) 3.13
EFF AREA (81, 73] 0.22

usc (ACTUAL ) 0.520
MAX TIP SPEED 1787.
STAGES 2
Gamma 1.64

PRESS RATIO (YV/T) 1.79
PRESS RATIO (T/S) 1.82
EX1T MACH NUMBER 0.13
SPECIFIC SPEED 36.39
SPECIFIC DIAMETER 2.04

NuEnzsRzsEwnassRaRSY
= 02 BOOST TURBIMNE ®
MEESANAEANNRE AR YR

EFFICIENCY (T/T) 0.869

EFFICIENCY (T/S}) ¢.803

SPEED €RPM)  11055.
MEAN DIA CIN) 5.82
EFF AREA (IN2) 2.32
u/c {ACTUAL} 0.553
MAX TIP SPEED 302.
STAGES 1
GAMMA 1.44

PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.01

HORSEPOWER 26.
EXIT MACH NUMBER 0.03
SPECIFIC SPEED 55.25%

SPECIFIC DIAMETER 1.48

ShENESAANuRuan

= D2 TURBINE »

TR TTIITTRY)
EFFICIENCY (T/T) 0.852
EFFICIENCY (T/35) 0.826

SPEED (RPM} 65070.
HORSEPOMER 522,
MEAN DIA CIN) 3.13
EFF AREA IN2) 0.30
u/c {ACTUAL ) 0.550
MAX TP SPEED 239.
STAGES 2
GAMMA 1.44

PRESS RATIO (T/T) 1.13
PRESS RATIO (1/5) 1.14
EXTT HMACH NUMBER 0.07
SPECIFIC SPEED 43.98
SPECIFIC DIAMETER 1.80

'
Ansnsesesanamvany
« H2 BOOST PULMP =

Sumtesyscunnnzavne

EFFICIENCY 0.765
HORSEPOWER 8.
SPEED  (RPM} 61343,
S SPEED 3048 .
HEAD (FT) 2700.
DIA. (1N} 2.43
TIP SPEED 439,
vOL. FLOW 761.
HEAD COEF 0.450
FLOW COEF 0.281

LTI LL L)

2 PUMP

wSASARNBARR

STAGE ONE STAGE TWO STASE THREE

(1] (] ] L L] 111133
EFFICIENCY 8.672 0.668
HORSEPOMHER 1378, 394,
SPEED (RPW) 125000. 125800.
SS SPEED 11322,
S SPEED 813. are.
HEAD (FT) «8187. 38830.
D1A. (IN) 3.70 2.87
T1P SPEED 2019. 1566 .
vOoL. FLOM TS4. 374.
MEAD COEF 9.538 6.s10
FLOW COEF $.098
DIAMETER RATIO 8.341
BEARING DN 3.006-06
SHAFT DIAMETER 26.00
NERBEESONENARRDER
* Q2 BIOST PUMP =
SEURASSVARARANEBRARS
EFFICIENCY G.7¢4
HORSEPOMER 2.
SPEED (RPH) 11085.
S SPEED 302¢.
HEAD (FT) 242.
OIA. CIND) 2.2
TIP SPEED 132.
VOL. FLO» 282.
HEAD COEF 0.450
FLOW COEF 0.200
asssasnasnn
-2 PUN »
fKAGIcaANERn
EFFICIENCY 0.747
HORSEPOMER s$22.
SPEED aru) €5070.
SS SPEED 213%2.
S SPEED 1688 .
HEAD FT) ~881.
DIA. (IN2 2.12
TIP SPEED [1 -4%
VOL. FLOx 8e.
HEAD COEF 0.426
FLOW COEF 0.157
DIAMETER RATIC 0.684
BEARING DM b.43E-06
SHAFT DIAMETER 22.80
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TABLE 37. — SPLIT-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 146%.3
VAC ENGINE TrRUusT 37500.
TOTAL ENGINE FLOW RATE 28.13
DEL. VAC. ISP 4<80.0
THROAT AREA 12.51
MOZZLE AREA RATIO 1000.9
NOZZLE EXIT DIAMETER 126.1%
ENGINE MIXTURE RATIC .00
ETA C» 0.993
CHAMBER COOLANT DP «84.
CHAMBER COOLANT DV 784.
NOZZLE /CHAMBER Q 16332.

ENGINE STATION COMDITIONS

" FUEL SYSTEM CONDITIONS =

STATION PRESS hia 4 FLOW ENTHALPY DENSITY
B.P. INET 18.¢ 37.4 11.12 -107.5 %.37
B.P. EXIT 100.8 38.5 11.17 -103.0 <.39
PUP INLET J00.8 8.5 11.12 -103.0 “.39
1ST STAGE EXIY 2062.7 3.4 11.17 12.4 4.50
JBV INMLET 2021.5 3.8 5.59 12.4 4.47
JBV EXIT 1718.2 €6.5 5.59 12.4 6.27
20 STAGE EXIY 3172.9 16.9 5.59 77.0 4.56
P EXIT «283.4 90.1 5.59 140.8 %.61
COOLANT INLET 4260.6 90.5 5.59 1640.8 4.59
COOLANT EXIT 3756.2 824.3 5.5 3064.3 0.73
TBY INMLET 3718.4 874.% 0.28 3064.3 6.72
TBY EXIT 1726.8 a87.6 0.28 3066.3 0.3%
o TRB INLET 37)8.6 874.% 5.31 30643 0.72
o TRB EXIT 32%7.% 850.4 5.31 2968.¢ 0.66
H2 TRB INLET 3257.8 850.« 5.31 (568.4 o.6%
& TRB EXIT 18¢1.2 752.7 5.31 2%90.3 0.43
H TRB DIFFUSER 1817.9 752.9 5.31 2590.3 0.43
HZ BST TREB IN 17%8.8 752.9 5.31 2590.3 0.43
HC BST TRB OUT 1772.8 750.4 5.31 2580.7 0.42
+C BST TRB DIFF 17¢7.8 7%0.5 5.31 2580.7 D.42
a2 BST TRB IN 1750.1 750.6 5.31 2580.7 0.42
a2 BST TRB OUT 1736.2 749.2 5.31 2575.6 0.41
oz 8ST TRB DIFF 1735.46 749.2 5.31 2575.6 0.641
2 TANK PRESS 18.6 766.5 0.0117 2600.0 0.0046
GOX HEAT EXCH [N 1726.8 756-2 5.57 2600.0 0.4)
GOX HEAT EXCH QUT 1718.1 755.5 5.827 2%5%7.2 0.41
MIXER HOT IN 1718.1 755.%5 5.57 2597.2 0.41
MIXER COLD IN 1718.2 6.5 5.5% 12.4 «.27
MIXER OUT 1632.2 3%.8 11.16 1303.%5 0.71
FSOV INCET 1632.2 3%8.8 11.16 1303.5 0.71
FSOV EXIT 1591.¢ 3%.* il.1¢ 1303.5 0.70
OVMBER 1NJ 1559.0 399.0 11,16 1301.5 0.68
CMBER 1465.3
& OXYGEN SYSTEM CONDITIONS =
STATION PRESS TEWP FLOM ENTHALPY DENSITY
B.P. INLET 16.0 162.7 67.1 61.! ri.a7
B.P. EXIT 135.¢ 163.2 67.1 61.5% 71.20
PP INLET 135.¢ 163.2 67.1 61.5 71.20
PU® EXIT 2373.¢ 123.2 67.1 $5.0 71.70
02 Ta-K PRESS l6.0 400.0 0.113 204.7 0.12
ocv IMET 2349.3 173.3 67.0 69.0 71.6¢
ocvY EXIT 1646.5 17¢.0 67.0 €9.0 70.56
O-AMBER INJ 1611.8 17¢.1 67.9 69.0 70.51
CraAMBER 1465.3

" VALVE DATA =

VALVE DELTA ¢ AREA FLOM X BYPaASS
Jov 303, .23 5.5 $0.00
Tev 1992. 0.02 0.8 5.00
F3Ov . 3.02 11.1¢
ocy 705. 8.4% 66.97

*« INJECTOR 0ATa »

INJECTOR DELTA P AREA FLOom VELOCITY

FUEL 1to. 2.08 1.1 1130.27

LSX 163. 0.9% 6. 97 138.7%
168




TABLE 37.

SPLIT-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

BEssBNRNGSANSANNUSANSTNSUNRERRREAEY

« TURBOMACHINERY PERFORMANCE DATA =

PEsR NNt AR AR AR R AT TR RGNS

Bensnunnunese

* HI BOOST TURBINE »

SrvscspumsEnusunNean

anaw

EFFICIENCY (T/T73 0.88%
EFFICICHCY  (1/2) 0.703
SPEED (RFM) 33752,
MEAN DIA CIN) 2.60
E€EFF AREA CIN?2 2.34
usc (ACTUALD 0.552
HaxX TIP SPEED “65.
STAGES 1
GaMMA 1.39
PRESS RATIO (T/T) 1.01
PRESS RATIO (T/5) 1.02
HORSEPOWER 2.
EXIT MACH NUMBER 0.07
SPECIFIC SPEED 112.18

SPECIFIC DIAMETER 0.77

SEEARBEARNER S
® H2 TURBINE *
EERERuNnRRWNAS

EFFICIENCY (T/T)  0.856
EFFICIENCY (T/S)  0.832
SPEED (RPM) 107143,
HORSEPOWER 2839.
MEAN DIA. (ST 3.6}
EFF AREA CIN2) 0.3¢
usc’ (ACTUAL)  0.548
MAX TIP SPEED 1771,
STAGES H
GAMMA 1.39
PRESS RATIO (T/T) 1.77
PRESS RATIG (T/S1 1.80
EXIT MACH NUMBER 0.1%
SPECIFIC SPEED 41.14

SPECIFIC DIAMETER 1.92

BasanAANERASCNARRERY

= 02 BQOST TURBINE »

SEamRAKNANENENEERENS

EFFICIENCY (T/T) 0.87¢6
EFFICIENCY (T/S) 0.812
SPEED (RPM) 9026.
MEAN Dla (IN) 7.12
3T wRE 1N 3.2¢
usc (ACTUAL) 0.553
MAX TIP SPEED 301.
STAGES 1
GaHMa 1.39
PRESS RATIO (T/T) 1.01
PRESS RATIO (T/35) 1.0}
HORSEPOWER 39.
EXIT MACH NUMBER 0.03
S+ CIFIC SPEED 53.61

SPECIFIC DIAMETER 1.53

sasnnenANREREN
a 02 TURBINE =

EFFICIENCY (T/T) 0.857
EFFICIENCY (T/5) 0.833
SPEED (RPM) 516439,
HORSEPOWER 72

MEAN Dia LIND 3.6)
EFF AREA (IN2) 0.44
usc (ACTUAL } Q.522
MAX TIP SPEED 858 .
STAGES 2
GAMMA 1.39
PRESS RATIO (T/T) 1.1«
PRESS RATIO (T/51 1.1%
EXIT RACH NUMBER 0.07
SPECIFIC SPEED 66, 0%
SPECIFIC DIAMETER .72

Ansanpacanas

* H2 BOOST PUMP »

EFFICIENCY

" H2 PUMP =
LTI YTTITYY

STAGE OME STAGE TWO STAGE THREE

SUBSESSNR VNERUENUEEN

EFFICIENCY 0.704 0.702
HORSEPOMER 1824. S1t.
SPEED (RPHM) 107143. 107143,
SS SPEED 11888.
S SPEED 897. 976.
HEAD (FT) 63208. 35282.
DIA. [(IN) 4.7 3.19
TIP SPEED 1950. 1491.
VOL . FLOW 1114, 550.
HEAD CNEF 0.53% 9.511
FLOW COx'F 0.104
DIAMETER RATID D.366
BEARING D' 3.00E+06
SHAFT DIAMETER 28.00
SENEAPENERARRENISEND
s Q2 BOOST PUMP =
CEseEuSINRRGERORN
EFF ICIENCY 0.764
HORSEP OMER 39.
SPEED (RPM) "n26.
S SPEED 3026.
HEAD (FT) 262.
DlA. (IN) 3.34
TIP SPEED 132,
VOL. FLOW 23,
HEAD COEF 0.450
FLOW COEF 0.230
ssunEsnmane
- G2 PUMP ®
sssenvunean
EFFICIENCY 0.760
HORSEPOMER 721.
“PEED (RPM) 51439.
3S SPEED 20673.
S SPEED 1921.
HEAD (FT) 492,
DiA. {IN) 2.58
1P SPEED 579.
VOoL. FLOM «20.
HEAD COEF 6.631
FLOW COEF 0.159
DIAMETER RATIO 0.68%
BEAR ING DN 1.44€+06
SHAFY DIAMETER 28.00
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TABLE 38. — SPLIT-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERF ORMANCE PaRAME TERS

CHAMBE R PRE SLURE 1«08 8
VAL ENGINE THRUST 50000 .
TOTAL ENGINE FLOW RATE 106.18
DEL . vaC. 1P <HO.O0
T MOAT LREA 17.%e
NOTTLE ARTA RATIO 1000.0
NOZTLE EXIT DIAME TER 148 .69
ENGINE MIXTURE RATIOD 6. 00
t1A Cs= 0.99%
CHAMBER CODLANT DP B
(HAMBER COM ANT DT 716,
NOCTLE/CHAMBER Q 19957

ENGINE STATION CONUTTIONS

P rrsASERARGEINEEE RN T AN a NN SR aE

® FUEL SYSTEM CONDITIONS =

STATION PRE S5 TEMp FLOm ENTHAL PY DENSTTY
B.P. INMETY 18.6 37.4 14.90 -107.% «.37
B.P. EXIT 101.0 8.5 14.90 105.0 <.39
PUMP INLEY 101.0 8.5 14.90 -1031.9 4.3
ST STAGE €X1Y 1980.1 60.7 14.90 3.1 4.54
JBV INLEY 1940.% 611 7.4% 3.0 452
JBYV EXIY 1649.¢ 63.7 7.45 3.0 6.32
OND STAGE EXIT 3053.6 72.% 7.45 61.7 4.61
PUMe EXIT %094.4 84.2 7.45 11s.9 “.e?
COOt ANY TMLET 4053 .4 846.6 7.65% 119.9 S 6%
COOL ANT EXIY 3605.8 80D.% 7.4% 2/%8.8 Q.72
T8V INET 3%69.7 800.7 0.37 2798.8 Q.74
TRV EX11 1e58.4 8:°.8 0.37 Jl98.8 0.32
> TRB INET 3%69.7 800.7 /.08 J7%8.8 0.2&
0t IRB EXIY 3110.4 778 .} 7.08 J708.0 0.6%
H2 TRB IMET 31ic.4 78 .1 7.08 J/08.0 0. s
H? TRB EXIT 1771 888 .8 7.08 Jis1.8 0.4s
H® TRB DIFFULER 1748.7 [S:2: % 7.08 li61.8 0.4%
HY BST IRE IN 1731.2 688 .4 7.08 J361.8 0.%5
HY BLY TR8 OUT 1706.0 685.9 7.08 2i80.2 0.64
HD BST TRB DIFF 1699.0 86,0 7.08 JI80.2 8.44
> B3T TRB IN 1682 .0 68e . 1 7.08 2I82.2 0.44
0O BLY TRB OUT 1667.6 684 . 7 7.08 23471 9.44
00 B3Y TR8 DIFF léss.?7 684.7 7.08 PR | C.43
H> TAMK PREST i8.6 700.¢ 0.0171 23169.7 0.0050
GOX HEAT E€XCH IN  JeS%8.4 691.2 7.643 J3e9.7 n.«3
GOX HEAT EXCH OUT 18%0.1 690.4 7.42 Jles.9 0.43
MIXER HOT I~ 1850.1 690 .4 7.43 2366.9 0. 4%
MIX{R COLD IN 1849.4 Y. 7 7.4% 5.0 “.32
MIXER OuY 1567.¢ JeB .3 1<.88 1183 .6 0.76
FoLV TMEY 1%67.6 1083 i4.88 1ih3.6 0.7
POV FxIT 1578 .6 3e8.3 14 .88 1185.6 Q.72
(HAMBER [N 14970 IoB < 14 .88 1185 & 0.7}
{ HAMRE R f«06.¢
* NXYGEN SYSTEM CONDITION, »
STATION PRE S TE mp Fi{wd ERIMA PY LRI R A
B.P. INET 6.0 162,27 89.4 al.1 A
B.PoExIY 1:5.6 el 2 89 .« 81.5 .2
PUMP IRET 1258 1680 R9 .« 61.% .20
FuUMe EXET 2r18. 17008 HY . & [ Y o
00 TAN PRESS 16.0 «00.0 0.1%1 S04 7 0.1}
v IwtbT RALL S 2.7 LA [N Y e
v fx1t 1578 7 | RAT Ho .3 LE I ) 7o &0
(HAMBER (W) 14673 176 4 H9 .3 [ Y 10.%7
1 HAMKE R 14068
= VALV DAla s
VAL VF Mitap ANE A Fifm X RYS ALY
Ky S o % P 50 .00
Thv [N c oo 0.37 4 Q0
[Be01Y) te « 0t 16 AR
1y LR S oel LAY
LI NN VR iV S F )
HYETR I %14 o At [ AR R
Vs, 10 v lo HH N9 e
LK 14n e LEIINE [ ]




TABLE 38. — SPLIT-EXPANDER ENGINE - 50,000 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

ERssssEEANNSNSIEANNBERENNRUUREARED

® TURBOMACHINERY PERFORMANCE DATA =

MAAsFSARNRREARTTCCNNANSRNTNARERANNRNY

* H2 BOOST TURBINE » « H2 BOOST PUMP =
Aasseneannanuanneans cantsENaaRsanRanE
EFFICIENCY (T/T)  9.894 EFFICIENCY 0.765
EFFICIENCY (T/S)  G.716 HORSEPOHER 9.
SPEED (RPM)  29253. SPEED  (RPM) 29263,
MEAN DIA () 3.00 S SPEED 3044.
EFF AREA (IN2) 2.98 HEAD (FT) 2708.
usc (ACTUAL)  0.553 Dia. (1N} 3.46
max TIP SPEED 464 TIP SPEED 440.
STAGES 1 voL. FLOW 1523.
GAMMA 1.39 HEAD COEF 0.450
PRESS RATIO (T/T) 1.02 FLOW COEF 0.201
PRESS RATIO (T/S) 1.02
HORSEPOWER %%6.
EXIT MACH NUMBER 0.07
SPECIFIC SPEED 110.80

SPECITIC DIAMETER 9.78

* H2 TURBINE =

STAGE ONE STAGE THO STAGE THREE

SuEREREEN WENENSsER Nee sunm
EFFICIENCY (T/T) 0.871 EFFICIENCY 0.729 0.727 0.726
EFFICIENCY (T/S) 0.843 HORSEP OWER 2235, el8. ¢4,
SPEED (RPM) 100000. SPEED (RPM) 100000. 100000, 100000.
HORSEPUMER 3466. SS SPEED 12796.
MEAN DIA. (1IN} 3.7 S SPEED 999. 1097. 1095.
EFF AREA (IN2) 0.45 HMEAD (FT) $0136. 33143, 32916.
wc (ACTUAL) 0.550 DIA. (IN) €.39 3.33 3.33
max T1P SPEED 1715. TIP SPEED 1917, 1455 . 1455.
STAGES 2 vOL. FLOwW 1472, 726. 716.
GAMMA 1.39 HEAD COEF 9.527 0.504 0.%01
PRESS RATIO (T/T) 1.75 FLOW COEF 0.110
PRESS RATIO (T/35) 1.79 DIAMETER RATIO 0.395%
EXIYT MACH NUMBER 0.16 BEARING DN 3.00E-06
SPECIFIC SPEED %6.66 SHAFT DIAMETER 30.00

SPECIFIC DIAMETER 1.73

SssenssRsusRsERREANE
& 02 BOOST TURBINE »
Gusnnasssang

EFFICIENCY (T/T) 0.882

EFFICIENCY (T/5) 0.819

SPEED (RPM) 7816.
MEAN DIA (1N) 8.22
TFE.AREA (IND) «.12
usC (ACTUAL ) 0.553
MAX TIP SPEED 309.
STAGES 1
GAMMA 1.39
PRESS RATIO (T/T) 1.01 FLOM COEF 0.200
PRESS RATIO (T/S) 1.01
HORSEPOMER S,
EXIT MACH NUMBER 0.03
SPECIFIC SPEED $2.65

SPECIFIC DIAMETER 1.5¢

acenssrssnunsn wemsasscnan

" 02 TURBINE ® " O PP N

sessanuassuane asescavsans
EEFICIENCY $T/T3  0.853 EFFICIENCY 0.769
CFFICTENCY (T/5)  0.827 HOR 7 POMER s10.
SPEED (RPM) 43415, SPEED (RPN 63615,
HOR S POWE R 910, 5SS SPEFD 20241.
MEAN DIA (IN) 3.7 5 SPEED 1943,
EFF AREA Nz 0.%8 HEAD 1) 4300
usc (ACTuAL)  ©.468 DIa. (1N 2.97
max TIP SPEFD 5. TiP SPEED (YO
STAGHS 2 va . FLOmW 0.
GAMMA V.39 +4 AD COEF 0.63¢
PRESS RATIO (1/7) 1.1% FLOm COEF 0.140
PRFSS RATIO (T/%) 118 DiAM TER RATIO 0. s8e
EXIT MACH NURBER 0.0 REARING (N 1.31F 00
WECLFRC SPEED W5 45 At T BIAETER 30.00
WEOIPIC DIAMETER (Y]
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TABLE 39. — DUAL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1200.2
VAC ENGINE THRUSY 7%500.
TOTAL ENGINE FLOW RATE 15.631
DEL. vAC. ISP 679 .9
THROAT AREA 2.82
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 59.88
ENGINE MIXTURE RATIO 6.00
ETA Cw 0.993
CHAMBER COOLANY DP 407.
CHAMBER COOLANT DT “39.
NOZZLE COOLANT DP i8s.
NOZZLE COOLANY DT 524.
CHAMBER Q@ (HYDROGEN COOLED) 3787.
NOZZLE Q (OXYGEN COOLED) 243S.

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS o

STATION PRESS Tew FLOW ENTHALPY DENSITY
B.P. IMLEY 18.¢ 37.4 2.2¢ -107.% «.37
B.P. EXIT 101.2 8.5 2.24 -103.0 4.39
PUMP iNLET 101.1 38.% 2.24 -103.0 ¢.39
1ST STAGE EXITV 1732.7 5.0 2.24 8.6 .32
PUMP EXIT 3311.8 as.8 2.24 116.4¢ 4.3
COOLANT INLET 3278.7 %0.0 2.2¢ 116.¢ 6.30
COOLANT EXIT 2871.¢ 529.5 2.24 1809.9 0.91
TBV IMLET 28462.9 529.6 0.1l 1809.9 G.%0
TBV EXIT 1448.¢ 535.9 0.11 1809.9 0.48
H2 TR8 IMLET 2842.9 529.¢ 2.12 1809.9 0.%
H2 TRB EXIT 1532.4 472.1 2.12 1579.0 0.57
H2 TRB DIFFUSER 1499.¢ 472.2 2.12 1879.0 0.%56
2 BST TRB IN 1484.6 “r2.2 2.12 1879.0 0.56
H2 BST TRB OUT 1663.1 «?21.0 2.12 1574.2 0.5%
H2 BST TRB DIFF 1448 .4 <71.1 2.12 1574.2 0.%4
H2 TANK PRESS 18.4 479.0 0.0037 1586.0 0.0073
FSOV IMLEY 1448 .4 “«74.2 2.23% 1586.0 0.54
FSOV EXIT 1412.2 414.4 2.23 1586.0 0.5%3
CHAMBER INJ 1383.4 676.5 2.23 1586.0 0.52
CHAMBER 1300.3
* OXYGEN SYSTEM CONDITIONS o
STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INET 16.0 162.7 13.¢ 61.1 n.z
B.P. EXIT 135.¢ 163.2 1.4 61.5 1.2
PP TNLET 135.¢ 163.2 13.¢ 61.5% n.2
PUMP EXIT 4749.6 187.8 13.4 8.7 71.87
COOLANT INLET 4702.1 188.0 13.4 78.7 71.%0
COOLANT EXIT 4518.% 7.9 13.¢ 260.2 17 .46
OTBY INLET 4<518.% 711.9 0.6 260.2 17.66
oTBV EXIT 2196.9 690.5 0.¢ 280.2 9.39
02 TRB INLET 4518.5 711.9 11.% 260.2 17.66
02 TR EXI1T 2397.7 615.6 1.8 260.1 11.77
02 TRB DIFFUSER 2194.9 €12.3 1n.s 240.1 10.87
02 BST TRB IN 4518.% m.o 1.3 260.2 17 .66
02 BST TRB OUT 448%.7 697.0 1.3 256.1 18.01
G2 BST TRB DIFF 66843 697.0 1.3 2%6.1 18 .00
0BTV INLET 4486.3 697.0 1.3 256.1 18.00
0BTV EXIT 219¢.9 674.% 1.1 25e.1 L 1Y
MIXER 2194.9 622.0 13.4 262.6 10.66
02 TANK PRESS 16.0 572.9 0.01e¢ 42 .4 0.08
oCV IRET 208%.2 620.2 15.¢ 2626 to.18
ocvY EXIY 1459.6 €08.7 13.4 2626 7.29
CHAMBER INJ 1450.6¢ ¢08.1 13.4 D424 7.4
CHAMBER 1300.8

¢ VALVE DATA »

VAL VE DELTA P ARE A FLOW X BYPASS
oTBv 2326, 0.01 0.60 S 00
BV 139¢. 0.01 0.11 $.00
F SOV Ie 0.74 2.2
OBTY 2789 0.01 1.3¢
ocv 6. 0.2% 11.39

e 1N TOR GATA «

INRJECTOR DELTA P AME A FLOw VELIN T TY

FUEL bol ¢ 51 2.0 1217 A0

Lox 168 0 e 13.13s %10 %9
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TABLE 39. — DUAL-EXPANDER ENGINE — 7500 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

L ey Y Yy Y TR YR Y

* TURBOMACHINERY PERFORMANCE D&

& H> BDOST TURBINE «

Mdeceeesunsassnnn

« v BOOST PUMP =

EsesecnnsNssnanan

EFFICIENCY (T/T) a.708 EFFICIDCY Q.765
EFFICIENCY {T/S) 0.368 HORSEPOER 14.
SPEED {RPM) 75548, SPEED (RPM) 75548,
MEAN DIA tIN) 0.82 S SPEED 3043.
EFF AREA (IN2) [ % 1] HEAD FT) 2708.
usc (ACTUAL) 0.553 DIA. CIN) 1.33
MAX YIP SPEED 392. TIP SPEED 440,
STAGES 1 VOL. F.OM 229.
GArMA 1.40 HEAD CXEF 0.450
PRESS RATIO (T/7) 1.01 FLOM CXEF 0.201
PRESS RATIQ (T/S) 1.03
HORSEPOMER 4.
EXIT MACH NUMBER 0.12
SPECIFIC SPEED 143.69
SPECIFIC DIAMETER 0.52

NEanesuRRRRENE sassazsamay

= H2 TURBINE « 2 PUMWP &

ITTITTIYY T YY) csssanansen

STAGE ONE STAGE TWO
sssanumam usamausaw

EFFICIENCY (T/T) 0.781 EFFICIENCY 0.623 0.628
EFFICIENCY (T/3) 0.74% HORSEP ONER 3s3. 341.
SPEED (RPM) 187500. SPEED (RPM) 187500. 187500.
HORSEPOMER €34, $S SPEED 9288,
MEAN DIA. (IN) 2.22 S SPEED 805, 822.
EFF AREA (IN2) Q.12 HEAD (FT) 54135. 52690.
us/c (ACTUAL) 0.535 DIA. (IN} 2.24 2.26
MAX T1P SPEED 1890. TIP SPEED 1834. 1834.
STAGES 1 VoL . FLON 232, 233,
GaMMa 1.40 HEAD COEF s.sl8 0.504
PRESS RATIO (T/7) .84 FLOW COEF 0.097
PRESS RATIO (T/5) 1.91 DIAMETER RATIO 0.329
EXIT MACH NUMBER 0.18 BEARING DN Z.80E+06
SPECIFIC SPEED 32.34 SHAFT DIAMETER 16.00
SPECIFIC DIAMETER 2.28

& 02 BOOST TURBINE

Egxscavuumsusnane

s @ BOOST PUNP =

EFFICIENCY (T/T)  0.797 EFFICIOCY 0.764
EFFICIENCY (T/S)  ©0.752 HORSEPOMER 8.
SPEED (RPM) 20187, SPEED  (RPM) 20187.
MEAN DIA (1IN 2.83 S SPEED 3026.
EFF AREA  (IN2} 0.08 HEAD FT) 262.
usc (ACTUAL)  ©0.553 DIA. (N 1.49
MAX TIP SPEED 263. TiP SPED 132.
STAGES 1 vOL. AW BS.
CAvA 1.63 HEAD CEF 0.450
PRESS RATIO (T/T) 1.01 FLOM COEF 0.200
PRESS RATIO (T/S) 1.01
HORSEPOWER 8.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED 41.09
SPECIFIC BIAMETER 1.88

wensstssennnun YTTITIIIT

. @ TRBINE « ° X PP e

sensssansenuun aree .
EFFICIENCY (T/T)  0.811 EFFICIEMCY 0.493
EFFICIENCY (T/S)  0.647 HORSEPTRER 326.
SPEED (RPM) 1564919, SPEED  (RPM) 154919,
HORSEPOMER 326. S5 SPEED 27838.
MEAN D1A Ny 0.92 S SPEED 1502.
€FF AREA (IN2) 0.12 HEAD (FT) 99282.
wsc (ACTUAL)  0.%5% Dia. (N 1.22
MAX TIP SPEED 660, 1IP SPEED 826.
STAGES 1 vOL. F.Ow 8¢.
CAMKA 1.63 M AD CXF 0.438
PRESS RATIO (T/T) 1.88 FLOM CXF c.13%
PRESS RATIO (1/S) 2.2 DIAMCTES RATIQ 6.669
EXIT MACH MINMBER 0.3¢ REAR MG DN 1.5%€+06
SPECIFIC SPEED 85.40 SHAET JIAMETER 10.00

SPECIFIC DIAMETER 0.9%
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TABLE 40. — DUAL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSIRE 1140.¢
VAL ENGINE ieRUST 15000.
TOTAL ENGINE FLOW RATE 31.2¢
DEL. VAC. ISP %79.9
THROAY AREA .41
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 20.37
ENGINE MIXTURE RATIC 6.00
ETA Ce 0.993
CHAMBER COOCLANT OP 348.
CHAMBER COOLANT DY 356.
NOZZLE COOLANT DP 203,
NOZLE COOLANT DY 404,
CHAMBER Q (NYDROGEN COOLED) 6150,
NOZZLE Q (OXYGEN COOLED) 3986.

ENGIME STATION CONDITIONS

ERNANANGENUSASRNSENEERRRENSSERSUEn

& FUELL SYSTEM CONDITIONS =

STATION PRESS TE® FLOW ENTHALPY DENSITY
B.P. INMLEY 18.6 37.6 ©.47 -107.% %.37
B8.P. EXIT 160.8 38.5% 4£.67 ~i03.0 %.39
PP TNMLEY 100.8 R.5 €.47 -103.0 €.39
1ST STaGE EXIT 1324.1 5S.4 6.47 ~24.% £.45
PP EXIT 2646.2 71.6 €.47 £9.2 .50
COOLANT TNLET 2619.7 71.9 €.47 <9.2 €.49
COOLANT EXIT 2252.2 428.0 4.47 1623.6 0.89

TBV IMLET 2229.7 <28.1 0.22 1423.6 0.88

TBV EXIT 1270.¢ «31.0 0.22 1623.6 6.52
H2 TRB INLET 2229.7 «28.1 ©.2% 1423.6 0.68
H2 TRB EXIT 1353.4 389.1 6.2% 1263.4 0.61
H2 TRB DIFFUSER 1319.9 389.2 4.2% 1265.4 0.68
H2 BST TRB IN 1306.7 589.2 £.25 1263.4 0.60
H2 BSY TRB OUT 1286.9 388.1 %.2% 1258.¢ 0.5
H2 BSY TRB DIFF 1270.6 3e8.1 6.5 12%8.6 0.58

H2 TANK PRESS 18.6 392.3 0.00%2 1266.9 0.0089
FSov IMLET 1270.6 390.2 4.67 1266.9 0.58
Fsov ExIT 1238.8 3%0.3 “«.67 1266.9 0.5¢
CHAMBER INJ 1213.¢ 390.3 €.47 1266.9 0.5%
CHAMBER 1140.¢

= OXYGEN SYSTEM CONDITIONS «

STATION PRESS L3, 4 FLOM ENTHALPY DENSITY
B.P. IMET 16.0 162.7 26.9 61.1 .17
B.P. &XIT 135.¢ 163.2 26.8 6.5 71.20
PUMP TMLET 135.¢ 163.2 26.8 6.5 i1.20
Pu® EXIT “682.5 185.7 26.8 7.7 71.82
COOLANT INLETY €635.7 185.9 2¢.8 7.7 n.rns
COLAMT EXIT %433.1 59%0.2 26.8 226.3 21.9
OTBV INLET €633.1 $90.2 1.2 226.3 21.9
OTBY EXIT 1925.5 556.¢ 1.2 226.3 10.8%
02 TRE INLET 4%33.1 $90.2 22.9 226.3 21.91
02 TRB EXIT 2131.8% «91.8 22.9 207.3 16.3%
02 TRB DIFFUSER 1925.8 “86.6 22.% 207.3 13.12
02 BST TRB IN 4433.1 590.2 2.7 226.3 21.9
02 BST TRE OUT £3%6.8 $76.2 2.7 222.2 22.4%
02 BST TRB DIFF  4393.2 $76.2 2.7 222.2 22.4¢
OBTV INLET 4393.2 57¢.2 2.7 222.2 22.6¢
0BTV £XIT 1925.5 $39.7 2.7 222.2 11.2¢
MIXER 1925.% “94.9 26.8 209.46 12.7¢

02 TANK PRESS 16.0 €22.3 8.0¢3 20%.6 0.11
ocv IMET 1829.3 €92.3 26.8 209.6 12.1y
oCy EXIT 1280.% 476.2 26.8 209.¢ 8.77
CHAMBER 1IN 125%.0 475.3 26.8 209.6 8.60
CHAMBER H140.¢

¢ VALVE DATA =
VALVE DELTA P AREA FLOM X BYPASS
or8v 2508. 0.01 1.21 5.00
BV %9, 0.01 0.22 S.00
Fsov 32. 1.%6 €. 4?7
oBTV 2448. 0.02 2.68
acy 549, 0.49 26.79
* INJECTOR DATA o

INJECTOR DELTA P ARFE A FLOoM VELOCITY
FuEL 8. 1.06¢ ‘.47 1100.0?
Lox 127. 1.28 26.79 $50.97
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TABLE 40.

DUAL-EXPANDER ENGINE — 15,000 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

# TURBOMACHINERY PERFORMANCE DATA «

& H2 BOOST TURBINE «

HaunnasnennuuRanNAnY

EFFICIENCY (T/T) 0.742
EFFICIENCY (T/S) 0.39¢4
SPEED (RPM) S3348.
MEAN DIA (IN) 1.16
EFF AREA £IN2) 1.73
usc (£CTUAL ) 0.553
max TIP SPEED 389.
STAGES 1
GAMMA 1.38

PRESS RATIO (T/T) 1.02
PRESS RATIO (T/s}) 1.03
HORSEPOMER 29.
EXIT MACH HUMBER 0.13
SPECIFIC SPEED 166.46
SPECIFIC DIAMETER 0.52

® H2 TURBINE &

[TTTITT YT Y
EFFICIENCY (T/T) 0.815
EFFICIENCY (T/S) 0.267
SPEED (RPM) 136363.
HORSEPOMER 264,
MEAN DIA. (IN) 2.63
EFF AREA (81,72} 6.29
uwc (ACTUAL ) 0.%53
MAX TIP SPEED 1653.
STAGES 1
GAMMA 1.38

PRESS RATIO (T/T) 1.65
PRESS RATIO (T/S) 1.70
EXIT MACH MSBER 0.20
SPECIFIC SPEED 43.19
SPECIFIC DINETER 1.81

NuRNESNSERUARARNEANG

n 02 BOOST TURBINE #

nman wnsnanan
EFFICIENCY (T/T) 0.808
EFFICIENCY (T/S) 0.765%
SPEED (RPM) 14271.
MEAN DIa Ny .01
IFF ARER (IN2) 0.1¢4
usc (aCTyAL )} 0.553
MAX TIP SPEED 261,
STAGES 1
Gapa 1.78

PRESS RATIO (T/1) 1.01
PRESS RATIO (1/5) 1.0l
HORSEP OMER 15.

SPECIFIC SPEED
SPECIFIC DINETER 2.02

® 02 TURBINE =

EFFICIENCY (T/T) 0.829
EFFICIENCY (T/S) 0.718
SPEED (RPM} 107453,
HORSEPOMER 618.
MEAN DIA tIN) 1.15
EFF AREA C(INZ) 8.21
usc tacTuaL) 0.553
MAX TIP SPEED 9.
STAGES !
GArMA 1.78
PRESS RATIO (T/T) 2.08
PRESS RATIO (T/S) 2.39
EXIT MACH MUMBER 0.35
SPECIFIC SPEED 83.84
SPECIFIC DIMETER 0.98

s H2 BOOST PUMP »

EFFICIENCY 0.765
HORSTP OMER 29.
SPEED {RPH) 53348,
S SPEED 3045.
HEAD (FT) 2702,
DIA, (IN) 1.89
TIP SPEED <39.
VOL. FLOW «S8.
HEAD COEF 0.450
FLOW COEF ¢.201
LAY ER L L]
" H2 PUMP »
L] ] [ 11 ]
STAGE ONE STAGE TwO
RENEIENEEE dEENEEERN
EFFICIENCY 0.695 0.69%
HORSEPOMER <8S. G“79.
SPEED {RPM) 136363. 136363,
$S SPEED %71,
S SPEED 999. 1gol.
HEAD (FT) %1375. ©0897.
DIA. (IN) 2.71 2.7
TiP SPEED 1612. 1612.
VOL. FLOW «52. (11 W
HEAD COEF 0.S12 0.506
FLOW COEF ¢.110
DIAMETER RATIO = ol
BEARING DN 3.00€+06
SHAFT DIAMETER 22.00

asassennsun

UnwanaRsmaNRBENNE
* 02 BOOST PUMP =

EFFICIENCY
HORSEPOWER
SPEED (RPM)
S SPEED

HEAD (FT)
Dla. 1IN)
TiP SPEED
VOL. FLOW
HEAD COEF
FLOW COEF

AEasEaRARAN
- 02 PUMNP &«
waansamunnn
EFFICIENCY
HORSEPONER
SPEED (RPM]
5SS SPEED
S SPEED
HEAD (FT)
D1A. (N
T1P SPEED
vOL. FLOW
HEAD COEF
FLOM COEF
DIAMETER RATIO
BEARING DN
SHAFT DIAETER
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0.764
15.
14271,
3026.
242.
2.1
132,
169.
0.65%0
0.200

0.720
618,
107453,
27313,
1492.
%lie.
1.72
807.
168,
0.4%0
0.138
0.671
1.50€°+06
14.00



DUAL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER
GROOVED CHAMBER)

TABLE 41. —

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1108.7
VAC ENGINE THRUST 25000.
TOTAL ENGINE FLOW RATE %2.10
DEL. VAC. ISP 419.9
THROAT AREA 11.00
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 118.33
ENGINE MIXTURE RATIO 6.00
ETA C= 0.993
CHAMBER COOLANT D¢ 308.
CHAMBER COOLANT DT nz.
NOZZLE COOLANT OP _22.
NOZZLE COOUANT DT 3s1.
CHAMBER Q (HYDROGEN COOLED) 9095.
NOZZLE Q (OXYGEN COOLED) 5893.
ENGIME STATION CONDITIONS
AANNAEANURAENESERNERASONEY apanaw
u FUEL SYSTEM CONDITIONS «
STATION PRESS TEW FLOM ENTHALPY DENSTTY
B.P. INET 18.6 37.4 7.46 ~102.5 <.37
B.P. EXIT 100.5 8.5 7.46 ~103.0 4.3
PUMP INLET 100.% 38.5 7.66 ~103.0 <.39
1ST STAGE EXIT 1236.6 s1.8 7.46 -39.% 4.50
PUMP EXIT 2386.6 6“%.6 7.46 23.¢ 4.5
COOLANT [HLET 2362.7 4.8 7.46 23.9 €.57
COOLANY EXIT 2055.1 382.3 7.46 1263.2 0.9
TBY INLET 20364.6 382.4 0.37 12643.2 0.91
TBY EXIT 31235.1 386.2 0.37 1243.2 0.57
H2 TRB INLETY 2034.6 382.4 7.0 1243.2 0.91
H2 TRB EXIT 1321.6 350.2 2.0 1109.6 0.67
H2 TRB DIFFUSER 1282.% 350.2 7.09 1109.6 0.6%
H2 BST TR8 IN 1269.6 350.2 7.09 1109.6 0.6%
H2 BST TREB OUT 1248.9% 349.1 7.09 1104.8 0.63
H2 BST TRB DIFF 1235.1 349.1 7.09 1106.8 0.63
H2 TANK PRESS 18.6 351.6 0.017) 13111.7 6.0100
FSOV IMLETY 1235.1 350.8 7.44 1111.7 0.62
FSOV EXIT 1204.2 350.9 7.46 1111.7 G.61
CHAMBER 1INJ 1179.7 350.9 7.46 1111.7 0.60
CHAMBER 1108.7
s OXYGEN SYSTEM CONDITIONS «
STATION PRESS TEw FLOK ENTHALPY DENSITY
B.P. INLET 16.0 162.7 ““.7 6l.1 7n.17
8.P. EXIT 135.¢ 165.2 %467 61.5 71.20
PUMP INLET 135.¢ 163.2 6.7 €1.5 71.20
PUMP EXIT «859.1 185.5 6.7 17.9 71.99
COOLANT THLET <810.% 185.7 “6.7 ?7.9 71.92
COOLANT EXIT 4<589.90 537.0 46.7 209.7 25.58
OTBV INLET 4589.0 537.0 2.0 209.7 25.58
T8V EXIT 1871.0 493.6 2.0 209.7 12.43
02 TRB IMNLET 4%89.0 537.0 8.3 209.7 25.58
02 TRB EXIT 2078.1 “36.8 5.3 190.¢ 17.086
02 TRB DIFFUSER 1871.0 430.5 38.3 190.¢ 15.62
02 BST TRB IN 4589.0 $37.0 6.5 209.7 25.58
02 BST TRB OUY 6547.3 523.7 6.5 205.¢ 26.36
02 BST TRB DIFF 4565.7 523.7 «.5 205.6 26.33
OBTV INLET 6545.7 523.7 4.5 20%.6 26.33
0BTV EXIY 1871.0 4719.6 6.5 205.4 13.0%
MIXER 1871.0 «37.7 6%.7 192.8 1s 's
02 TANK PRESS 16.0 345.2 0.087 192.8 0.1¢
oCVY INLET 1277.% 636.7 &6.7 192.8 16.49
ocv EXIT 12¢4.2 415.1 46.7 192.8 10.50
CHAMBER IMJ 1213.5 4146.9 46.7 192.8 10.3)
CHAMBER 1108.7
 VALVE DATA =
VALVE DELTA P AREA FLOMW X BYPASS
oT8vV 2718. 0.02 2.01 5.00
TBY 799. 90.03 0.3? 5.00
FSOV 3. 2.5%0 7.64
087V 2675 0.04 %.4?
ocy 533. 0.7¢ “G.66
& INJECTOR DATA =
INJECTOR DELTA P art A FLON VELOCTY
FUEL 8¢ 1.2 7.6¢ 106394
LoX 123 1.98 66 66 315%.9%
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TABLE 41. — DUAL-EXPANDER ENGINE — 25,000 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

MsuRUCONNARNANAUN RN NS ENR RN ANNREE

® TURBOMACHINERY PERFORMANCE DATA «

s H2 BOOST TURBINE =

sumensnane
# H2 BOOST PUMP &

snnna CoeRgazaCERERARN.

EFFICIENCY (T/7)  0.821 EFFICIENCY 0.7¢6
EFFICIENCY (T/S)  0.443 HORSEP OMER 8.
SPEED RPM) 41732, SPEED  (RPH} q1222.
MEAN DIA am 1.%6 S SPEED 3049,
EFF AREA  (IN2)  2.82 HEAD (FT) 2490.
usc {ACTUAL ) 0.537 Dla. (IN) 2.44
MAX TIP SPEED 376. TIP SPEED c19.
STAGES 1 vOL. FLOW 763.
GAMMA 1.36 HEAD COEF 0.450
PRESS RATIO (T/T) 1.02 FLOW COEF 0.20)
PRESS RATIO (1/5) 1.03
HORSEPOWER .
EXIT MACH NUMBER 0.13
SPECIFIC SPEED 150.00
SPECIFIC DIAMETER  0.52

REeEN L Xzl NREANRANEAR

" K2 TURBINE = -

[EXEITTIIYITTRR L) NpSsAARERAA

STAGE ONE STAGE TWO
AEaaseEN sEvzEuAva

EFFICIENCY (T/T)  0.870 EFFICIENCY 0.740 0.739
EFFICIENCY (T/S]  6.800 HORSEPOWER 670. 670.
SPEED (RPM) 125000. SPEED (RPM) 125000. 125000.
HORSEPOWER 1340. $S SPEED 11366
MEAN DIA. (M) 2.62 S SPEED 1290. 1279.
EFF AREA  (IN2)  0.51 MEAD (FT) 36570, 36487.
usc (ACTUAL)  ©.553 DIA.  (IN) 2.85 2.8%
MAX TIP SPEED 1549. TIP SPEED 1556. 1555,
STAGES ! VOL. FLOW 764, 730.
GAMMA 1.36 HEAD COEF 0.486 0.485
PRESS RATIO (T/T) 1.56 FLOW COEF 0.128
PRESS RATIO (7/5) 1.40 DIAMETER RATIO 0.462
EXIT MACH NUMBER 0.23 BEARING DN 3.00£+06
SPECIFIC SPEED 58.33 SHMAFT DIAMETER 26.00
SPECIFIC DIAMETER  1.41

sdEsAENaREREREBREENY
& 02 BOOST TURBINE »
ERERAEFAENARENNERERY
EFFICIENCY (T/T) 0.844
EFFICIENCY (T/S5) 0.802

SPEED {RPM) 11052.
MEAN DIA UIN) 5.17
EFF AREA (IN2) 0.21
wc raLTUAL ) 0.55%3
MAX TIP SPEED 260.
STAGES 1
GAMMA 1.91
PRESS RATIO (T/T) 1.01
PRESS RATIO (T/S) 1.01
HORSEPOWER 26.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED 37.16¢

SPECIFIC BIMETER 2.13

Ssusesssennune
& 02 TURBINE »
LTI TYY Y T Y T

EFFICIENCY (T/T) 6.877

EFFICIENCY (T/S) 0.767

* 02 BOOST PUMP &

SPEED (RPH) 83640.
HORSEPOWER 1044,
MEAN DI1A «aN) 1.49
EFF AREA tIN2) 0.31
usCc (ACTUAL) 0.553
MAX TIP SPEED 17,
STAGES 1
GAMMA 1.91
PRESS RATIO (T/T) 2.21
PRESS RATIC (T/S) 2.%5
EX1YT MACH NUNBER .36
SPECIFIC SPEED al1.81
SPECIFIC DIAMETER 1.03

EFFICIENCY 0.764
HORSEPORER 26.
SPEED (RPN) 11052,
S SPEED 3026.
HEAD (FT) 262.
Dia. (M) .72
TIP SPEED 132.
VoL, FLOM 8\,
HEAD COEF 0.450
FLOW COEF 0.200

(LTI YITTEY)

=02 PP w

unsvsnusnws
EFF ICIENCY 0,736
HORSEPONER 1046 .
SPEED (RPM) B3940.
SS SPEED 27¢51.
S SPEED 1458,
HEAD {FT} "S5,
Dla. IN) 2.22
TIP SPEED 812,
VOL. FLOM 279,
HEAD COEF 0.461
FLOW COEF 0.127
DIAMETER RATIO 0.s70
BEAR ING DN 1.51E+06

SHAFT DIAMETER
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TABLE 42. — DUAL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

SRGNsssdassaRaunanRaERERNRERN

CHAMBER PRESSURE 1049.9
VAC ENGINE THRUST 37500.
TOTAL ENGINE FLOM RATE 78.15%
DEL. vaC, ISP “79.8
THRDAY AREA 17.41
NOZZLE AREA RATIO 1000.0
NOZZAE EXIT DIAMETER 1<8.89
ENGINE MIXTURE RATIO .00
ETA C» 0.993
CHAMBER COQLANT DP 263.
CHAMBER COOLANT DT 29%4.
NOZZLE COOLANT 0P 231,
NOZZLE COOLANT DY 315,
CHAMBER Q@ (HYDROGEN COOLED) 1246090.
NOZZLE Q (OKYGEM CGOLED) alls.

ENGINE STATION CONDITIONS

¢ FUEL SYSTEM CONDITIONS =

STATION PRESS 13, FLOW ENTHALPY DENSIYY
B.P. INET 18.6 37.4 11.19 -107.% .37
B.P. EXIT 100.4 38.% 11.19 -105.0 .39
PO INLET 100.4 38.5 11.19 -103.0 4.39
IST STAGE €XIT 13<.¢ 3.9 11.19 ~46.7 4.5}
PP EXIT 2192.1 61.1 11.19 L X ] .61
COOLANT INLET 2170.2 61.3 11.19 .8 4.5%
COOLANT EXIT 1907.1 355.7 11.19 1135.6 0.92
TBV IMLET 18%8.1 355.7 0.56¢ 1135.6 6.9
TBV EXIT \149.7 356.9 0.56¢ 1135.6 0.s8
H2 TRB INLET 1828 .1 355.7 10.63 1135.6 0.9
H2 TRB EXIT 125/.3 327.1 10.63 1016.9 0.68
H2 TRB DIFFUSER  1216.1 327.1 10.63 1016.9 0.66
K2 BST TRB 1IN 1204.0 270 10.63 1016.9 0.6
H2 BST TRB OUT 1182.9 325.9 10,63 1012.1 0.64
H2 8ST TRB DIFF  [1¢9.7 325.9 10.63 10121 0.63
H2 TANK PRESS 18.6 327.4 0.0274 1018.3 0.0107
FSOV INCET 1149.7 327.% 11.1¢ to18.3 0.63
FSOV EXIT 1140.5% 327.% 11,16 1018.3 0.62
CHAMBER INJ 1n17.2 327.% 11.16 1018.3 0.61
CHAMBER 1049.9
® OXYGEN SYSTEM CONDITIONS =
STATION PRESS i FLOW ENTHALPY DENSITY
8.P. IMLET 16.0 1€2.7 7.1 6.1 7.7
B.P. EXIT 135.6 163.2 67.1 61.5 71.20
PUN TNLET 135.6 163.2 2.1 63.5 71.28
PUMP EXIT <16.1 184.0 7.1 A 72.09
CODLANT INLEY G648.9 184.2 7.1 7.1 r2.02
COOLANT EXIT €636.3 699.1 67.1 19%.0 27.64
OTBY INLEY “436.3 499.1 5.0 198.0 27.64
orev Ex1v 17712.4 €50.8 3.0 198.0 13.58
02 TRB IMLET €636.3 «99.1 57.4 198.0 27.64
02 TRB EXIT 197¢.3 404.5 57.4 179.6 18.96
02 TRB DIFFUSER  1772.4 397.6 87.4 179.4 17.3%
02 BST TRB IN 4636.3 699.1 6.7 198.0 27.64
02 BST TRB OUT 4393.3 <86.7 6.7 193.9 28.43
02 8ST TRB DIFF  43%1.6 486.7 6.7 193.9 28.43
CBTV INMLET <391.6 <86.7 6.7 193.9 28.43
oBYV EXIT 1772.4 %38.1 6.7 193.9 16.2¢
MIXER 1712.4 <03.6 €7.0 181.9 16.79
02 TANK PRESS 16.0 295.6 0.153 181.9 0.16
ocY INET 1683.8 %00.4 67.0 181.9 16.08
ocV EXIT 1i78.7 378.7 €7.0 181.9 n.n
CHAMBER INJ 1155.2 377.5 67.0 181.9 11.81
CHAMBER 10499

® VALVE DATA »

VALVE DELTA P AREA FLoM X BYPASS
orsv 2664 . 0.02 .02 $.00
BV 7e. 6.04 0.56 5.00
Fsov 29. 1.82 11.1¢
08TV 2619, 0.0S €. N
ocv 50%. 1.1 64.99

* [NKCTOR DATA o

INJECTOR DELTA P ARE A FLOW vELOCITY

FUEL AN s.63 ti.1e 1egs. ot

Lox 17, 2. A8 (Y1) 29112
17X




TABLE 42. — DUAL-EXPANDER ENGINE — 37,500 LBF THRUST (COPPER

GROOVED CHAMBER) (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA «

« M2 BOOST TURBINE = & H2 BOOST PUMP «

[ T P aNsumEssadaNRRRE®
EFFICIENCY (T/T)  0.837 EFFICIENCY 0.766
EFFICIENCY (T/S)  0.456 HORSEPOMER 7.

SPEED (RPM) 33653, SPEED  (RPW) 53653.
MEAN DIA (1IN} 1.76 S SPEED 3049.
EFF AREA tIN2] %.21 HEAD (FT) 2688.
usc (ACTUAL)  0.531 DIA. CIN) 2.98
MAX T1P SPEED s72. TIP SPEED 438
STAGES H voL. FLOW 1146.
GaMMA 1.40 HEAD COEF 0.450
PRESS RATIO (T/T) 1.02 FLOM COEF 0.201
PRESS RATIO (T¥/S) 1.03
HORSEPOHER n.
EXIT MACH NUMBER 0.3
SPECIFIC SPEED 150.00
SPECIFIC DIAMETER 0.52

AagRaniuERusen AGNNEEAARSAN

= H2 TURBINE » " W2 PUNP

ARANgRARNERRENN GERENEBRENR

STAGE ONE STAGE TWO
ERNNEERES NSRS NERE
EFFICIENCY (T/T)  0.883 EFFICIENCY 0.760 0.75%
EFFICIENCY (T/S)  ©.801 HORSEPOMER 8. 895.
SPEED (RPH) 107143, SPEED (RPH) 107143 107143.
MORSEPOWER 1786. SS SPEED 11935,
MEAN DIA. CIN) 2.88 S SPEED 1451, 1433.
EFF AREA am) 6.79 HEAD (FT) 33288. 33364,
usc (ACTUAL)  0.553 DlA. (IN) 3.2 3.22
MAX TIP SPEED 1481, TIP SPEED 1506. 1506.
STAGES 1 voL. FLOW 1114, 1090.
GAMMA 1.40 HEAD COEF 0.472 0.473
PRESS RATIO (T/T} 1.50 FLOW COEF 0.136
PRESS RATIO (T/5) 1.57 DIAMETER RATIO 0.472
EXIT MACH NUMBER 0.26 BEARING DN 3.00€+0¢
SPECIFIC SPEED 66.16 SHAFT DIAMETER 28.00

SPECIFIC DIAMETER 1.26

& 02 BOOST TURBIMNE =

= 02 BOOST PUMP =

EFFICIENCY (T/T) 0.851 EFFICIENCY 0.764
EFFICIENCY (T/S) 0.809 HORSEPOWER 39.
SPEED (RPM) 9022. SPEED (RPM} 9022.
HEAN DIA (1IN} 6.34 S SPEED 3026.
EFF AREA (1. ~3] 0.30 HEAD (FT) 2642.
u/c (aCTuaL) 0.553 DIA. (N 3.34
MAX TI1P SPEED 260. TIP SPEED 132.
STAGES 1 VYOL. FLOW 423.
GAMMA 1.92 HEAD COEF 0.450
PRESS RATIO (T/Y) 1.01 FLOW COEF 0.200
PRESS RATIO (7/3) 1.01
HORSEPOMER 39.
EXIT MACH NUMBER 0.02
SPECIFiC SPEED 36.68
SPECIFIC DIAMETER 2.16

SEsesnmNANNUNY anssssssaen

% 02 TURBINE & Q2 PUP =

SsnswmuNauavan Sseussnvaan
EFFICIENCY UT/T7) 0.887 EFFICIENCY 0.75¢0
EFFICIENCY (T/3) 0.77¢ HORSEPOMER 1488.
SPEED (RPM) 67087, SPEED (RPH} €7087,
HOR SEPOWER 1488. $S SPEED 26973,
MEAN Dia (N 1.81 S SPEED 1467,
EFF AREA (i) 0.4¢ HEAD (FT) 9146,
usc (aCvuAL) 0.5%3 DIA. (IN) 2.72
MAX TiP SPCED 602. TiP SPEED 796.
STAGES 1 VOL. FLOMW 418.
GAMMA 1.97 HEAD COEF 0.66%
PRESS RATIO (T/T) 2.26 FLOM COEF 0.137
PRESS RATIO (7/5) 2.60 DIAMETER RATIO 0.672
EXIT MACH NUMBER 0.36 BEARING DN 1.48€+0¢
SPECIFIC SPEED 82.37 SHWAFT DIAMETER 22.00
SPECIFIC DIAMETER 1.0%
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TABLE 43. — DUAL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1022.1
VAC ENGINE THRUST $0000.
TOTAL ENGIMNE FLOW RATE 106.20
DEL. vAC. ISP 479.8
THROAT AREA 23.84
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMEYER 176.23
ENGINE MIXTURE RATIO 6€.00
ETA Cn 0.993
CHAMBER COOLANT D 224,
CHAMBER COOLANT DV 2718.
NOZZLE COOLANT Dp 2ls.
NOZZLE CQOOLANT DY 295.
CHAMBER Q (HYDROGEN COOLED) 15803.
NOZZLE Q (OXYGEN COOLED) 10262,

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS »

STATION PRESS TOw FLaw ENTHALPY DENSITY
B.P. INET 18.¢ 37.4 14.92 ~107.% 4.57
8.P. EXIT igc.8 38.5 14.92 ~103.0 6.2
PUr® INLET 100.8 8.5 14.92 ~l03.0 6.19
1ST STAGE EXIT 1081.6 <9.0 16.92 -50.4 “.52
PUMP EXIT 2088.7 59.3 164.92 2.5 ‘.62
COOLANT INLET 2062.8 59.% 16.92 2.5 4 .60
COOLANT EXIY 1842.0 337.4 14.92 1061.3 0.%2
TBV INLEY 1823.6 337.% 0.75 1061.3 0.%3
TBY EXIT 1138.6 328.3 o.7% 1061.3 0.e0
H2 TRB INLET 1823.6 337.8 14.18 1061.3 0.2
H2 TRB EXIT 1230.1 310.7 16.18 950.3 0.79
H2 TRB DIFFUSER 1184.7 30.7 14.18 950.3 0.67
H2 BST TRB IN 1172.9 310.7 1¢.18 950.3 0.¢7
H2 BST TRB OUT 115:.7 309.6 16.18 945.% D.eé
H2 BST TRB DIFF 1138.6 309.¢ 14.18 945.5 0.e%
HZ TANK PRESS 18.¢ 310.2 0.038¢ 951.3 0.0113
FSOV INLETY 1138.6 .o 14.8% 951.3 0.eS
FsSOv EXIT 1110.1 .o 14.89 951.3 0.e3
CHAMBER INJ 1087.5 3.0 14.89 951.3 0.e2
CHAMBER 1022.1
% OXYGEN SYSTEM CONDITIONS »
STATION PRESS TENP FLOW ENTHALPY DENSITY
B.P. IMLET 16.0 162.7 89.5 61.1 71.17
B.P. EXIT 135.6 163.2 89.5 1.5 71.2¢
PUMP INLET 135.6 1¢3.2 89.5 1.5 7.9
PU® EXITY 4632.1 183.1 89.5 76.6 12.3%
COOLANT INLET «585.8 183.3 89.% 76.6 2.%8
JeSmeT XL &351.1 “r8.5 89.% 191.2 l8.%
OTBV INLET 4351.1 478.5 4.0 191.2 28. %
oTBVY EXIT 1728.0 “28.53 4.0 191.2 14.¢3
02 TRB INLEY “351.1 “718.% 76.6 191.2 8.
02 TRB EXIT 1926.5 387.% 76.¢ 123.5 20.57
02 TRB DIFFUSER 1725.0 380.¢ 76.6 173.5 18. %8
02 BST TRB IN 4351.1 478.5 s.0 191.2 8. %
02 BST TRB OUT 4307.4 ~66.2 2.0 187.2 29.87
02 BST TR8 DIFF 4305.7 466.2 s.0 1872.2 29.23
OBTV IMLET 4305.7 666.2 9.0 187.2 29.¢6w
0BTV EXIT 1725.0 L16.2 .0 187.2 15,71
MIXER 172%.0 385.3 89.3 175.7 18.1«
G2 TANK PRESS 1¢.0 267.1 0.227 175.7 0.8
OCcV IMLET 1638.7 382.1 89.3 175.7 17.13
ocv ExIT 1147.1 3.9.2 89.3 175.7 120
CHAMBER INJ 1126.3 358.0 89.3 17%.7 12.4e
CHAMBER 1022.

% VALVE DATA =

VAL VE DELTA P AREA FlLow X BYPASS
OTBY 2626. 0.02 6.03 5.00
T8v 685. 0.0¢ 0.7% S.00
Fsov 8. S5.10 16.89
vty 258). Q.07 8.9
ocv “92. 1.6% 89.32

® INJECTOR DATA «

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 17, 3.%1 16.89 .19
Lox 116, 3.8 89.32 PEAYE]




TABLE 43. — DUAL-EXPANDER ENGINE — 50,000 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

¢ YURBOMACHINERY PERFORMANCE DATA «

SedASRNdENENUNEERNRAS SESNESNESNSSESNES

* M2 BOOST TURBINE » * H2 BOOST PP =

LX) seSeARasS st AaSsREEEBRANAER
EFFICIENCY (T/T)  0.856 EFFICIENCY 0.765
EFFICIENCY (T/3) 0.4e8 HORSEPOWER .
SPELED (RPM) 29219, SPEED  (RPM) 29210.
=EAN DIA tIN) 2.02 S SPEED 3065,
EFF AREA (1N2) 5.52 HEAD (FT) 2761
urc (ACTUAL}  0.527 DIA. (IN) 3.48
MAX TIP SPEED 369. TIP SPEED 43y
STAGES ! VOL. FLOW 1526.
cara 1.3¢ HEAD COEF 0.458
PRESS RATIO (1/7) 1.02 FLOM COEF 0.201
PRESS RATIO (T/3) 1.03
HORSEPOMER ’%.
EXIT MACH NUMBER 0.14
SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.53

saAsasaNEN anau
* H2 TURBINE ® " H2 PP s
SuEREAASENEER sEARANEANGS
STAGE ONE STAGE TWO
SURsEREEN aSusseasua
EFFICIENCY (T/T)  0.893 EFFICIENCY 6.772 o.7n
EFFICIENCY (T/S)  0.797 HORSEPOWER 110, mz.
SPEED (RPM) 100008. SPEED (RPM) 100000. 100008,
HORSEPOMER 222¢. SS SPEED 12819.
MEAN D1A. Ny 2.9 S SPEED 1627. 1603,
EFF AREA  (IN2)  ).08 HEAD (FT) 31565, 31720,
ure (ACTUAL)  0.583 DIA. (IN) 3.42 5.42
MAX T1P SPEED 1454 T1P SPEED 1495. 1495
STAGES 1 VoL. FLOW 3483, 145,
GAren 1.36 HEAD COEF 0.456 0.457
PRESS RATIO (T/T) 1.48 FLOM COEF 0.145
PRESS RATIO (T/S) 1.5e DIAMETER RATIO 0.507
EXJT MACH NUMBER 0.26 BEARING DN 3.00€+06
SPECIFIC SPEED 7618 SHAFT DIAMETER 30.00

SPECIFIC DIAMETER 1.14

ASGNEBNEERAONARNANARY S SUNBNESNaNSERPENS

« 02 BOOST TURBIME * * 02 BOOST P =

SEEESENAEERIRRRANEEY -8 NENuSARERERER
EFFICIENCY (T/T)  0.857 EFFICIENCY 0.764
EFFICIENCY (T/S)  0.81% HORSEPOWER 52,
SPEED (RPH)  TBIZ. SPEED  (RPM) 7”12,
MEAN DIA (N 7.32 S SPEED 3026.
EFF AREA  (IN2)  0.39 HEAD (FT) 2¢2.
we (ACTUAL)  0.553 Dla. 1N} 3.85
MAX T1P SPEED 260. TIP SPEED 132,
STEGES i VOL. FLOMW 564,
[ 2.01 HEAD COEF 0.4s0
PRESS RATIO (T/T) 1.0t FLOW COEF 0.280
PRESS RATIO (T/5) 1.0l
HORSEPOMER 52.
EXIT MACH NUMBER 0.02
SPECIFIC SPEED 36.46

SPECIFIC DIAMETER 2.18

ecseanacunsunn snsesanuane
* 02 TURBINE ® . 02 PP =
ansansdsaSuaNn LIPS ISR ] ]
EFFICIENCY (T/T)  0.895 EFFICIENCY 0.759
EFFICIENCY (T/S)  0.783 HORSEPOMER 1923,
SPEED (RPM) 57463, SPEED  (RPM) 57463,
HORSEPOMER 1923. SS SPEED 2¢681.
HEAN D14 (N} 2.08 S SPEED 167
€FF AREA (n2) 0.61 HEAD (FT) 8971.
use (ACTUALD  0.5%3 Dla. 3TH 513
MAX TIP SPEED 592. T1P SPEED res.
STAGES 1 vOL. FLOW ss7.
[N 2.01 MEAD COEF 0.4¢8
PRESS RATIO (T/7) 2.26 FLOM COEF 0.137
PRESS RATIO (T/35) 2.62 DIAMETER RATIO 0.672
EXIT MACH NUMBER 0.3¢ BEARING DN 1.49606
SPECIFIC SPEED 82.68 SHAFT DIAMETER 2¢.90

SPECIFIC DIAMETER 1.03
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TABLE 44. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 7500 LBF THRUST (COPPER GROOVED CHAMBER)

ENGINE PERFORMANCE PARAME TERS

L T R Y Y e T T RS

CHAMBER PRESSURE 1906.0
VaC ENGINE THRUST 7500.
TOTAL ENGINE FLOW RATE 15.62
DEL. VvAC. (SP <80.1
THROAT AREA 1.93
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 49.52
ENGINE MIXTURE RATIO 6.00
ETA C+ 0.993
CHAMBER COOLANT DP 1302.
CHAMBER COOLANT DT 767.
NOZZLE/CHAMBER Q 5996

ENGINE STATION CONDITIONS

% FUEL SYSTEM CONDITIONS ¢

STATION PRESS TEw FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.¢4 2.23 -107.% 4.37
B.P. EXIT 100.4 8.5 2.23 -103.0 4.29
PUMP IMLET 100.4 38.5 2.23 -103.0 4.19
1ST STAGE EXIT 2168.6 77.3 2.2 $6.2 4.16
IND STAGE EXIT 4119.0 112.8 2.2% 202.8 4.13
PUMP EXIT 5994.5 146.5 2.23 346.0 6.17
COLD REGEN IN 5934.5 1645.0 2.2 3440 “.15
COLD REGEN EX 5875.2 374.0 2.23% 1266.3 2.19
COOLANT INLET 5875.2 376.0 2.23 1266.3 2.19
COOLANT EXIT 4573.3 1.3 2.23 3950.8 0.69

TBV INLET 4527.6 1121.6 0.1} 39%0.8 0.69

TBV EXIT 2199.7 1138.3 0.11 395¢.8 .35
02 TRB INLET «527.6 1i21.6 2.12 3950.8 0.%9
02 TRB EXIT 4186.7 1106.¢6 2.12 3881.8 0.65
H2 TRB INMLET <186.7 1104.4 2.12 3381.8 0.65
H2 TRB EXIT 2516.5 983.0 2.12 3611.2 0.¢2
H2 TRB DIFFUSER 2290.7 983.2 2.12 3411.2 .41
H2 BST TRB IN 2267.8 983.2 2.12 J<31.2 0.4}
H2 BST TRB OUT 2252.9 982.1 2.12 3606 .4 0.4}
H2 BST TRB DIFF 22644.4 9R2.2 2.12 3406.4 0.41
02 BST TRB IN 2222.0 982.3 2.12 3406.4 0.40
02 BST TRB OUT 2216.1 981.6 2.12 3403.8 .40
02 BSY TRB DIFF 2210.7 981.7 2.12 3403.8 0.40

H2 TANK PRESS 18.6 100¢.8 0.00!8 3631.2 8.002%
GOX HEAT EXCH IN 2199.7 989.6 2.23 3631.2 0.40
GOX HEAT EXCH OUT 2188.7 989.3 2.23 342%.2 0.39
HAT REGEN IN 2188.7 989.3 2.23 3429.8 0.39
HOT REGEN EX 2123.0 727.4% 2.23 2506.8 0.51
FIOV IMLET 2123.0 271.4 2.2 2506.8 0.51
FSOovV £XIT 2070.0 7271.7 2.23 2506.8 a.s0
CHAMBER INJ 2049.3 727.8 2.23 2506.8 0.50
CHAMBER 1906.0

" OXYGEN SYSTEM CONDITIONSG «#

SYATION PRESS TENP FLOX ENTHALPY DENSITY
B.P. IMLET 16.0 162.7 13.4 61.9 70.99
B.P. EXIT 135.2 165.53 13.¢4 62.3 70.84
PUMP INET 135.2 165.3 13.4 €2.3 70.8¢6
PUMP EXIT 3086.8 180.8 13.4 73.2 71.17

02 TamK PRESS 16.0 400.0 9.02 204.7 g.12
O30V INET 30%6.0 18).¢ 2.0 73.2 71.12
oSOV EXIT 2139.2 184.6 2.0 7%.2 69.70
OCV IMNLET 3056.0 181.0 11.4 7%.2 1.2
OocCvV EXIT 2139.2 184.6 11.6 73.2 69.70
CHAMBER INJ 2l172.8 186.7 13.4 713.2 69.66
CHAMBER *906.0

¢ VALVE DATA =

VALVE DELYA P AREA FLOW £ BYPASS
8V 2328, 0.0} 0.1 5.00
Fsav S5, 0.83 2.23
ocv 7. 0.07 13.3

* INJECTOR DATA =

INJECTOR DELTA P arfa FLOW

FUEL 143, 0.40 2.05

LOX 212, [ 13.29¢
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TABLE 44. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 7500 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

“esuaveBUAcRIsUssusIR e T ancsennanaus
¢ TURBOMACHINERY PERFORMANCE DATA »

asavesonuoe

"+ BOOST TURSINE »

esugesanacessssennne

- . estescccsuen

= MO BOGST PURP o

EFFICIENCY (T/T) 0.745 EFF CIENCY 0.766
EFFICIENCY (1732 ..422 HORSEPONER 4.
SPEED \RPR) 15301 SPEED {RPM] 5501,
MEAN DIA tIM} 1.44 S PEED 1050,
EFF MREA 2 1.2% HEAD (£1)

we (ACTUML } .97 Dia. 11N

NAX TIP SPEED s72. Tie SPEED

STAGES 1 VOL. FLOM

Carewn .46 HEAD COEF

PRESS RATIO (T/T) 1.01 FLOW COEF

PRESS RATIO (Yr3) 1.0}

NORSEPOMER 16.

EXIT HACH MSGER 9.07
SPECIFIC SPEED 1%8.00
SPECIFIC DIAMETER e.78

esesssunvennne sueseceavan
. R TURBIME o " N2 PUMP =
sssecuvsnnvene aresasnanes

STAGE ONE STAGE TWD STaGE THREE

EFFICIOCY (T/T)  8.79¢ EFFICIENCY 0.596 6.598
CFFICIEMCY (T/3)  w.78} HORSEPOMER “70. LI
SPEED (RPW) 187500 SPEED (RPM) 187%00. 1875%00. 187%00.
HORSEPOMER 1413, S5 SPEED 9327.
MEAM Dla. Ty 1.77 S SPEED 73, 9. .
EFF aAREA [ -3 ] .12 HEAD (FT) 70485 . a781s. 85115,
usc (ACTuAL) 0.517 Dla. (IN) 2.53 2.53% 2.%2
MAX TIP SPEED 1563, TIP SPEED 2073. 2078, 2073,
STAGES 4 VOL. FLOM LY N 263, 241.
GAMA 1.446 HEAD COEF 0.529 0.508 0..88
PRESS RATIO (T/T) 1.81 FLOW COEF 0.088
PRESS RATIO (T/5) (.93 OIAMETER RATIC a.291
EXIT MALM PR 8.13 BEARIMG DN 5.00E-06
SPECIFIC SPEED €9.52 SRMAFT DIAMETER 16.00

SPECIFIC OIAMETER t.<8

* & BOOST TURBIME »

EFFICIOEY (1771 6.750
EFFICIENCY (Y/3) $9.478
SPEED (P) 29162,
MEAN DIA (™) 4.11
EFF AREA o) 1.76
usc (ACTUM)  1.007
mAX TIP SPEED 592,
STAGES 1
GArew 1.644

PRESS RATIG (T/T) t1.00
PRESS RATIO (T/3) 1.81

HORSEPOMER 8.
EXIT MACH MLSWER 8.0%
SPECIFIC SPEED 8662
SPECIFIC OIAMETER 1.33
seu
"R TURBINE =
“sessass
EFFICIENCY (T/T)  ¢.807
EFFICIENCY (T/3) e.750
SPEED (RPW) 131236
HORSEPOMER 207.
MEAR D1a [§ ) .77
EFF AREA ey 0.2t
uwe (ACTUM)  8.546
MAK TP SPEED 169%.
STAGES 1
(= ) 1.46

PRESS RATIO (T/T2 i.08
PRESS RATIO (T/3) 1.09
EXIT RACH (o EER 0.08
SPECIFIC PEED
SPECIFIC DIAMETER 1.50

REGEDMERATOR DATA

CRD SI1E HOT S1DE

DELP 5.5 5. 06

oar 8. -261.89

AREA .2 0.4%

FLOM 2.23 2.23
EFFECT [ VEMNESS 9.3
NTQ 0.<S
CRATIO c.0?
nime .82
REGEN © 2060.03

183

» 02 BOOST PUMP »

“svmascssnvsavune

EFFICIENCY 0.76&
MOR SEPOMER L
SPEED (RPH) 20162,
S SPEED 366,
HEAD (F1) 262,
Dia. (1N} 1.50
TP SPEED 132,
VL. FLOW 85 .
HEAD COEF 0.4S0
FLON COEF g.200
Cmeensnaaen
EFFICIENCY 4.701
HOR SEPOME R 20r.
SPEED  (RPM) 131236,
S SPEED 23891.
$ SPEED ir77r.
HEAD (FY) 5971,
Dla. (8L 2] 1.1
TiP SPEED 84,
VOL. FLOM 8s.
HEAD COEF D.411
RLOM COEF 2.1%2
DIAMETER RATIO 0.679
BEARIMG DM 1.57€-06
SMAFT DIAMETER 12 60



TABLE 45. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 15,000 LBF THRUST (COPPER GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

L Y e R Y Y R T P T R ]

CHAMBER PRESSURE 1824.0
VAL ENGINE THRUST 15000.
TOTAL ENGINE FRLOW RATE 326
DEL.. vac. 1spP <80.1
THROAT AREA 4.02
NOZQLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 71.58
ENGINE MIXTURE RATIO 6.00
ETA Co 0.993
CHAMBER COOLANT DP 854.
CHAMBER COOLANT DT S67.
NOZZLE/CHAMBER Q 9408.

ENGINE STATION CONDITIONS

¢ FUEL SYSTEM CONDITIONS »

STarioN PRESS TENP FLOW ENTHALPY DENSITY
B.P. INLEY 18.6 37.4 ..47 -107.5 4£.37
8.r. EXIT . 100.8 38.5 &.47 -103.0 6.39
PO INET 100.8 38.5 6.67 -103.0 «.39
1SF STASE EXIT 1839.2 64.6 ‘.47 10.1 %.38
2ND STAGE EXIT 3548.9 89.3 &.47 120.6 6.40
PP EXIT 5238.7 t12.8 &.4a7 228.% 4.46
COLD REGEN IN 5186.4 113.2 4.47 228.5 6. 66
COLD REGEN EX $134.5 302.9 $.47 957.5% 2.3%
COOLAMT TWLET 5136.5 302.9 &.67 957.S 2.3%
COMUANT EXIT 4280.1 870.4 «.47 3063.1 0.82

TSY IMLET £237.3 870.7 0.22 3063.1 0.82

TSV EXIT 2105.1 884.8 0.2 3063.1 0.42
o2 B INMET £237.3 870.7 6.26 3063.: 0.82
o2 TRB EXIT 868.6 855.2 6.26 2999.7 0.77
2 &8 INLET 38é8.6 855.2 ©.24 2999.7 0.77
e B EXIV 2222.3 767.5 %.26 2650.7 0.51
2 TS DIFFUSER 2193.7 767.7 4.2 2650.7 0.50
H2 BST TRB IN 2171.8 787.7 “.24 2650.7 a.50
H2 8ST TRS OUT 2156.6 766.6 6.24 2646.0 0.50
#2 BST TRB DIFF 2147.8 766.6 4.24 2646.0 0.49
02 BST TRB IN 2126.3 7¢6.8 6.26 2646.0 0.49
a2 BST TRB OUT 2117.5 786.1 €.2¢ 2643.4 06.49
02 BST TRB DIFF  2115.7 766.1 6.2¢6 2663.4 0.49

2 TANK PRESS 18.6 784.8 0.0046 26664.6 0.0045
GOX HEAT EXCH IN  2105.1 mza 4.46 2664.4 0.48
GOX HEATY EXCH OUT 20%96.6 771.8 .46 2663.0 0.48
HOT REGEMN IN 2094.6 ?771.8 4.46 2663.0 0.48
HOT REGEN EX 2031.8 S67.1 .46 1933.3 0.62
FSOV INMLETY 2051.8 567.1 4.46 1933.% 0.62
FSOW EXIT 1981.0 $67.4 4.66 1933.3 0.61
CHAMBER N 1961.2 567.4 .46 1933.3 0.60
CHAMBER 1824.0

% OXYGEW SYSTEM CONDITIONS =

STaTION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162, Js.8 61.9 70.99
B.P. EXIT 135.2 165.3 Je.8 62.3 70.84
PP INLETY 135.2 165.3 l6.8 62.% 70.84
P EXIT 29%6.0 179.2 t6.8 72.4 71.31
az TANK PRESS 16.0 £00.0 0.046 204.7 0.)2

oSOV IMLET 2924.% 179.3 «.0 72.4 71.2¢
asov EXIT 2047.1 182.7 ..0 2.4 69.90
OCY PMET 2926.5 179.3 22.8 2.4 71.26
ocy ExIT 2047.1 182.7 2.8 2.4 69.90
CHAMBER INJ 2026.7 182.8 2.8 2.6 69.87
CHar@ER 18246.0

® VALVE DATA ¢

VALVE DELTA P AREA FLOW X 8vPASS
TBY 2182, 0.01 0.22 5.00
FSov S1. 1.16 “.66
oy 8z7. 0.4 Je.78

® INJECTOR DATA @

INJECTOR DELTA P AREA FLOW
FugEL 137. c 7 .46
Lox 203. [ Je.78




TABLE 45. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 15,000 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

L LY P PP T PP T
* TURBOMACHINERY PERFORMANCE DATA »

e asyan

nenseesveaaney
« hY BONST TURBINE »

cana

EFFICIENCY (T/T) G.r9% EFFICIENCY Q.76%
EFFICIENCY (T/S)  0.51% HOR SEPOMER 2.
SPEED (RPM)  S338B%. SPEED (’RP®} 5383,
“EAN Dla (IN) 1.64 S SPEED 30¢5.
EFF aREa C(IN2} 2.1 HEAD FT) 2701,
usc (ACTuAL} 0.486 DiA, (N 1.89
MAX T1P SPEED <33. TP SPEED &3,
STAGES 1 VOL. FLOW 57,
GAMMA 1.39 HEAD CDEF 0.450
PRESS RATIO (T/T} .ol FLOM COEF g.201
PRESS RATIQ (T/S) 1.0l

HORSEPORER 29.

EXIT MACH NUMBER 0.07

SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.65

« M2 TURBINE »

nanesanuanuuse

.
"2 PP s

sensusavaes

STAGE OME STAGE TWO STAGE TMREE

EFFICIEMCY (T/T) 0.807 EFFICIENCY 0.649 0.652 0.653
EFFICIENCY (T/5)  0.784 HOR SEPOWER 715, $99. 82,
SPEED (RPM) 136743 SPFED (RP¥ 15634° TT6Z63. 156383,
UK SEPOMER 20%. S5 SPEED 2545,
MEAN Dla. tINY 2.48 S SPEED 190. 799. 806,
EFF AREA wus) 0.23 HEaD (FY) $7137. 56051 . 54879,
usC (ACTuAL)  0.499 Dia. (1) 3.12 5.12 3.12
Max TIP SPEED 1575. Tir SPEED 1887, 1857 1857,
STAGES 2 VAL FLOM <58 %56 . «S0.
GArmA 1.3 HEAD COEF 0.533% 0.523 0.512
PRESS RATIO (T/T) [ 13 FLOM COEF 8.0%
PRESS RATIO (T/%) 1. OfaMETER RATIO 0.331
EXIT HACH NUMBER .14 BEARING DN 3.00E-0¢
SPECIFIC SPEED €3.3% SHAFT DIAMETER 22.00

SPECIFIC DIAMETER 1.63

XYY YYPYT YT »

® 02 BOOST TURBIME =

EFFICIENCY (T/T) EFFICIENCY 0.76&
EFFICIENCY  (T/5) HORSEPORER 15.
SPEED (RPW) 14287, SPEED  (RPM) 16287,
WEAN D1a (M &1 S SPEED 3026.
EFF AREA IN2) 2.97 HEAD (FT1 262.
urc (ACTuAL!  @.712 ola. C(IN? 2.1
max TIP SPEED 2%0. Tie SPEED 132,
STAGES 1 vou. ALOM 170,
Gara 1.39 HEAD COE¥ 0.450
PRESS RATIO (T/T) 1.00 FLOM COEF 0.200
PRESS RATIO (1/5) 1,01
HORSEPOMER 15
EXIT MACH NUMBER 0.04
SPECIFIC SPEED .31
SPECIFIC DIAMETER  1.01
P

" 02 TURBINE «

cenvsseqncanse
EFFICIENCY (T/T)  0.822 0.738
EFFICIENCY (T/8)  0.766 380,
SPEED (RPM)  S01LS. SPEED  (RPW) solis.
HORSEPOMER mo. SS SPEED 23201,
MEAN DlA (M 2.48 5 SPEED 1787
EFF AREA  (IN2)  0.3¢ HEAD (FT) 691,
use (ACTUAL)  0.%48 Ola. [R13) 1.6a
MAX TIP SPEED 1064 Tir SPEED 660,
STAGES 1 voL. FLoM 169,
[Y 7Y 1.39 HEAD COEF 0.420
PRESS RATIO (T/T1  1.10 FLOM COEF 0.153
PRESS RATIO (T/$)  1.10 DINETER RATIO 0.680
EXIT MACH NUMBER ¢.09 BEARING ON 1.<4E- 06
SPECIFIC SPEED .91 SHAFT DIAMETER 16.00

SPECIFIC DIAMETER 1.87

REGEMERATOR DATA

COoLD S1IDE MOT SIDE
DELP s$1.07 $2.04
DELT 16%.70 -206.66
AREA 0.32 1.20
FLOM .67 .46
EFFECTIVENESS 0.3}
NTU 0.4¢
CRATIO 0.93
cMIN 15.92
REGEN © 3287.2%
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TABLE 46. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 25,000 LBF THRUST (COPPER GROOVED CHAMBER)

ENG[NE PERFORMANCE PARAMCTERS

NN NN SRR NN TSIV dN et aatanY

CHAMBER PRESSURE 1718.0
VAC ENGINE THRUST 25000.
TOTAL ENGINE FLOM RATE 52.08
DEL. VAC. ISP <80.1
THROAT AREA 7.12
NOZZUE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 95.20
EMGIME MIXTURE RATIO é.00
EVA C» 0.993
CHAMBER COOLANTY DP 718.
CHAMBER COOLANT DT 463,
NOZZLE/CHAMBER Q 12628,

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. INLEY 18.6 37.4 7.45 -107.5 %.37
B.P. EXIT 10G.6 8.5 7.45 -103.0 6.39
PP INLEY 100.6 38.5 7.65% -103.0 &.39
I1ST STAF faa 170%.0 $8.8 7.45 -8.8 4.49
2MD STAGE EXIT 3331.9 78.3 7.6% 85.0 6.57
P EXIT 4968 .46 97.3 7.45 177.8 4.66
COLD REGEN [N 4918.8 97.7 7.45 177.8 6.63
COLD REGEN EX 4B869.6 258.6 7.45 763.8 2.5¢
COOLANT INLET 4869.6 2%8.6 7.45 763.8 2.%6
CODLAMT EXIT 4091.5 701.7 7.45 24%9.0 0.97

TBVY INET 4050.6 702.90 6.37 2459.0 0.%

T8V EXIT 1982.9 714.7 0.37 24%9.0 0.4
Q2 B IMET 6050.6 702.0 7.08 26%9.0 Q.9
a TRB EXIT 3666.1 688.1 7.08 2401.0 0.9
W TRB [MLET 3666.1 488.1 7.08 2601.0 0.9%0
H© M8 EXIT 2316.3 616.2 7.08 2105.4 0.60
" TRB DIFFUSER 2079.7 $16.4 7.08 2105.4 0.59
H2 BST TRB IN 2058.9 6l14.4 7.08 2105.¢ 0.59%
2 BST TRB OUT 203%.0 413.3 7.08 2100.6 9.58
& BST TRB DIFF 2024.3 613.6 7.08 2100.6 0.58
@ $ST TRE IN 2004.1 613.5 7.08 2100.6 8.57
o BST TRB OUT 1994.3 612.8 7.08 2098.1 0.57
0 BST TRB DIFF 1992.9 €12.8 7.08 2098.1 0.57

H2 Tank PRESS 18.6 428.0 0.0097 2116.1 0.0057
GOX HMEAT EXCH IN 1982.9 617.9 7.64 2116.1 0.56
GOX HEAT EXCH OUT 1973.0 $17.6 7.44 2116.8 0.56

. HOY REGEN IN 1973.0 €17.6 7.464 2114.8 8.56
HOT REGEMN EX 1913.8 <57.0 71.44 1528.0 0.72
FSOV INLET 1913.8 <57.0 7.44 1528.0 8.72
FSON EXIT 1865.9 £57.2 7.44 1528.0 0.7
COWeSER ) 1847.3 %57.3 7.46 1528.0 0.70
CHAMBER 1718.0
o OXYGEN SYSTEM CONDITIONS »

STATION PRESS TEMP oW ENTHALPY DENSITY
8.P. INLET 16.0 162.7 &6.7 61.9 70.99
8.P. EXIT 135.2 165.3 4.7 62.3 70.84
PUMP INLET 135.2 165.3 &6.7 62.% 70.84
P EXIT 27182.4 177.7 .7 71.% ri.37

02 TANK PRESS 16.0 400.0 0.07¢ 204.7 0.12
oSOV INLET 2754.5 177.9 6.7 71.5 71.33
osov EXIT 1928.2 181.1 6.7 7.5 70.04
OCV INLET 2754.5% 177.9 37.9 71.5% 71.33
ocY EXIT 1928.2 181.1 37.9 7.5 70.04
OANEBER TN 1908.9 181.1 44.6 11.5 70.01
CHAMBER 1718.0

® VALVE DATA ¢
VALVE DELTA P AREA FLOK X BYPASS
™™V 2068. c.02 0.37 5.00
F 3DV “8. 1.84 7.44
ocv 826. 0.23% 66. 66
s INJECTOR DATA »

INJECTOR DELTA P ARF A FLOMW
F UEL 129. 1.17 1.46
Lox 191. 0.58 44 .66

186




TABLE 46. FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 25,000 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

& TURBOMACHIMERY PERFORMANCE DATA o

« M2 BOOST TURSINE =

Auscedpnsancsescnunan

EFFICIENCY (T/T)  0.81¢ EFFICIEMCY 0.766
EFFICIENCY (T/S)  €.407 HOR SEPOWER 8.
SPEED (RPM) 61283, SPEED  (RPM) 412853,
MEAN DIA (313 1.4¢ S SPEED 1048,
EFF AREA (IN2) 3.01 HEAD (FT) 2698
usc tacTuaL)  0.53% Dia. (M} 2.43
Max TIP SPEED 380. TiP SPEED %39,
STAGES 1 vOL. FLOM 762,
GAMMA 1.63 HEAD COEF 0.450
PRESS RATIO (T/T) 1.0} FLOW CODEF Q9.201
PRESS RATIO (T/S) 1.02
HOR SEPOMER “8.
EXIT MACH NUMBER 0.11
SPECIFIC SPEED 149.7¢
SPECIFIC DIAMETER 9.51

esessnavasuses EYTITIITITL

" H2 TURBIME ¢ =2 PUP ¢

YTTY LTI T suese

STAGE ONE STAGE TWO STAGE THREE
sanuse

EFFICIENCY (T/T) 0.861 EFFICIDXY 0.708 9.706
EFFICIENCY (T/S) 0.828 HORSEPOMER 996, 7y,
SPEED (RPM) 125000, SPEED (apw) 125008, 12%000. 128000.
HORSEPOMER 2959, S5 SPEED 11342,
MEAN O1A. CIND 2.60 S SPEED 992, "s. ”7.
EFF AREA (N2 0.36 HEAD (FT) s1938. 51522, s10s7.
we (ACTUAL ) 0.521 DIA, «IN} 3.29 3.29 1.29
MAX TIP SPEED 1539. TIP SPEED 129%, 179%¢. 1796.
STAGES 2 vOL. AW 765, 731, ..
GAMMA 1.43 HEAQ COEF e.519 8.515 8.518
PRESS RATIO (T/Y) 1.73 FLOM COEF 0.110
PRESS RATIO (T/S) 1.27 DIAMETER RATIO 6.383
EXLIT MACH NUMBER Q.17 BEARING ON 5.00€-06
SPECIFIC SPEED $5.08 SMAFT DIAMETER 4.0
SPECIFIC DIAMETER 1.59

s 02 BOOSY TURBINE @

LTI YT T ERY

" 02 SOOST P «

EFFICIENCY (T/T)  0.87¢ EFFICIENCY 0.764
EFFICIENCY (T/S) 0.730 HOR SEPONER 26.
SPEED (RPM) 11063, SPEED  (RPW) 11063
MEAN DIa (S L} <. 1 S SPEED 302¢
EFF AREA (IN2) 4. 34 HEAD 1FT) 262.
usc CACTUALY  0.552 ola. (IN) 2.1%
HAX TIP SPEED 234, TIp SPEED 132.
STAGES H vOL. FLOW 283,
GAMMA 1.43 HEAD COEF 0.4%0
PRESS RATIO (T/T) 1.00 FLOM COEF 0.200
PRESS RATIO (1/5) 1.0}
HORSEPOMER 2%.
EXIT MACH NUMBER 9.04
SPECIFIC SPEED 99.07
SPECIFIC DIAMETER 0.8¢
LLLTTT) wescssssnnn
s 02 TURBIME * "0l PP e
sesenvscayvans ssscannsune
EFFICIENCY (T/T} 0.8%& EFFICIEMCY Q.762
EFFICIENCY {Y/S)  0.791 HOR SEPOMER 581.
SPEED (RPM) 67533, SPEED  (”PW) 67533,
HORSEPOMER 581. $S SPEED 22646,
MEAN DIA (803} 2.40 S SPEED 1813,
EFF AREA (8. -4] 9.55 HEAD FY) 5339.
v/c (ACTUAL)  8.450 Dia, (901 2.1%
MAX TIP SPEED 834, TiP SPEED 638,
STAGES 1 voL. Ao .y
GAMMA 1.63 HEAD COEF 0.426
PRESS RATIO (T/T) i.10 FLOM COEF Q.15¢4
PRESS RATIO (T/S) n O[AMETER RATIO 0.682
EXIY MACH NUMBER 0.10 BEARING DN 1.49€-06
SPECIFIC SPEED 4“8.64 SHAFT OLNETER 22.00
SPECIFIC DIAETER 1.37
REGENERATOR DATA
sessun .
LOLD SIF HOT S10E
DELP «9.1¢ 591,
oELY 160.89 -140.52
AREA 0.%2 1.%0
FLOW 7.68% 7.46
EFFECTIVENESS 0.5
NTU Q.47
CRATIO 1.00
cHiN 7.8
“eGEN o «ieh..0
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TABLE 47. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 37,500 LBF THRUST (COPPER GROOVED CHAMBER)

ENGIRC PERFORMANCE PARAMETERS

SApeAvssacRNRINRcEN RUERUNRIRURERNRE

CHAMBER PRESSURE 1412.0
VAC ENGINE THRUST 37s00.
TOTAL ENGINE FLOW RATE 78.12
DEL. vaC. ISP 480.0
THROAT AREA 11.37
MOZLE AREA RATIO 10600.0
NOZZLE EXIT DIAMETER 120.34
EMGINE MIXTURE RATIO 6.00
€TA Co 0.993
CHAMBER COOLANT OP 694.
CHAMBER COOLANT DT 37s.
MOZ21LE /CHAMBER Q 16426.

ENGIME STATION CONDITIONS

# FUEL SYSTEM CONDITIONS =

STATION PRESS O FLOM ENTHALPY DENSITY
B.P. INET 186 37.4 11.18 -107.5 6.37
B8.P. EXIT 100.9 3.5 11.18 -103.0 6.3
P INLET 100.9 8.5 11.18 -103.0 6.39
IST STAGE EXIT 1675.9 $7.2 11.18 -13.9 «.52
2ND STAGE €XIT 3279.3 75.2 11.18 75.0 &.63
PLI® EXIT 4908.3 2.7 11.18 163.7 %.72
CRD REGEN ™ 4859.2 93.1 11.18 163.7 6.70
COLD REGEN EX %810.6 226.8 11.18 629.7 2.81
COQLANT INLET 4810.6 2¢.8 11.18 629.7 2.81
COOLANT EXTT 4116.6 601.4 11.18 2099.3 1.1

TBY INLET 4075.46 $01.2 0.%6 2099.3 t.10

TBY EXITY 1860.5 613.9 0.56 2099.3 0.53
a2 TR IMLET 4075.4 601.7 10.62 2099.3 1.10
02 TRB EXIT 3662.2 $89.5 10.62 2046.1 1.02
H2 TR8 INLEY 3662. 589.5 10.62 2046.1 1.02
HZ TRB E£XI7 2006.9 521.2 10.62 1765.3 0.67
H2 TRB DIFFUSER 1966.7 521.4 10.82 1765.3 .65
H2 BST TRB IN 1947.0 521.4 10.62 1765.3 0.65
2 ST TRB OUT 1924.3 520.3 10.82 1760.5 0.64
H2 BST TRB DIFF 1901.6 520.4 10.62 1760.5 0.64
02 8ST TRB IN 1882.6 $20.4 10.62 1760.5 0.63
a2 BT TRE OUT 1871.8 S19.8 10.62 1758.0 0.63
o2 BST TRB BIFF 1869.9 519.8 10.62 1758.0 0.63

H2 TANK PRESS 18.6 532.09 0.0189 1775.0 0.0066
GOX HEAT ENMCH IN 1860.%5 26.% 11.16 1775.0 0.62
GOX HEAT ERCH OuT 1851.2 524.2 11.1¢ 1773.7 0.62
HOT REGEN IN 1851.2 526.2 11.16 1773.7 0.62
HOT REGEM £X 1795.7 399.2 11.16 1307.0 0.78
FSOV INLET 1795.7 399.3 11.16 1307.0 ¢.78
FSOV EXIT 1750.8 399.4 11.16 1307.0 0.7¢
CHAMBER [WJ 1733.3 399.% 11.16 1307.0 0.75
CHAMBER 1612.0

% OXYGEN SYSTEM CONDITIONS »

STATION PRESS O FLoW ENTHALPY OENSITY
8.P. INLET 16.0 162.7 67.1 61.9 70.99
8.P. EXIT 135.2 165.3 67.1 62.3 70.84
PP INLET 135.2 165.3 7.1 62.3 70.86
PP EXIT 2610.7 1766 7.1 70.8 .40

@ TANK PRESS l16.0 <00.0 0.11¢ 206.7 0.12
CSOv [MET 2584.6 17¢.7 10.0 70.8 71.3¢6
oSOV EXIT 1809.2 179.¢ 10.0 70.8 70.14
oY INLET 2584.6 176.7 56.9 70.8 71.36
oCv EXIT 1809.2 179.¢ 56.9 70.8 70.16
CHAMBER M4 1791.1 179.7 é7.0 70.8 70.12
CrHAMBER 1612.0

* VALVE DATA »

VALVE DELTA P AREA FLOW X BYPASS
BY 2218. 0.02 0.%6 5.00
F SOV &S. 2.1 11.16
ocy 775, ¢.36 46.96

» INJECTOR DATA o

INECTOR DELTA ¢ AREA FLOW
el 12 [ A 1 .1s
Lox 179. 0.89 6s.96
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TABLE 47. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 37,500 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

sueddeccsnnnntsnnsvecesnaantoes

* TURBOMACHIMERY PERFORMAMIE DaTA ¢

Ceacusvscnseny

= A BOOSY TURBIME « © M2 BOOST PUMP =

..
EFFICIENCY (T/T) 0.29% EFFICIENCY 0.7¢5
EFFICIENCY (T/%5) 0.338 HOR SEPOME R re.
LPEED (RPM]  3137%6. SPEED (RPM) 3379
MEAN Dla 1M} 1.46 S SPEED 1048,
EFF AREA [R1.-4} .01 HEAD (FT) 2702.
usc (ACTUAL)  0.434 Dla. (SL ) 2.9
Max TiP SPEED 324. TiP SPEED “60.
STAGES 1 VOL. FLOM 1148,
GarMA 1.3¢ MEAD COEF 0.4%0
PRESS RATIO (T/T) 1.0l FLOW COEF 8.201
PRESS RATIO (T/$) 1.08
HORSEPOMER 22.
EXIT MACH NUMBER 0.1¢
SPECIFIC SPEED 123.78

SPECIFIC DIAMETER a.48

* K2 TURBINE ® " M2 PUNP 1
ascsmasscssnan essazwusany
STAGE OME STAGE TWO STAGE THREE

EFFICIEMCY (T/T} 0.870 EFFICIENCY 0.7%0 0.728 127
EFFICIENCY (T/S) 0.835 HORSEP OMER 1409 1407. 1602,
SPEED (RPW3I 107143, SPEED (RPW) 107145, 107168 107143,
HORSEPOWER <218, SS SPEED 1188% .
MEAN Dia. (1N} 2.93 S SPEED 1058. 1049, 1042,
EFF AREA (1) 0.51 HEAD (FT) Saset. 50497, $0141.
usc (ACTUAL) 0.51¢6 Dia. (W) 3.7 3.79 3.7
MAX TIP SPEED 1493, TiP SPEED 1778, 1778, 177s.
STAGES 2 VOL. FLOW 1t1e. 1084, 1062.
GAMEA 1.3¢ HEAD COEF a.s17 0.515 0.512
PRESS RATIO (T/T}3 1.82 FLOW COEF 0.11é
PRESS RATIO (T/S) 1.7 DIAMETER RATIO ¢.<00
EXIT MACH NUMBER 0.18 BEAR NG D36 3.00€+0e
SPECIFIC SPEED 57.56 SHAFT DINETER 28.00

SPECIFIC DIAMETER .53

as .

» O BOOST TURBINE # 2 (2 BOOSY PUMWP =
Svasmcunsmsustesanny asusesvacsasaunen
EFFICIENCY (T/T) g.873 EFFICIENCY 0.7¢4
EFFICIENCY (T/S) 0.705 HORSEPOMER 3.
SPEED (RPM)  9016. SPEED  (RPM) 4016
MEAN Dla (41} «.11 S SPEED 302¢.
EFF AREA (81, -2} 5.858 HEAD (FT) 242,
vsC (ACTUML ) 0.450 Ola. (SL 3} 3.3
MAX TIP SPEED 197. T1P SPEED 132,

STAGES 1 YO, Ao €25, ¢

GAMRA 1.3¢ HEAD COEF 0.45%0
PRESS RATIOQ (T/T) 1.01 FLOW COEF 0.200
PRESS RATIO (T/3) 1.0
HORSEPOMER 39.
EXIT MACH NUMBER 0.04
SPECIFIC SPEED .86

SPECIFIC DIAMETER 0.7?

® QX TURBINE »
-

EFFICIENCY (T/T) ©.853 EFF ICIENCY 0.7¢0
EFFICIENCY (T/3) 0.778 HOR SEPOMER 8d0.
SPEED (RPM) 53362 SPEED (RPM) 53362,
HORSEPOMER 800. $S SPEED 21728,
MEAN DIA ) 2.9 S SPEED 1845,
EFF AREA [$1-4] 0.73 HEAD FT) <991
1744 (ACTUAL)  0.4i7 ofa, tIN) 2.62
MAX TIP SPEED 74%. TIP SPEED é10.
STAGES t . ALOM «22.
GAra 1.36 MEAD COEF 0.431
PRESS RATIO (T/T) 1.11 FLOM COEF 0.15%
PRESS RATIO (T/3) 1.12 DIAMETER RATIO 0.4683
EXIT MACH NUMBER 0.1t BEARING DN 1.39€E+0¢
SPECIFIC SPEED 5.99 SHAFT DIAMNETER 26.00

SPECIFIC DIAMETER 1.36

REGEMERATOR DATA

COLD SI1DE 0T S1DE
DELP 8.5 $5.5¢
DELT 135.0M ~12¢.8%
AREA .17 2.80
FLOM 11.18 .16
EFFECTIVEMNESS 9.31
NTY 9.6¢
CRATIO 0.93
CHIN 8.9
*EGEN Q $207.89
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TABLE 48. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 50,000 LBF THRUST (COPPER GROOVED CHAMBER)

ENGINE PERFORMANCE PARAME TERS

SEaaNsASaERRNERsaRdnuRRSdRaUSIRARRREN

CHAMBER PRESSURE 150e.0
VAL ENGINE THRUST $0000.
TOTAL ENGINE FLOW RATE 104.16
DEX.. VAC. ISP 480.0
THROAT AREA 16.23
NOZTLE AREA RATIO 1000.0
MOZZLE EXIT DEIAMETER 143.74
ENGINE MIXTURE RATIO 6.00
ETA Cu 6.993
CHAMBER COOLANT DP 601.
CHAMBER COOLANT DT 335,
NOZJLE/CHAMBER Q 19840.

ENGINE STATION CONDITIONS

EENNAREARNAA SRS ENR AR RSN

®» FUEL SYSTEM CONDITIONS *

STATION PRESS TEWP FLOM ENTHALPY DENSITY
B.P. IMLET 18.6 37.4 16.91 -107.% 4.37
B.P. EXIT 100.8 38.5 16,91 -103.0 6.39
PUP INET 100.8 38.5 14.91 -103.0 6.3
1ST STAGE EXIT 1536.4% $4.5 16.91 -24.6 §.54
2MD STAGE EXIT 3006.6 69.8 ic.9l 54.0 4.66
PP EXIT 4508.4 84.9 16.91 132.6 4.76
COLP REGEN IN 4663.4 85.3 14.91 132.6 6.74
COLD REGEM EX “418.7 205.3 1<.91 536.0 2.88
COOLANT TMLET <%18.7 205.3 14.91 536.0 2.88
COOLANT EXITY 3817.7 540.3 1¢.91 1867.0 1.14
TBV INLET 377%.5 540.5 0.7% 1867.0 1.13
T8V EXIT 1738.1 550.3 0.75 1867.0 8.55%
02 TRB [MET 3779.5 540.5 16.16 1867.0 1.13
0z TRB EXIT 3401.6 529.1 16.16 1818.0 1.05
H2 TRB IMET 340} .6 s2s.1 16.16 1818.0 1.05
e TRB EXIY 1900.4 4%68.3 14.16 1570.1 0.70
H2 TRB DIFFUSER 1855.0 468.5 14.16 1570.1 0.69
2 BST TRB IN 1836.4 468.5 16.1% 1570.1 0.69
W2 BST TRB OUT 1811.9 467.4 14.16 1565.3 a.67
H2 85T TRB DIFF 1778.7 467.5 16.16 1565.3 0.66
02 B8ST TR IN 1760.% “67.6 14.16 1565.3 0.66
02 BST TR8 OUT 1749.6 466.9 16.16 1562.7 0.65
a2 8ST TRB DIFF 1246.8 €66.9 16.16 1562.7 0.65
2 TANK PRESS 18.6 476.8 g.0250 1578.0 8.0074
GOX HEAT EXCH IN 1738.1 «71.0 16.88 1578.0 0.64
GOX HEAT EXCH OUT 1729.4 470.7 14.88 1576.6 0.64
HOT REGEN IN 1729.4 470.7 16.88 1576.6 0.64
HOT REGEN EX 1677.5 365.3 14.88 1172.5 0.79
FSOV INLET 1677.5 365.3 14.88 1172.5 0.79
FSov EXIT 1635.6 365.4 14.88 1172.5% g.78
CHMEER INJ 1619.2 365.4 14.88 1172, e.77

CHAMBER 1506.0

# OXYGEN SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 89.¢6 61.9 70.99%
B.P. EXIY 135.2 165.3 89.¢4 62.3 70.84
PUI® INLET 135.2 165.3 89.4 62.3 70.84
PP EXIT 26439.0 17%.5 89.4 70.1 71.39

02 TANK PRESS 16.0 400.0 0.1%2 204.7 0.32
asov INLET 2414.6 175.6 12.4 70.1 71.36
osov¥ EXIT 1690.2 178.4 13.4 70.1 16.22
oCY IMLET 2614.6 175.6 75.9 70.1 71.36
ocv EXIT 1690.2 178.4 7%.9 70.1 70.22
CHAMBER 184 1673.3 178.4 89.3 70.1 70.19
CHaeER 1506.0

® VALVE DATA =

VALVE DELTA P LREA FLOW %X BYPASS
T8V 2041. 0.93 0.75 5.00
Fsov 2. 3.5 1<.88
ocv 724. 0.50 89.78

w JNJECTOR DATA =

INJECTOR DELTA P LREA FLOW
FUEL 113, 0.8 1¢.88
LOox 167. 1.28 89.78
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TABLE 48. — FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
— 50,000 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

* TURBOMACHIMERY PERFORMANCE DATA o

a H2 BOOST TURBINE o

€FFICIENCY (T/T)  0.770 EFFICIENCY 0.76%
EFFICIENCY (T/S) 0.272 HORSEPOMER "%
SPEED (RPMY 29226, SPEED (RPM) 29226,
MEAN DIA CINY 1.44 S SPEED 3045.
EFF AREM 11%2) $.02 HEAD (FT) 2701,
usC (ACTuAL) 0.37¢ DIA. (1IN} 3.66
mAX TIP SPEED 2%0. TP SPEED «39.
STAGES H VOL. RO 1526,
GAMMA 1.38 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOMW COEF 0.201

PRESS RATIO (T/S) 1.04
HORSEPOHER %.
EXIT MACH MUMBER 0.1?
SPECIFIC SPEED 105.11
SPECIFIC DI1AMETER 0.46

. .
N M2 TURBINE =
" wane

.
STAGE OME STAGE TMO STAGE THREE

EFFICIEMCY (T/T)  0.88% EFFICIEMCY 0.756 0.7%2 9.7%0
EFFICIENCY (T/5)  0.862 HORSEPOMER 1653, 1656. 1658.
SPEED (RPM) 100000. SPEED (RPM) 160000. 100000. 100000.
FORSEP OWER a7, SS SPEED 127813,
MEAN DIA. (1N} 3.08 S SPEED 1223. 1208. 1196,
EFF aREA [§1-31 a.69 HEAD  (FT) 45957, 45952, 45895,
wsc (ACTUAL)  0.540 BIlA.  (IN) 3.93 3.98 5.93
AKX TIP SPEED 1406, T1P SPEED s, 1718. 1718,
STAGES 2 VvOL. FLOM w%r2. 1436, 1408,
7Y 7Y 1.38 HEAD COEF e.s501 0.501 0.500
PRESS RATIO (T/T) 1.79 FLON COEF e.12¢
PRESS RATIO (T/S) 1.8% DIAMETER RATIO 0.441
EXIT MACH MUMBER 6.20 BEARING DN 3.00€+06
SPECIFIC SPEED 66.39 SHAFT DIAMETER 30.00
SPECIFIC DIAMETER 1.22
senadsvasansnanreree sesssecernunnanse
» 02 B00ST TURBINE * = @ BOOST PUNG »
sessasonssasncentonn “taassenusannsnce
EFFICIENCY (T/7) EFFICIONCY 0.764
EFFICIENCY (T/S} HORSEPOMER s2.
SPEED (RPN} SPEED  (RPM) ravs.
MEAN DIA (3T} $ SPEXD 3026.
EFF AREA [$1:-31 HEAD (FY) 2.
usc (ACTUAL } DIA. 1) 3.96
MAX TIP SPEED TIP SPEED 132,
STAGES 1 vOL. ALOM 7.
GAMMA 1.18 HEAD COEF 0.4%0
PRESS RATIO (T/7) 1.01 FLOM COEF e.200
PRESS RATIO (T/§) 1.01
HORSEP OMER 52.
EX1T MACHM MUMBER 0.0%
SPECIFIC SPEED 6.9
SPECIFIC CIAMETER e.n
asneatsnvennan sacscunasne
* 02 TURBINE = - PAP =
. . . o
EFFICIENCY (T/T) 0.887 EFF ICTEMCY 0.769
EFFICIENCY (T/5) 0.832 HORSEPOMER ”2.
SPEED (RPM)  €6T716. SPEED  (RPW) “ris.
HORSEP MER .2, SS SPEED 21019,
MEAN O1A () 3.08 S SPEED 1885,
€FF AREA ne) 1.0l HEAD (FT) <665,
174 (ACTUAL}  0.543 OtlA. (I 3.01
MAX TIP SPEED 679, TiP SPEED se7.
STAGES 2 voL. ALOM $62.
GAMMA 1.39 HEAD COEF 9.63¢
PRESS RATIO (T/T) 1.11 FLOM COEF 0.187
PRESS RATIO (T/S) 1.2 DIAMETER RATIO 0.684
EXIT MACH NUMBER 0.09 BEARING DN 1.3€-0¢
SPECIFIC SPEED s.07 SHAFT DINETER 30.00
SPECIFIC DIAMETER 1.06

DELP
DELT
AREA
FLOM
EFFECTIVErESS 0.3t
Lit'] 0.46
CRATIO 09.88
CHiN 508.1¢
REGEN Q 4012.6¢7
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APPENDIX C
THROTTLED CYCLES

Throttled cycle data are presented in Tables 49 through 56.
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TABLE 49. — ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 100% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRFSSURE 1612.0
VAC ENGINE THRUST 20000,
DEL. VAC. ISP 480.0
TOTAL ENGINE FLOW RATE «l1.12
THROAT AREA 6.066
NOZZLE AREA RATIO 1000.90
ENGINE MIXTURE RATIO 6.08
CHAMBER /NOZZLE COOLANT DP $83.
CHAMBER/NOZZLE COOLANT DT 1018.
ETA C» 0.993
CHAMBER/NOZLE Q 11190.

ENGINE STATION CONDITIONS

L}
« FLUEL Z-5TEM CONDITIONS »

STATION PRESS TEMD FLON ENTHALPY DENSITY
8.P. INLET i8.o i1.4 5.9 -107.% ©.37
B.P. EXIT 100.9 18.5 5.% -103.0 %.39
PUMP INLET 100.9 8.5 5.% -l03.0 “.39
1ST STAGE EXIT 2177.2 3.2 5.96 34.1 4.30
JBY INLET 2132.8 70.7 2.8 34,1 4.3
JBV EXIT 1813.9 7l 2.%8 6.1 6.11
2ND STAGE EXIT 1487.5 0.9 2.9 123.8 4.35
PUMP EXIT 6762.3 110.¢ 2.% 219.3 4.37
COOLANT IMNLET 47164.6 110.8 2.. 210.3 ©.35
COOLANT EXIT 4131.8 1128.8 2.%. 39465.9 0.63
TBY IMET %090.3 W19 0.1% 1945.9 0.62
TBV EXIT 1899.9 iléuw.8 0.1% 19¢5.9 0.30
LOX TRB INLET 4u90.3 112901 2.83 39¢5.9 0.62
LOX TRB EXIT 3612.5 1101.3 2.83 18%6.6 0.57
H2 TRB IMNLET 3612.5 1101.3 2.83 18%6.6 0.57
H2 TRB EXIT 2011.4 76.9 2.83 31182.¢ a.37
H2 TRB DIFF 12990.1 a77 .1 2.83 3382.¢ g.3%
H2 BSY TRB IN 1970.2 ar77.2 2.83 3382.6 0.26
H2 BST TRB EXIT 1947.¢4 are.» 2.83 3373.1 0.3¢
2 BST TRB DIFF 1942.5 °724.7 2.83 3373.1 0.3
02 B8ST TRB IN 1923.1 °74.8 2.83 3373.1 0.35
2 ST TRB EXIT 1911.2 a73.4 2.43 3367.9 0.35
02 BST TRB DIFF 1910.4 a73.4 2.83 3367.9 0.3%
HZ TANK PRESS 18.0 2953 0.0048 1398.0 0.0035
GOX HEAT EXCH IN 1899 .9 gl .1 2.7 13%8.0 0.2
GOX HEAT EXCH OUT 1890.6 814 2.7 31395.2 0.2
MIXER HOT IN 1890.4 381.¢ 297 3398.2 0.35
MIXER COLD IN igll.e e >.8 6.1 4. 11
MIXER OUT 179%.8 ©38.0 5.95 1713.8 0.62
F3V INLET 1795.8 ©8.0 5.95 1713.8 0.6
FSV EXIT 1750.9 <08.2 5.e5 1715.8 0.60
THAMBER TNJ 1732.4 508.2 .95 1713.8 0.60
CHAMBER 1612.0
* OXYGEN SYSTEM CONDITION"
3TATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET le.0 i02.7 :5.77 oi.1l 7117
B.P. EXIT 126.0 9.3 -y 6l1.5 71.20
PUMP INLET 125.2 el 5.7 l.5 71.20
PUMP EXIT c612.1 17,8 15.77 70.1 71.8%
02 TAMK PRESS 16.0 -00.0 3.06 204.8 0.12
POSV INLET <586.0 75,0 5.17 70.1 7l.61
POSV EXIT 1795 .0 .78.0 $.17 70.1 70.28
GCCV INLET 2585.0 7%, 13.55 ra.1 71.61
ocv EXIT i811.v “8.0 20.%8 70.1 70.41
PRIMARY INJ 1762.1 8.2 5.7 70.1 70.22
SECONDARY [NJ 177%.2 8.1 20.55 0.1 72.25
CHAMBER 1e12.0
<l VE TATA
ceesseeas
VALVE TELTA P “REA FLOM % BYPASS
JBV o8, DR ] 2.9 ©9.98
BV 2110, T. 309 3.1% %.02
Fov Y L .9%3 5.
P05V TiC tLaI2 $.i7
AaCV T Loie6 20.55
Yy TR ODATA
. FUEL ¢ ¢« OXID =
o MARY SECOND
JELP MaN 18.29 -3 i8. 18
DELP INJ 103.18 PSR 163,21
AREA Ll ] J.43
FLOW 5.95% couT 10.5%
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TABLE 49. ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER

ENGINE 100% OF DESIGN THRUST LEVEL (CONTINUED)

sednEssERNEnRnEs

s TURBOMACHIMERY PERFORMANCE DATA =

® H2 BOOST TURBINE *

EFFICIENCY 0.857 EFF ICIENCY 8.765
HORSEPOMER 8. HORSEPOMER 8.
SPEED (RPM) 66158, SPEED (RPM} 46158.
MEAN DIA () 1.90 S SPEED 3839
SFF AREA (IN2) 1.45% HEAD (FT) 2703,
usc (IDEAL) 0.512 DIA. (IN) .18
MAX TIP SPEED 82. TP SPEED 439.
STAGES 1. VOL. FLOW 609.
“ELTA M (ACT) a.5p HEAD CCEF 0.452
GAMMA 1.43 FLOW COEF ¢.201
PRESS RATIO (T/7) 1.91

SRdunERNONEAND

®= H2 TURBINE * s M2 PUP &

Caananenunnan sesnmnsaBES

STAGE . CTAGE 2 ZTAGE OME SYAGE TWO ~TAGE THREE
ItSdwEn Yugaean SRNARARSR Saulindag SRITABEIRAS

EFFICIENCY 0.805% 0.808 EFFICIENCY 0.562 9.621 0.526
HORSEPNWER 950. 948. HORSEPOWER I1SS. 178. 65,
SPEED (RPM) 24983. 124983, SPEED (RPM) 124983, (264983, 124983.
MEAM DIA (IN) 3.647 1.47 5 SPEED 73k, 730, 766.
EFF AREA (IN2) 6.21 .26 HEAD {FT) 68442 . %332%. 62101.
e {1DEAL )} 0.493 0.49% DIA. 1IN) 3.49 3.02 .02
uax TIP SPEED 1895. 1895, T{P SPEED 2012, 1647. 1647.
CELTA M 22 I37. VOL. FLOW e13. 307. I06.
DAMMA (ACT) 1.643 1.6421 HEAD COEF 0.544 8.516 0.499
2RESS RATIO(T/T 1.32 1.2% FLOW CCEF 0.2 8.092 0.093

= 07 ST TURBINE »

R TY LT Y YRR REY R )

AtusnnunssESnenn.
* 0 BOOST PUMP @

EFFICIENCY 0.859 EFFICTENCY 0.764
~ORSEPOWER . HORSEPOWER 21,
IPEED (RPM) 12326. SPEED  (KPM) 12326.
“EaAN DIA  (IN) 5.03 5 cpEED s026.
ZEF AREA [IN2) RN WEAT (FT) 2641
./c (1DEAL) 0.512 Dla. (1N 2.44
“ax TIP SPEED 280. TP SPEED 131,
STAGES L. VO FLOW 226,
CELTA M (ACT) 5.3 ~EAD CGEF 8.451
TammA 1.a3 FiLCW COEF 0.200
9RESS RATIO (T/T) 1

[ T sen-anngonn

» 02 TURBINE « 02 PU

essemeannsnune ceesnnaanes
<:EICTENCY 0.80s SEFITIENCY 9.740
~QRSEPOWER P MORSEPOWER «38.
ICEED (RPM) 76008 SPEED (RPN 764008 .
uEaN DIA (1IN} 1.4 - SPEED 1870.
ZEF AREA  (IN2) 2.25 ~£AD (FT) 4976.
c (IDEAL) 0.429 S1A. 1% 1.90
“ax TIP SPEED (BN 1P SPEED .is.
TTAGES P 224,
CEUTA M (ACT) 109,07 ~Eal COF 0.603
AMMA R i Cw CCEF 0.157
Q€SS RATIO (T/T) [




ADVANCED ENGINE PAFEAMETRIC STUDY SPLIT-EXPANDER
ENGINE 50% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

HANAR R RS R AR AR AR AR e AN N R RN R R AR AN an

TABLE 50. —

CHAMBEP PRESSURE 801.9
VAC ENGINE THRUST 10000,
DEL. VAC. ISP %79.7

TOTAL ENG.''E FLOW RATE 20.8

THROAT AREA 6.066
NOZZLE AREA RATIO 1000.0
ENGINE MiXTURE RATIO 6.00
CHAMBER/NOZZLE COOLANT DP 567.
CHAMBER/NOZZLE COOLANT DT 730.
ETA C» 0.993
CHAMBER/NOZZLE Q 6340.
ENGINE STATION CONDITIONS
BARRARARARR TR TN s ANt R AN R TR
» FUEL SYSTEM CONDITIONS w
STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLEY 18.6 37.4 2.98 -107.5% .37
B.P. EXIT ©6.0 38.2 o.98 -104.5 4.318
PUMP INLET 66.0 38.2 2.98 -106.5 .38
IST STAGE EXIT 13456 60.5 2.9 -13.0 “.27
JBV INLET 1363.4 60.6 0.86 -13.0 6.27
JBV EXIT %08.0 3.3 0.06 -12.0 3.89
2ND STAGE EXIT 1998 .7 71.6 2.33 33.1 4.2%
PUMP EXIT 2627.5 81.8 2.33 77.3 6.26
COOLANT INLET 2597.6 82. 2.33 77.3 &.22
COOLANT EXIT 2050.2 811.8 2.33 2803.9 0.45
TBV INLET 2014.9 812.0 ¢.71 °803.9 .46
TBY EXIT 997.3 LA 0.71 2803.9 0.22
LOX TRB INLET 2014.9 LA 1.61 2803.9 0.44
LOX TRB EXIT 1788.8 7.9 1.61 21.2 0.40
HZ TRB INLET 1788.8 792.9 1.61 2731.2 0.490
HZ TRB EXIT 1051.3 712.3 1.61 2431.9 0.2
HZ TRB DIFF 1061.7 712.4 1.6l 26431.9 0.27
H2 BST TRB IN 1032.9 712, 1.61 2431.9 [ )
H2 BST TRB EXIT 1022, 710.9 1.1 26426.4 0.26
HZ BST TRB DIFF 1020.4 710.9 1.8l 2426.6 u.le
02 BST TRB IN 1011.8 711.0 1.6l 26¢26.4 0.2%
02 BST TRB EXIT 1006.4 710.2 1.61 2423.4 0.26
02 BST TRB DIFF 1006.1 710.2 1.81 26423.4 0.2
H2 TaNK PRESS 18.6 749.3 0.00% 2540.0 0.0047
GOX HEAT EXCH IN 9a7.3 7643.4 2.32 2540.0 0.24
GOX HEAT EXCH OUT 989.1 743.0 2.32 2518.2 0.24
MIXER HOT iN 989.1 743.0 2.32 2%18.2 0.24
MIXER COLD IN %08.90 63.2 0.66 -i13.0 3.89
MIXER OUuT 907.1 584.2 2.98 1976.3 [
FSV INLET 907.1 584.2 2.8 1976.3 0.78
FS¢ EXIT 881.4 584.3 2.98 1976.3 0.27
CHAMBER INJ 871.8 5846.3 2.98 1976.3 9.2
CHAMBER 801.9
* OXYGEN SYSTEM CONDITIONS »
STATION PRESS TEMP Ft.OM ENTHALPY DENSITY
B.P. INLET 156.0 1e2.7 17.90 6l.1 .17
B.P. EXIT B4.3 le3.1 17.90 61.3 7117
PUMP INLEY 84.3 163.1 17.90 51.3 71.17
PUMP EXIT 1800.0 172.6 17.90 67.9 71.28
02 TANK PRESS 16.0 400.0 0.03 206.8 0.12
POSY INLET 1793.4 172.0 5.2 67.9 71.27
POSV EXIT 989.0 175.6 5.20 67.9 69.97
OCV INLET 1793.4 172.¢6 12.67 67.9 .27
OoCV EXIT 836.5 176.2 12.67 67.9 69.70
PRIMARY INJ 954.8 175.7 5.20 87.9 $2.9}
SECONDARY INJ 830.2 170.2 12,07 ©7.9 ©9.71
CHAMBER 801.9
VALVE DATA
manmcanann
VALVE DELTA P AREA FLOW % BYPASS
JBV [ 34 0.023 D.e6 °2.00
TBV 1018, 0.Q72 0.21 30.63
F3v Je. 1.0%3 J.e8
POSV 806 . 0.022 5.20
ocv 957. 0.075 12.67
INJECTIR DATYA
PR
v FUEL = « OXID »
PRIMaLY SECOND
DELP MAN 10.0% le.9? 1,18
DELP INJ 59.81 152.91 28,12
AREA 1.14 0.0% 0.42
FLOW .98 5.°0 12,87
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TABLE 50.

ADVANCED ENGINE "TARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 50% OF DESIGN THRUST LEVEL (CONTINUED)

P NN AR AN RR AR NN SRR I NG AR AR NP NN
= TURBOMACHINERY PERFORMANCE DATA »

NN R AU ARSI NS AR RPN N IR EERA R

4casnnmancnpsesnaREn

s H> BOOTT TURBINE =

SndendsasaRnuNARRAEY

EFFICTENCY 0.784
HORSE POWER 135,
SPEED (RPM) 30494,
MEAN DTA tIN) 1.90
EFF AREA (IN2) 1.4%
usC (1DEAL) 0.517
Max TIP SPEED 252,
GTAGES 1.
DELTA N tacT 5.49
GAMMA 1.39
PEESS RATIO (T/T) 1.01
tecesrdvactnan
e 1> TURBINE o
esvenannansacs
STAGE |
srmanea
EFFICIENCY G.766
HORSEPOWER 347,
GPEED (RPM} el001.
MEAN DIa  (IN) 3.47
EFF AREA {IN2) 0.21
usc CIDEAL ) 0.4647
Max TIP SPEED 1295,
DELTA H 152,
GAMMA (ACT) 1.39
PRESS RATIO(T/T 1.23

“eseetrenccanneansen
07 BOOST TURRINE «

esereasvennnasannssne

EFFICIENCY 0.78¢
HORSEPOWE R 7.
GPEED {RPM) 8074.
MEAN DTA 1IN 5.70
EFF AREA LINS) Q.00
usc (IDEAL) 0.%512
Max TIP SPEED 182,
GTAGES 1.
DELTA W LaCT) Q.2
GAMMA i.39
PRESS RATID (T/T) t.01

seaenssesnenne

« O TURBINE =

eesaessanrnaas
EHd 1 TENCY 0.2727
HORSEPOME R ito.
SPEED FRPM) Se7he.
Mt N Dla {IN) 3.47
F&F AREA  (IND) 0.0%
use (IDEAL) 0.297
MAx TIP SPEED BelO.
STAGES [
DELTA W 1At oL
GAMMA 1.37
PR, RATIu (T/T) 1.12

STacE o
avesena
0.775%
e,
NI
3.47
0.ls
0.452
1295,
167,
1.29
1.2%

NezqsunnRpednunny

» H2 BOOST PUMP

RuEszaNRSRARNNRRS

EFFICIENCY 0.67%
HORSEPOWER 13.
SPEED (RPM) 30494.
S SPEED 2148.
HEAD (FT) 1560.
Dla, C(IN) 2.18
TiP SPEED 290.
VOL. FLOW 306.
HEAD COEF 0.597
FLOW COEF 0.153

Enssansenan

* HZ PUMP =
aqnnavesate
STAGE ONE
snesnsusn  wndnanenw
EFFICIENCY 0.602 0.61%
HORGEPOWER i8s. 152.
SPEED (RPM) 92001 . 92001,
5 SPEED 547. 796,
HEAD (F7) “2B6S. 22073,
DlA. CIN) 3.69 3.02
TIP SPEED 1481 . 1212,
VOL. FLOW 313. 245,
HEAD COEF 0.609 0.483
FLOW CCEF 9.064 0.100
assmanonsunenuRY
e Q2 BOOST PUMP &
medasucsnsuncanne
EFFICIENCY 0.676
HORZEPOWER 7.
SPEED (RPM) 8074.
S TPFFD 2129,
HEAD (FT) 128,
DIa, CIN} 2,66
TiP ZPEFD Bo.
VOL. FLOW 1.
HEAD COEF 0.602
FLOW COEF 0.1%3
sannusnerEn
s 02 PU »
secacusesuy
EFFICIENCY 0.079
HNR SEPOWER 165,
SPEED (RPM) S6756.
S SPEED 1336,
HEAD (FT1 l6en.
Ola, CIN) 1.90
TIP SPEED 72,
VOUL . FLOW 112,
MEAD COFF g.502
FLOW COEF 0.102
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STAGE TWO STAGE THREE

sae=senanun
0.620
145.
82001,
818.
21322,
3.02
1212,
266
0.467
0.102




TABLE 51.

ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER

ENGINE 10% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE
VAC ENGINE THRUST
DEL. VAC. ISP

TOTAL ENGINE
THROAT AREA

FLOM RATE

NOZZLE AREA RATIO

ENGINE MIXTURE RATIO
CHAMBER/NOZZLE COOLANT DP
CHAMBER /NOZZLE COOLANTY DT

ETA C»

CHAMBER/NOZLE Q

ENGINE STATION CONDITIONS

158.2
2009.
«ra.y
4.2
6.066
100¢.8
6.08
g L
186.
0.993
1748.

« FUEL ZVSTEM CCNDITIONS #

STATION PRESS
B.P. INLETY i8.a
B.P. EXIT 5.6
PUMP INLET 5.6
IST STAGE EXIT 2729

JBV INLET 272.9

4BV EXIT 187.6
IND STAGE EXIT “20.%
PUMP EXIT 563.0
COOLANT INLET Ssl.0
COOLANT EXIT 347.0

TBV INLET 233.5

TBV EXIT 217.1
LOX TRB INLET 3313.5
Lox TRB EXIT 2305.3
M2  TRB INLET 305.3
H2 TRB EXIT 224.8
H2  TRB DIFF 3.7

M2 BST TRB IN

N2 BST TRB EXIY

N2 BST TRB DIFF

02 BST TRB IN

02 BST TRB EXIT

02 BST TRB DIFF
H2 TANK PRESS

S0X HEAT FXCH IN N

GOX HEAT EXCH OUT 2

[CNIRI NIRRT

e e B2 P3P ML 23 P3 P2

A NTD O DO by
M0 OO0 WV

MIXER HOT IN 2l6.4
MIXER COLD IN 187.%
MIXER OUT 187.0
£V INLET 187.0
fSv EXIT 180.5
CHAMBER INJ 8.0
CHAMBER 158.2

* OXYGEN SYSTEM CONDITIONS »

STATION PRESS
B.P. INLET le.0
B.P. EXIT 5.5
PUMP INLET 5.5
PUMP EXITY “23.%
02 TANK PRESS le.0
POSV INLEY «23.2
POSV EXIT J07.e
JCVOINLET «ll.2
CVOEXLT 158.:2
ORIMARY INJ 198, v
TFCONDARY INJ i58.2
HAMBER i58.2
JaLvE CELTA P
-8BV 5%
Tev e,
Ly )
2%V Jle.
v 295,
o FoEL L)
JELP MaN .68
TELP INJ 17.10
AREA .16
“LOW J.60

TEMP FL
37.4 0.
17.6 0.
7.8 R
45,2 9.
«5.2 o.
45.9 0.
«8.1 0.
50.8 0.
50.8 0.
837.0 0.
837.1 0.
837.9 o.
837.1 a.
826.7 o.
826.7 0.
792.0 0.
792.0 0.
752.0 0.
791.5 0.
791.5 0.
791.5 0.
791.3 o.
791.3 o.
821.0 0.00
819.7 9.
819.3 0.
819.3 0.
5.9 a.
gie.s 0.
g19.5 0.
819.6 0.
819.6 0.

Ou
60
60
®0

ToMp FLOW
1el.7 3.59
5.8 3.99
1o02.8 3.59
e?.1 1.59
«00.0 0.01
o1 2.8
ie7.9 2.8
tnl. 1 0.90
io8.0 9.90
YR 2.8
icH.G J.90
ALVE TaTa
cessannes
A FLOW
2.90
2. %le
.00
z 2.8
R 3.90
SROCATA
“issascacnn
. K1D .
T IMARY “ECOND
) y.02
236 0.1
8 Q.43
Y. ) 0.90

ENTHALPY
-187.%

ENTHALPY
ekl
[ 0]
el
3.5

J06.8
3.5
3.5
»31.8
®3.5
3.5
52.8

% BYPass
D.%0
.1.09

o
~

823333332323

Doo0Ooo0o0OODO0OODO

o
OO0 O MNOWGOGQ
s-8oaof
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JENSITY
EA ¥4
71.16
7l.is
70.82
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70.82
70.4%
70.82
76.:8
70.45
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ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 10% OF DESIGN THRUST LEVEL (CONTINUED)

TABLE 51.

4 TURBOMACHINERY PERFORMANCE DATA =

¢ M2 BOOST TURBINE =

® H2 BOOST PUMP =

EFFICIENCY 0.4€3 EFFICIENCY 0.444
HOR SEPOMER 1. MHORSEPOWER 1.
SPEED (RPM) 10195. SPEED  (RPM) 10195.
MEAN DIA  (IN) 1.90 S SPEED 1262,
EFF AREA (IN2) 1.48 HEAD (FT) 228,
usc (1DEAL) 0.512 DIA. (IN) 2.18
MAX TIP SPEED 86. TIP SPEED 97.
STAGES 1. VOL. FLOW 6l.
CELTA M fACT) 1.69 HEAD COEF 2.781
GAMMA 1.4t FLOW COEF 3.092
PRESS RATIO (T/T) 1.01
semsannsnnnnsn P
" H2 TURBINE » * H2 PUMP =
ASAREASANANESS AAANRNRENS
STAGE 1 STAGE 2 STAGE ONE STAGE TW0 STAGE THREE
ERVARRR snAREEN EL R EZR ] EaqIARAAAR AR NpOany
EFFICIENCY 0.495 0.538 EFFICIENCY 0.415 3.571 0.577
HORSEPONER 22. 19. HORSEPOWER 22. 10. .
SPEED (RPM)  395Gl.  39541. SPEED (RPM) 29541. 39541, 39541,
MEAN DIA  (IN) 3.47 3.47 S SPEED 161, s27. 540.
EFF AREA (IN2) 0.21 0.26 HEAD  (FT3 8363, 5061. 4918,
usc (1DEAL) 0.221 0.258 DlA.  (IN) I.09 3.02 .02
MAX TIP SPEED 599, 599, TIP SPEED 636. s21. s21.
DELTA H 56. 58, vOL. FLOW 84. 84, 6.
GAMMA (ACT? 1.41 1.41 HEAD COEF 0.564 0.600 0.582
PRESS RATIO(T/T 1.33 1.25 FLOW COEF 0.030 9.060 0.062
ARRUARBESHRARENDRRDS AR LN SRR LY )
« 02 BOOST TURBINE » = 02 BOOST PUMP
T TP LI T P P
EFFICIENCY 0.435 EFFICIENCY 3.637
HORSEPOMER e. HORSEPOWER 0.
SPEED (RPM) T633. SPEED  (RPM) Ze33.
MEAN DIA  [IN) 5.20 5 SPEED I8l
EFF AREA (IN2) 2.02 HEAD (FT) 19,
usc (1DEAL) 0.512 DIA. CIND 266
MAX TP SPEED »0. TIP SPEED 8.
STAGES 1. VOL. FLOW 2z,
DELTA M (aACT) 0.87 HEAD COEF FLF]
GAMMA 1.41 FLOW COEF 1.09
SRESS RATIO (T/T) 1.01
enmcununannans PETT .
* 02 TURBIMNE » . 02 PUMP o
senesnmsnanung cennenmAnne
SFRICIENCY 0.516 £FFICIENCY T4zl
HORSEPOWER i2. HORSEPOWER 12.
TPEED (RPM) 26519, SPEED  {RPM) Is514.
MEAN D1A  (IN) 1.47 3 SPEED 313,
EFF AREA (IN2) 0.28 HEAD FTY 309.
B {IDEAL) 0.212 DIA. LIND ..99
MAX TIP SPEED «o2. T1P SPEED coe.
STanEs 1. vOL. FLOW N
ELTA H fACT) I7.16 ~EAD COEF 1527
3aMMA 1.41 FLCW CCEF 1064
ARESS RATIO (T/T) L .09
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TABLE 52. — ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 5% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 8.6
VAC ENGINE THRUST 1000,
DEL. VAC. ISP «78.%
TOTAL ENGINE FLOW RATE 2.1
THROAT AREA 6.066
NOZZLE AREA RATIO 1000.90
ENGINE MIXTURE RATIO 6.00
CHAMBER /MOZTLE COOLANT DP 9%
CHAMBER /NDZZLE COOLANT DY 891.
ETA Ce 0.993
CHAMBER /MOZZ2LE Q 980.

ENGINE STATION CONDITIONS
ANBEBaRSARIRENARNIUARSEARY
+ FUEL =2 37EM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET i8.¢ i7.6 0.38 -107.% .57
8.p. EXIT 21.3 1.8 0.0 -107.2 .36
PUMP INLET 21.1 7.5 9.20 -107.2 “.36
1ST STAGE EXIT 178.% 41.9 0.30 -93.7 @.26
JBV INLET 128.% al.9 0.00 -93.7 “.26
JBV EXIT 5.2 2.1 0.00 -93.7 .32
2ND STAGE EXIT 195.0 «3.4 0.30 -88.0 4.26
PUMP EXIT 259.3 6.8 .30 -82.% ©.22
COOLANT INLET 2%58.8 46.8 9.z0 -82.% %.22
COOLANT EXIT 162.8 936.2 0.30 3197.0 0.83
TBV INLET 156¢.8 936.3 0.21 3197.8 g.83
TBY EXI1T 111.% aT6. 6 6.2 3197.0 8.02
LOX TRB INLET 154.8 936.3 .09 l1%7.0 0.03
LOX TRB €XIT 144.0 er9.l 0.09% 317:.8 0.03
H2 TRB INLET 1644.0 aze.] 0.09 3171.8 0.03
H2 TRB EXIT 114.8 06.5 0.09 1092.6 0.8
HZ TRB DIFF 114.4 a06.5 0.09 30%82.6 .
H2 BST TRB IN 114.1 206.5 0.09 3092.6 0.92
H2 BST TRB EXIT 113.7 a06.2 0.0 3091.6 0.982
#H2 BST TRB DIFF 113.6 206.2 .09 30%1.6 o.o2
02 BST 7TRB IN 113.3 a08.2 9.09 I091.0 g.62
02 BST TRB EXIY 113.1 a06.1 0.29 1091.1 0.e2
02 BST TRB DIFF 113.1 a06.1 0.09 3091.1 0.2
H2 TANK PRESS 18.% a27.7 0.0003 3183.9 g.0038
GOX HEAT EXCH IN 111.% 12T 2.9 I1e3.9 9.02
IX HEAT EXCH OuT 110.0 9.7 9.2 31e2.%5 0.02
'XER HOT IN 110.0 °l6.7 0.30 3162.5 9.02
»IWER COLD IN 9%.2 “l2.1 3.00 -93.7 €.22
41XER OUT 5.2 226.8 0.2 3162.5 0.82
FSV INLET 9.2 ale.8 2.20 Zle2.5 9.2
F3V EXIT 9.2 a’6.8 0.20 3te2. o.ar
CHAMBER [NJ 8%.8 al6.8 Q.0 I1s2.S 6.02
CHAMBER 8.0
1 OXYGEN SYSTEM CONDITIONS o
STATION PRESS TEMp FLOW ENTHALPY DENSITY
8.P. INLET 1e.0 (0l.7 1.79 ol.1 7.1z
3.p. EXIT 1%.0 HETUNY 179 sl.1 Ti.1le
PUMP INLET 19.6 TN 1.79 sl.1 71.1e
PUMP EXIT 19s.1 le5.2 1.79 6.6 70.91
02 TANK PRESS 1.0 «00.0 - 206.8 0.12
S0OSY INLET 196.0 .25.2 . 2.4 i0.81
POSY EXIT 100.¢ i2%.0 1. 2.6 0.1
~CV INLET 196.0 252 1. 0.4 To.91
oV EXIT i8.o .25, 0 J. 8l.G 70.72
SRIMARY INJ %.4 .95. 0 . 02.4 T0.18
SECONDARY INJ 8.8 . 55.0 3.3 22.4 3.2
.HAMBER ‘B.o
YALVE [aTa
cecssasena
/aLVE Ceuta P SREA FLou % BYPaAsS
_BvV P L3 J.00 J.00
T’V B i R ©8.78
i . 253 3.2
25V is. 32 e
pin ) S50 1.83
v U@ NaTa
Ceiirsteann
« FUEL * ¢+ 0xID ¢
Cuiay JECOND
IELP MaN t.51 » 1.3
LP INJ .73 Y .00
“REA i1k 4 T.al
L.oW 9.20 ? 1.Ja
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TABLE 52. — ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 5% OF DESIGN THRUST LEVEL (CONTINUED)

» TURBOMACHINERY PERFURMANCE DATA =

HERRARARESASERD L2l RAANREENEENERNENE
s H2 BOOST TURBINE ® 2 H2 BOOST PUMP =
AATNSANGE SRR NRANRRRD RRENENNDANEIRENNEYN
EFFICIENCY 0.316 EFFICIENCY 0.376
HORSEPOMNER a. HORSEPOWER 0.
SPEED (RPM} 6152, SPEED (RPM) 6152,
MEAN DIlA tIN) 1.90 S SPEED 1187.
EFF AREA (IN2) 1.45 HEAD (FT) 88.
u/c {1DEAL) 0.512 Dla. (IN) 2.18
MAX TIP SPEED s51. TiP SPEED 8.
STAGES 1. vOL. FLOW 1.
CELTA H (&CT) 9.97 HEAD COEF 0.828
GAMMA 1.3 FLOW COEF 0.076
PRESS RATIO (T/T) 1.01
REBNSNESHENE RS ARARABREENN
» M2 TURBINE = « H2 PUMP »
RANUNSSARNE NS ARRANNNAEEE
STAGE 1 STAGE 2 STAGE ONE STAGE TWO STAGE THREE
RAmpuRSE SuEENgn ANERNARNNE AARANANSE SARSESAGNAEAN
EFFICIENCY 0.370 0.417 EFFICIENCY 0.340 0.508 0.51%
HORSEPOWER 6. S. HORSEPCKWER 5. 2. 2.
SPEED (RPM) 25943. 25943, SPEED (RPM) 25943. 25943, 259¢3.
MEAN DIa (IN) 3.47 3.47 S SPEED 3i6. “G6. “57.
EFF AREA (IN2) 0.21 9.26 HEAD (FT) 3590. 22%6. 2190.
usc (IDEAL) 0.162 0.188 DIA. {IN) 3.59 3.02 3.02
MAX TIP SPEED 393, 393. TIP SPEED “18. 342. 242,
DELTA H 63, 36. V. FLOW 21. I2, 2.
GAMMA (ACT) 1.43 1.43 HEAD COEF 0.602 0.621 0.603
PRESS RATIO(TY/T 1.32 i.3% FLOW COEF 0.023 0.046 0.066
ARSANANARNERINTANRERS AARAANRBTAIARINRR
» 02 BOOST TURBINE s % 02 BOOST PUMP =
ERAARENAASARURIANARS NARARANEENGNNSANE
EFFICIENCY 0.307 EFFICIENCY 0.369
HORSEPOWER a. HORSEPOWER a.
SPEED (RPH) 1579. SPEED (RPM) 1879.
MEAN DIA [IN] 5.20 S SPEED i188.
EFF AREA  (IN2) .02 HEAD (FT) .
usc CIDEAL} 0.512 Dla. CIN) 2.44
MAX TIP SPEED 6. TIP SPEED 17
STAGES 1. VOL. FLOW it
DELTA M (4CT) 0.49 HEAD COEF 0.829
GAMMA 1.43 FLOW COEF 8.078
PRESS RATIO (T/T) 1.01
casnssennnnnnun vasKnanunn
* 02 TURBINE » * 02 PUMP =
SARRASRIINEARN AL ELEELERE L]
EFFICIENCY 0.183 EFFICIENCY 9.I52
HORSEPOWER 3. HORSEPOWER Z
SPEED (RPM) 17635. SPEED (RPM} 1762
H“EAN DIA CIND 3.47 S CPEED T
€FF AREA  (IND) 0.2 HEAD (FT) I58.
usc (IDEAL G.1647 DIA. (IN) 1.90
MAK TIP SPEED le7. TIP SPEED 147,
STAGES t. VOL. FLOW L.
CELTA M TACT) ’5.18 HEAD CCEF 1.%37
SAMMA 1.65% FLOW CUOEF s.022
SRESS RATIO (T/T3 1.07
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TABLE 53.

ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 100% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE

VAC
DEY.

ENGINE THRUST
. VAC, ISP

TOTAL ENGINE FLOM RATE
THROAT AREA
NOZZLE AREA RATIO

ENG

INE MIXTURE RATIO

CHAMBER /MOZZLE COOLANT DP
CHAMBER /NOZZLE COOLANT DT

ETA

[ ]

CHAMBER/NOZZLE Q

ENGINE STATION CONDITIONS

* FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW
B.P. INLEY 18.¢ 37.4 5.96
B.P. EXIT 100.2 8.5 5.96
PUMP INLET 100.2 8.5 5.96
iST STAGE EXIT 1877.% 3.7 5.9
IND STAGE EXIT I43.0 87.7 5.96
PUMP EXIT 56403.2 110.6 5.96
COLD REGEN IN 53149.1 111.1 5.%6
COLD REGEN EX 5295.6 255.4 5.9%6
COOLANT INLET 5295.¢ 255.6 5.96
COOLANT EXIT 4621.6 7%8.6 5.96
TBV INCET «377.3 158.9 0.31
TBV EXIT 2035.2 773.8 0.31
LOX TRB IMLET ©377.3 758.9 5.65
LOX TRB EXIT 3978.6 7464.7 5.6%
H2 TRB IMLET 3978.6 766.7 5.65%
H2 TRB EXIT 2162.4 657.7 5.85%
HZ TRB DIFF 2131.1 v57.8 5.65
H2 BST TRB IN 2109.8 258.0 5.65%
2 BST TRB EXIT 20990.5 656.7 5.65
=2 BST TRB DIFF 2077.0 556.8 S.eS
0 8ST TRB IN 20%6.3 ©56.9 5.65
02 BST TRB EXIT 2046.9 856.2 5.65
02 BST TRB DIFF 2045.4 ©56.3 5.65
H2  TANK PRESS i8.6 07 l.% 0.0071
GOX HEAT EXCH IN 2035.2 °0l.6 S.e5
GOX HEAT EXCH QUT 2026.0 $82.0 5.65
“0T REGEN IN J0l6.0 682 . 5.6%
=0T REGEN EX 1965.¢6 £37.3 5.05%
FSV INLET 1%65.4 520.9 5.9%
FSV EXIT 1916.2 s21.1 5.95
CHAMBER 1INJ 1897.1 $21.2 5.9%
CHAMBER 1763.5
® OXYGEN SYSTEM CONDITIONS »
STATION PRESS TEMp FLOW
3.P. INLET 10.0 1el.7 5.77
3.P. EXIT 1264.9 193.3 5.77
SUMP INLET 4.9 103.3 i5.77
PUMP EXIT 1852.9 i76.1 15.77
> TANK PRESS le.0 %03.0 3.06
POSV INLETY iB826.3 176.2 8.5%
POSV EXIT 2l09.8 i78.2 B.%%
IOV OINLET l826.2 178.2 J7.16
CV EXIT 1926.8 “T9w 27.1%
PRIMARY INJ l210.2 .78.5 8.5%8
“ECONDARY INJ 1908.3 AR 271
“HAMBER 17s03.8
VALVE LaTa
sesnsnennn
JALVE CELTA P AREA FLOW
“3v Jlaz. 2.01¢ 0.31
Y @3, 1.828 5.9%
PSSV 518, T.3e7 3.%%
v 387. s.lel 27.16
INJUECTTR DATA
T
¢« FUEL < uXID e
SRIMARY SECOND
TELP MaAN Lr.ay -9 87 1%.71
CELP INY 3.2 EOY SR 141.26
<REA 1.0% p I .40
TLOW 5.9% B8.%% 27.18
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1763.9
20008.
<80.0
a1.7
5.547
1000.0
6.00
876.
503.
0.993
11399,

ENTHALPY
-107.5
-183.0
-103.0

8.5
118.3
226.1
226.1
57.5
757.%

l668.9
J668.9
loeB.9
J668.9
2608.9
2e08.9
2261.7
2261.7
J261.7
223587.0
I287.0
2257.0
1254.4
22%6.4
I275.8
227158
2274.6
J276.4
1714.0
1763.4
1763.4
i763.6

ENTHALPY
sl.l
1.5

% BYPass
$.17

hhrbbigass

Cooocowoaaooo
*

o
-]
R
N »

3.54
0.54
0.%6
0.87
J.e6

0.83




TABLE 53. — ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 100% OF DESIGN THRUST LEVEL
(CONTINUED)

# TURBOMALAIMERY PERFORMANCE DATA =

« H2 BOOST TURBINE = * H2 BOOST PUMP =
ASANAERNBRANRNENRAES ANBRERNASAREANARNN
EFFICTENCY 0.797 EFFICIENCY 0.766
MORSEPOWER 8. HORSEPOWER 38.
SPEED (RPM) 45998, SPEED  (RPM) 45998
MEAN DIA (1N} 1.30 s SPEED 3047.
FFF AREA (IN2) 2.49 HEAD (FT) 2682.
wse (1DEAL) 0.478 DIA. (IN) 2.18
MAX TIP SPEED 260. TIP SPEED 437.
STAGES 1. VOL. FLOW 609.
NELTA M CACT) 4.5 ~EAD COEF 0.451
GAMMA 1.38 FLOW COEF 0.201
PRESS RATIO (T/T) 1.01
s ARG ARARARY NERNBURAINES
« H2 TURBINE « * H2 PUMP =
ANARRANARNRBARR RARRANDER NN
STAGE 1 STAGE 2 STAGE ONE STAGE TWO STAGE THREE
(22T 1} aswagan ARNENRREN ARNEBENNS ZNNEARSISANR
EFFICIENCY 6.841 0.828  EFFICIENCY 0.668 0.669 0.670
HORSEPOWER 1388. 1287. HORSEPOMER 941. 925. 909.
SPEED (RPM) 1264911. 124911.  SPEED (RPM)  124911. 124911. 124911,
MEAN DIA (IN) 2.78 2.78 S SPEED 22. 826. a31.
EFF AREA (INZ) 0.31 0.40  HEAD  (FT) 58028. 57176. 56217.
ure C1DEAL) 0.471 0.467  BIA.  CIN) 3.43 3.43 3.43
MAX TIP SPEED 1515. 1515, TIP SPEED 1869. 1869. 1868.
DELTA H 174. 173.  vOoL. FLOW 605. 599, 589.
GAMMA (ACT) 1.3 1.35  HEAD COEF 0.535 0.527 0.518
PRESS RATIO(T/T 1.34 1.37 FLOW COEF 0.099 0.099 4.099
I EEXIESSRASESRIER YL ] AARENABAUAROINANAN
« 02 BOOST TURBINE » » 02 BDOST PUMP »
IEXEEEESEERIRISEARSY | AgARANBRERENARNARE
EFFICIENCY 0.863 EFFICIENCY 0.764
HORSEPOMER 6. HORSEPOWER 2a.
SPEED (RPM) 12315. SPEED  (RPM) 12315.
MEAN DIA {IN) J.e8 3 ZPEED 2ol8.
CFF AREA (IN2} J.00 HEAD (FT?) 26l
usc (1DEAL) 0.516 DlA. (IN) 2.44
MAX TIP SPEED 198. TIP SPEED 131.
STAGES 1. vOL. FLOW 226.
DELTA H JACT Z.50 HEAD COEF 0.6450
GAMMA 1.2 FLOW COEF 0.201
PRESS RATIO (T/7T) 1.00
exmesnnasnnnun eaunmREnNEn
* 02 TURBINE ® « 02 PUMP »
cnevsnrrsannen [
EFFICIENCY 0.852 £FFICIENCY 0.739
HORSEPOWER <80. HORSEPOWER «80.
SPEED (RPM) 76933, SPEED  (RPM) 76933.
MEAN DIA  (IN) 2.7 3 SPEED 1813.
ZFF AREA (INI) 0.43 HEAD (FT) 5657.
u/c (IZEAL) 0.6% Dla. {IN) 1.92
MAX TIP ZPEED arx. TIP SPEED bbb .
“TAGES 1. YOL. FLCW 226.
CELTA H tacTl) 0l.04 ~EAD COEF 0.422
SAMMA ALY FLOW CCEF 0.1%¢
PRESS RATIO (T+T) N )

REGENERATOR DATA

ceginNessagesnss

I2LD SIDE MOT %IDE
DELP §2.52 20.01
CELT NG I6 -154.70
AREA d2.41 i.40
FLOW 5.96 5.05
EFFECTIVENESS 2.8
NTU J.40
CRATIO .93
CMIN I8.67
REGEN Q 2160.7%

203




TABLE 54. — ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 50% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 877.%
VAC ENGINE THRUST i000e.
DEL. VAC. ISP 4798
TOTAL ENGINE FLOW RATE 20.8
THROAT AREA 5.5&7
NOZZLE AREA RATIO ic00.8
ENGINE MIXTURE RATIO 6.00
CHAMBER/NOZ2ZLE COOLANT DP 703.
CHAMBER /NOZZLE COOLANT DT 599.
ETA C» 0.993
CHAMBER/NOZZLE Q 6529.

ENGINE STATION CONDITIONS

CqdnNasABRNIcdAuanENERENA R AnnRR R

* FUEL SYSTEM CONDITIONRS o

STATION PRESS TEMP FLOW ENTHALPY DEMSITY
B.P. INLEY 18.6 317.4 2.98 -107.9 6.3
8.P. EXIY 52.5 7.9 2.98 -105.¢ 4.8
PUMP INLET 2.5 7.9 2.98 -18%.6 4.8
1ST STAGE EXIT 896.4 51.0 2.98 -50.2 4.36
IND STAGE EXIT 1724.1 63.6 2.%8 .9 «.3a
PUMP EXIT 2535.4 5.3 2.98 , 56.7 €.37
COLD REGEN IN I521.4 5.4 2.98 56.7 4.36
COLD REGEN EX 2502.1 262.1 2.98 51.9 1.5%
COOLANT INLET 2502, 262, 2.98 751.9 1.5%
COOQLANT EXIT 1799.1} BS1.6 2.98 2939.6 ¢.38

TBV INLET 1770.9 851.8 0.9¢ 2939.4 8.37

TBV EXIT 1018.3 8%56.6 0.%¢ 293%.4 8.2
LOX TRB INLET 1770.9 851.8 2.0¢ 293%.4 .37
LOX TRB EXIT 1628.9 839.0 2.064 lgm.? 0.35
H2 TRB IMLET 1628.9 839.0 2.06 t8%e.7 0.35
H2 TRB EXIT 1057.4 775.5 2.06 26561 0.5
H2  TRB DIFF 1067.6 775.6 2.06 26541 2.5
H2 BST TRB IN 1061.1 775.6 2.06 2654.1 0.26
H2 BST TRB EXIT 1035.1 774.8 2.0¢ 2651.2 0.2
H2 BST TRB ODIFF 1030.9 774.9 2.04 J6%1.2 0.26
02 BST TRB IN 10264.7 774.9 2.04 26%52.2 0.2¢
02 BST TRB EXIT 1021.8 774.5 2.04 2649.7 0.3¢
C2 BST TRB DIFF 1021.4 774.5 2.06 2669.7 0.26¢

H2  TANK PRESS 18.8 806.6 0.0030 2740.7 0.0864
GOX HEAT EXCH IN 1018.3 300.3 2.04 2749.7 8.23
GOX HEAT EXCH OUT 1015.% 799.8 2.04 27z8.7 0.23
HOT REGEN IN 1015.5 7ea. g 2.0¢4 27:8.7 0.73
HOT REGEN EX 996.7 514.2 2.04 1724.9 0.35
F3V OINLET ?96.7 ©l0.3 2.8 2106.5 0.29
F3V EXIT 676 6l0.4 2.98 2106.% 0.78
CHAMBER INJ 956.8 ©20.% .98 2106.5 0.28
CHAMBER 877.4

OXYGEN SYSTEM CONDITIONS «

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMLET i0.0 1e2.7 17.90 0l.1 7112
B.P. EXIT 06.7 123.0 17.90 1.2 71.18
PUMP INLET 6.7 1863.0 17.90 si.2 71.18
PUMP EXIT 1571.5 170.8 17.90 66.8 71.2%

02 TANK PRESS le.0 <00.0 0.02 J06.8 0.12
PO3V INLET 1564.3 170.9 .87 oe.B 1.6
POSV EXIT 1220.¢ 1721 .87 6.8 70.80
LCVOINLET 1506.3 (73,9 11.30 oe.8 71.36
aCV EXIT 205.8 172,32 i1.30 0.8 i0.27
PRIMARY INJ 1166.0 172.2 .87 .8 T0.70
“ECONDARY [NJ e30.7 NN 4 11.30 6.8 70.54
ZHAMBER 877.6

JALVE DaTa

cegmeccng

VALVE DELTA LREA FLOW % HYPASS
: 51 .39 J3.3¢ J1.&2
b 3. .ov28 s.9
TISY : la? .87
nev ;LY 11.20
“ECT 2 NATa
ceesencaenne
« FLEL . g .
ZIMAR ¢ £COND
TELP MaN 01,38 IlI- 2.57
TELP INJ s8.07 Ee. B 2118
AREA 1.0% oot 3.6
cLOW I.98 2.4/ 11.00
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TABLE 54. — ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 50% OF DESIGN THRUST LEVEL
(CONTINUED)

A NAARN YRS AR AR NN AR RN SR RRRIND

* TURBOMACHINERY PERFORMANCE DATA =

NERNEENARED a SEENAARNENNNERARY
* M2 BOOST TURBINE s M2 BOGST PUMP »
F XIS RS I R ITT]) NN YRERNEAANERAS
EFF ICIENCY 0.648 EFFICIENCY 0.729
HORSEPOWER 8. HORSEP DWER 8.
SPEED (RPM)  27083. SPEED  (RPM) 27083,
MEAN DIA  (IN) 1.30 S SPEED 2454,
EFF AREA (IN2) 2.49 HEAD (FT) 1118,
use (1DEAL ) D.478 Dla. (1N} 2.18
MAX TIP SPEED 153, TIP SPEED 257.
STAGES 1. VOL. FLOW 306.
JELIA H (ACT) 2.87 ~EAD COEF 3.541
GAMMA 1.45 FLOW COEF 0.172
PRESS RATIO (T/T) 1.01
PP PP P
« HZ TURBINE » v M2 PUMP ®
SRR RBEERRNAN desanRARNY
STAGE 1 STAGE 2 STAGE ONE  STAGE TWN STAGE THREE
s RANA ARRRenn XX YEEXREEER ] TRt renS SREARARANNDS
EFFICIENCY 0.690 0.713 EFFICIENCY 0.646 0.649 6.652
HORSEPOMER 363, 321, HORSEPOWER 233, 228. 22.
SPEED (RPM)}  81622. 81627, SPEED (RPM) 81622, 81622. 81622.
MEAN DIA  (IN) 2.78 2.8 S SPEED 663. 673. 683,
EFF AREA (IN2) 0.31 0.40 HEAD  (FT) 27819. 27316, 267%3.
use {1DEAL ) 0.328 0.356 DIA.  (IN} 3.43 3.43 3.43
MAX TIP SPEED 990. 990, TIP SPEED 1221, 1221. 1221,
DELTA H 125. 111, VOL. FLOW 307. 307. 306.
SAMMA (ACT) 1.45 1.45 HEAD COEF 0.600 0.589 0.578
PRESS RATIO(T/T 1.3 1.27 FLOW COEF 0.67% 0.a78 0.¢;
AAREHNANBEBAARBRRN RS IEANFRER L EAEERRE S
« 02 BOOST TURBINE s « 02 BOOST PUMP »
ANNEBIRUSRSOARNEAANES ARUANEASNARNEA RN
EFF LCIENCY 0.701 EFFICIENCY 3.729
HORSEPOWER 4. HORSEPOWER 4.
SPEED (RPM) 7188. SPEED  (RPM) -rag.
VEAN Dla  (IN} 3.08 < SPEED lea2
IFF AREA  (IND] 1.60 ~EAD (FT) s,
use (1DEAL) 0.516 Dia. CIN) s.44
wax TIP SPEED 1s. T1P SPEED 7.
STAGES i VOL. FLOW BER
JELTA M (ACT) 1.52 ~EAD COEF 1.542
GaMMA 1.45 SLOW COEF 2172
SRESS RATIO (T/T) 1.00
Cansnanexnnenn PP
« 02 TURBINE » « 02 PUMP =
cenememnanaane desenansenn
ZFRICIENCY 0.706 ESSICIENCY 3.7c2
HORSEPOWER 141, ~ORSEPOWER e,
PEED (RPM) $1400. IPEED (RPM) 51400.
VEAN DIA  (IND 2.8 3 SPEED 1284,
JFF AREA  (IND) 0.43 -zaD (FT) 1041,
i IDEAL! 0.348 ara. FIND I
“aX TIP ~PEED 248. Tip SPEED Ere
STAGES 1. oL FLOMW R
SELTA M (acT) «3.12 ~ZaAD COEF Z.4ag
SAMMA 1.45 _CW COEF sz
“RESS RATIO (773 1.99

“EGENERATOR DATA

cevsvdecaRtuRRAY

J0uLD 3% =0t SIDE
TELP L3246 i8.84
CELT .8e.70 -785.%9
AREA 3.6 1.40
TLIW .. .06
CFEECTIVENESS 3.39
NTY 3.82
RaTlo 1.5
TMIN T2
<EGEN Q 2s72.0%
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TABLE 55. — ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 10% OF DESIGN THRUST LEVEL

ENGINE PERFORMANCE PARAME TERS

CHAMBER PRESSURE 175.1
VAC ENGINE THRUST 2008,
DEL. VAC. ISP 47%.9
TOTAL ENGINE FLOMW RATE €2
THROAT AREA S .547
NOZZLE AREA RATIO 1000.90
ENGINE MIXTURE RATIO .00
CHAMBER/NOZZLE COOLANT DP 162,
CMAMBER/NQZZLE CDOLANT DT 841.
ETA Cw 0.993
CHAMBER/NOZZLE Q 1808.

ENGINE STATION CONDITIONS

®» FUEL SYSTEM CONDITIONS o

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 17.4 2.60 -102.% &.37
B.P. EXIT 22.7 7.6 J.00 -107.2 &.37
PUMP INLET 2. it.4 3.00 -107.2 ©.327
1ST STAGE EXIT 162.8 41.1 0.60 -0 6.32
2ND STAGE EXIT 299.4 %4.2 0.00 -83.1 %.27
PUMP EXIT 432.3 47.3 0.60 ~71.6 6.2
COLD RECEN IN 631.7 «7.3 0.60 -71.6 €.2
COLD REGEN EX “28.9 757 2.60 816.¢ 0.29
COOLANT IMET «28.9 278.7 0.60 816.4 0.29
COOLANT EXIT 286.9 11s.1 0.60 831.7 0.05
TBV INLET 277.9 1118.2 0.27 3831.7 0.05
TBY EXIT 207.8 i118.7 0.327 l83.7 0.03
LOX TRB INLET 217.9 1118.2 0.2 I83r.7 0.05
LOX TRB EXIT J63.3 11z.0 a.2 809.7 0.04
H2 TRB INLET 263.3 i112.0 0.2 3809.7 0.06
H2 TRB EXIY 212 1085.8 a.2 3717.4 0.06
H2 TRB DIFF 210.3 1085 .8 0.2 3717.4 0.0
H2 BST TRB IN 209.7 1085.8 0.23 3717.¢4 0.06
H2 BST TRB EXIT <09.2 1085 .6 0.2 3716.% 0.04
H2 BST TRB DIFF los.8 1085.6 6.2 3216.5 8.04
02 BST TRB IN 208.3 1085.6 0.23 3716.5 0.04
02 BST TRB EXIT 208.1 1085.5% 0.2% I716.1 0.04
02 BST TRB DIFF 208.0 1085.5 e.C 3716.1 0.04
HZ TaNK PRESS 1B.6 1107.2 3.0004 lra7.1 0.0032
GOX HEAT EXCH IN 207.8 1105.9 0.73% 3787.1 8.06
GOX HEAT EXCH OuT 207.5% 1104.8 0.3 3783.3 ¢.06
HOY REGEN IN 207.5 1106.8 0.23 3re3.3 0.06
HOT REGEN EX 205.9 “49.8 9.23 1482.7 0.09
FSV INLET 205.9 857.8 2.50 29351 0.0¢
F3Sv EXIT 198.1 857.9 0.0 2935.1 0.04
CHAMBER INJ 195.2 857.9 0.s0 293%5.1 0.04
CHAMBER 1731
* OXYGEN SYSTEM CONDITIONS = - .
STATION PRESS TEMP FLOW ENTHALPY DENSITY °
B.P. INLET i6.0 182.7 .59 el.1 .17
B.P. EXIT Z1.8 182.7 .59 sl.l 71.17
PUMP INLET 21.6 1el.7 1.%9 1.1 7117
PUMP EXIT 293 .8 ioS.1 .59 .. 71.03
2 TANK PRESS 16.0 “00.0 9.01 J06.8 Q.12
POSV IMLET 093.3 teS.1 2.87 2.5 71.03
POSV EXIT Jlhle 185.4 2.87 2.5 70.93
OCV INLET J93.3 teS.1 J.7a 2.5 71.03
0CvY EXIT 173.2 io5.0 3.70 .5 70.83
PRIMARY INJ 223.4 10%5.4 .87 <5 70.92
ZECONDARY INJ 17:.2 loS.e .78 2.5 70.82
CHAMBER 17301

VALVE CAaTa

ceusensaan

VALVE DELTA P . % BYPASS
BV : — nl.4l
SV ty
POSY CLiad
nEV RS

¢ FLEL ¢ xiD
TECOND
CELP MAN 2.°8 3.1
CELP INJ P Py 3.9
AREA 1.0% 3.6l
FLOM J.60 3.70




TABLE 55. — ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 10% OF DESIGN THRUST LEVEL
(CONTINUED)

® TURBOMACHINERY PERFORMANCE DATA »

s H2 BOOST TURBINE =

EFFICIENCY 0.301 EFFICIENCY 0.543
HORSEPOMER 0. HORSEP OMER 0.
SPEED (RPM) 8140. SPEED  (RPM) 8140.
MEAN DIA  (IN} 1.30 S SPEED 1632,
EFF AREA (IN2) 2.49 HEAD (FT) 133,
wse (1DEAL ) 0.478 DIa. $TH 2.18
MAX TIP SPEED 4. TIP SPEED 77.
SYAGES 1. vOL. FLOW 61,
DELTA M (ACT) 0.81 HEAD COEF 0.712
GAMMA 1.40 FLOW COEF 0.11%
PRESS RATIO (T/T) 1.0t
sRanauan nElR ANERNNNENER
* H2 TURBINE = " H2 PUMP w
anan AARKEENNNEE
STAGE 1 STAGE 2 STAGE ONE STAGE TWO STAGE THREE
EENERan HERERAR ARARANNEN HEEESRANE ARSNANSEARN
EFFICIENCY 0.371 0.417  EFFICIENCY 0.489 0.495 0.582
HORSEPOMER 16. 14.  HORSEPOWER 10. 10. 10.
SPEED (RPM}  32027.  32027. SPEED (RPM) 32027.  32027. 32027.
MEAN DIA  (IN) 2.78 2.78 S SPEED 468. 485, 46k,
EFF AREA (IN2) 9.31 0.40  HEAD (FT) 4653. 4580. 449,
usc (1DEAL) 0.149  0.173  DIA. (IN) 3.43 3.43 3.43
KX TIP SPEED 388. 388. TIP SPEED 479. 479. 479.
DELTA M s0. 42. VOL. FLOW 62. 63. .
GAMMA tact) 1.40 1.40  HEAD COEF 0.652 0.642 8.631
PRESS RATIO(T/T 1.34 1.37  FLOW COEF 0.039 6.040 0.042

% 02 BOOST TURBINE

= H2 BOQST PUMP =

* 02 BOOST PUMP =

EFFICIENCY 0.322 EFFICIENCY 2.536
HORSEPOWER Q. HORSEPOWER 0.
SPEED (RPM) 2117. SPEED (RPM} 2117,
MEAN DIA (IN) 3.68 S SPEED 1633,
EFF AREA (IN2) 3.¢0 HEAD (FT) 11.
usc CIDEAL) 0.514 DIA. t(INY 2.644
MAX TP SPEED 34. TP SPEED 23.
STAGES 1. VOL. FLOW 3.
CELTA H (ACT) 8.42 HEAD COEF 0.7217
GAMMA 1.40 FLOW COEF 0.117
PRESS RATIO (T/T7) 1.00

vsunnvazznARR THRERANNANNN

* 02 TURBINE » * 02 PUMP w

[TTIIYTYINY YT AnmunannARE
EFFICIENCY 0.371 EFFICIENCY 0.502
HORSEPOKER 7. HORSEPOWER 7.
SPEED (RPM) 21785. SPEED (RPM) 21785.
MEAN DlA (IN) 2.78 S SPEED all.
EFF AREA (IN2) 0.43 HEAD (FT) 552.
usc (IDEAL) 0.153 DlA. CIN) 1.92
MAX TIP SPEED 264. TI1P SPEED 182.
STAGES 1. VOL. FLOW 3.
DELTA H (ACT) J1.98 HEAD CGEF 0.526
GAMMA 1.40 FLOW COEF J3.08S
PRESS RATIO (T/T) 1.06

REGENERATOR DATA

srsanARvEENNRNSS

COLD SIDE HOT SIDE

DELP .82 1.60

DELT 229.44 -656.98

AREA 0.61 I.66

FLOW 0.60 0.23
EFFECTIVENESS 0.62
NTU 1.18
CRATIO 0.3%
CMIN 0.81
REGEN Q £30.064
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CHAMBER PRESSURE

VAC ENGINE THRUST

UEL.. VAC. ISP

TOTAL ENGINE FLOW RATE
THROAT AREA

NOZZLE AREA RATIO
ENGINE MIXTURE RATIO

ETA Cs
CHAMBER/NOZZLE Q

ENGINE PERFORMANCE PARAMETERS

RGN EE NN E NSRRI AN RN R RRNES

CHAMBER/NOZZLE COOLANT DP
CHAMBER/NOZZLE COOLANT DT

EMGINE STATION CONDITIONS

s FUEL. SYSTEM CONDITIONS »

e6.0
1008,
am.s
2.1
5.547
1000.2
6.0
53.
29.
0.998
9%.

C063.6
“063.6
©063.4
4063.4
4101.2
%111.2
6186.%
4106.5
11%0.0
3215.6
3215.4
3215.6

ENTHALPY
1.1
6l.1
6l.1
1.8

% BYPAsS
«8.83

STATION PRESS TENP FLOM
B.P. IMLET 18.6 37.4 0.30
B.P. EXIT 20.1 37.¢4 0.30
PUMP INMLET 20.1 37.¢4 6.30
1ST STAGE £EXIT 78.0 3%.4 .30
2ND STAGE EXIT 134.6 41.0 a.30
PUMP EXIT 189.8 42.6 0.30
COLD REGEN IMN 189.6 %2.6 0.30
COLD REGEM EX i188.2 276.7 0.30
COOLANT IMLET 188.2 276.7 0.30
COOLANT EXIT 135.2 1205.% 0.30
BV INLET 130.1 1205.6 9.21
BV EXIT 104.7 1205.8 0.2
LOX TRS IMLEY 130.1 1205.6 ¢.09
LOX TRB EX17 126.¢ 1201.7 0.09
H2 TRB IMLEY 124.6 1201.7 0.09
H2 TRB EXIT 106.0 1186.1 0.09
H2 TRB DIFF 105.7 1186.1 0.09
2 BST TRB IN 105.5 1186.1 0.99
H2 BST TRB EXIT 105.3 1186.0 a.09
H2 BST TRB DIFF 105.1 1186.0 0.09
02 BST TRS IN 106.9 1186.0 0.10
02 BST TRB EXI1T 104.8 1185.9 0.t0
02 BST TRB DIFF 106.8 1185.9 0.10
H2 TANK PRESS 18.6 1200.2 0.0002
GOX MEAT EXCH IN 106.7 1199.% 0.09
LOX HEAT EXCH OUT  }06.7 1198.3 0.09%
HOT REGEN IN 106.7 1198.3 0.09
HOT REGEN EX 104.1 371.8 .09
FSV INLET 104.1 967 0.30
FSV EXIT 39.8 9. a.30
CHAMBER INJ 8.2 940 0.30
CHAMBER 6.0
® OXYGEN SYSTEM CONDITIONS e
CTATION PRESS TEWP FLOM
3.P. IMLET 16.0 162.7 1.79
8.P. EXIT 17.0 162.7 1.79
PUMP INLET 17.0 162.7 1.79
PUMP EXIT 132.¢4 164.0 1.79
02 TANK PRESS 16.0 400.0 a.o00
POSV IMLET 132.3 164.0 1.78
POSV EXIT 109.8 led. 1 1.78
OCV INLET 132. 164.0 0.01
ocv EXIT 86.0 104.2 8.01
PRIMARY IMJ 105.5 166.1 1.78
SECONDARY INJ 86.0 166.2 0.01
CHAMBER 86.2
VALVE DATA
cnmnennnne
VALVE DELTA P AREA FLOMW
T8V 5. 7.484 0.2
F3 6. 1.528 0.30
POSV S 3.007 1.78
ocY (TN 3.000 0.01
INJECTOR DATA
AXEEERE RN Y'Y
¢ FUEL = * OXID o
PR IMARY <ECOND
DELP MAM 1.83 208 0.00
DELP INJ 10.62 1% 2 0.00
AREA 1.0% 27 0.41
FLOM 0.30 [ ] 0.01
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TABLE 56. — ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 5% OF DESIGN THRUST LEVEL

DENS1TY
€.37
%.37
%.37
«.36
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©.27
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TABLE 56. — ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 5% OF DESIGN THRUST LEVEL
(CONTINUED)

 TURBOMACHINERY PERFORMANCE DATA =

" H2 B( ST TURBINE = H2 BOOST PUMP =
BRSNS YERARESSERRAS AN IENNERNEESRRE
EFFICIENCY 0.209 EFF ICIENCY 0.468
HORSEPOMER .. HORSEPOWER 0.
SPEED (RPM) «1%. SPEED  (RPM} 4198,
MEAN DIA  (IN) 1.30 S SPEEN 1626.
EFF AREA (IN2) 2.649 HEAD (FT) 4.
usc (1DEAL ) n.478 DIA. [$TY) 2.18
MAX TIP SPEED 2. TIP SPEED 4.
STAGES 1. vOL. FLOW 3.
DELTA H  (ACT) 0.44 MEAD COEF 0.765
GAMMA 1.37 FLOW COEF 0.097

PRESS RATIO (T/T) 1.8

resssusvnennne ARRENNANSNN
» H2 TURBINE » * H2 PUMP =
EYTITTYTIRYTY 1Y [TLITTYTITT

STAGE ONE STAGE TW0 STAGE THREE

EFFICIENCY EFFICIENCY 0.418 c.623 0.430
HORSEPORER 4. 3.  HORSEPOWER 2. 2. 2.
SPEED  (RPM)  20529. 20529.  SPEED (RPM) 20529. 20529, 20829,
MEAN DIA  (IN} 2.78 2.78  * SPEED 396. 400. <07,
EFF AREA (IN2) e.31 0.40 HEAD (FT) 1915. 1886. 1855 .
U/C (IDEAL)  0.106  ©0.125  DIA.  (iN) 3.43 3.43 3.43
MAX TIP SPEED 269, 249, TIP SPEED 307. 107. 307.
DELTA H 30. 2. VOL. FLOM 31. 31, 31.
GAMMA (ACT) 1.37 1.37  HEAD COEF 0.653  0.646 0.633
PRESS RATIO(T/T  1.34 1.37  FLOM COEF 0.031 0.031 0.032
FEBANNASRANSBRRRRANNE ANgGuNERNERS
» 02 BOOST TURRINE * = 02 BOOST Pusp »
AERNANSESRNIBRARASRAS ANNNBENNAREENERAE
EFFICIENCY 0.158 EFFICIENCY 3.601
HORSEPOWER .. HORSEPOWER 0.
SPEED (RPM) 934, SPEED  (RPM) 934.
MEAN DIA  (IN) I.68 S SPEED 1836.
EFF AREA (INJ) 3.60 HEAD (FT) 2.
ve (1DEAL) 0.51¢ DIA. (1IN 2.44
MAX TIP SPEED 1. TIP SPEED 10.
STAGES 1. VOL. FLOW 1.
DELTA H  (ACT) 0.1y HEAD COEF 0.667
GAMMA 1.37 FLOW COEF 0.133

PRESS RATIO (T/T) 1.00

LA XTI EN]] AASANNNEENRN

2 02 TURBINE » . 02 PUNP =

AEANENENERRRY SNEESANUREN
EFFICIENCY 0.271 EFFICIENCY 0.423
HORSEPOWER 2. HORSEPOWER 2.
SPEED (RPM) 14146, SPEED  (RFM) 14146
MEAN BIA  (IN) 2.7 S SPEED 796.
EFF AREA (IN2) 0.43 HEAD (FT} 234,
usc (1DEAL) 0.108 DIA. (IN) 1.92
MAX T1P SPEED 172, TIP SPEED e,
STAGES 1. vOL. FLOW 1.
DELTA M (ACT) 13.69 HEAD COEF 0.537
GAMMA .32 FLOW COEF 0.042

PRESS RATIO (T/T) 1.0¢

REGEMERATOR DATA

“oLD S1DE HOT ~“1DE
CELP 1.4% a.56
DELT J36.08 -8l6.644
AREA 0.41 1.46
FLow 6.30 0 ry
EFFECTIVENESS 0.72
NTY 1.54
CRATIO 0.28
CMIN 0.33
REGEN Q *vi.56
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APPENDIX D
OFF-DESIGN MIXTURE RATIO CYCLES

Off-design mixture ratio cycle data are presented in Tables 57 through 68,
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TABLE 57. —  SPLIT-EXPANDER CYCLE — O/F = 5.0

ENGINE PERFORMANCE PARAME TERS

MaAmsEessUNNSRRETORNRcaRaeEREERENSSOE

CHAMBER PRESSURE 1370.7
VAC ENGINE THRUST 16474
DEL. VvAC. 1sp 477,10
TOTAL ENGINE FLOMW RATE 3¢5
THROAT AREA 6.071
NOZZLE AREA RATIO 1800.0
ENGINE MIXTURE RATIQ 5.00
CHAMBER/NOZZLE COOLANT DP K67,
CHAMBER/NOZZLE COOLANT DT 790.
ETA C» 0.993
CHAMBER/NOZZLE Q 509.

ENGINE STATION COMDITIONS

& FUEL SYSTEM CONDITIONS «

STATION PRESS TEMP FLOM ENTHAL PY DENSITY
B.P. INLET 18.6 37.¢4 5.7¢ -107.% «.37
8.P. EXIT 93.0 38.4 S.7¢ -105.4 6.39
PUMP INLET 93.0 38.4 5.76 -103.4 %.39
1ST STAGE EXIT 1919.6 66.6 5.7¢ 17.5 4.36
JBV INLET 1878.8 66.9 2.88 17.8 4.33
4BV EXIT 1547.9 69.4 z2.88 7.8 4.09
2ND STAGE EXIT 3070.1 86.9 2.88 9.6 6.36
PUMP EXIT 4185.3% 102.2 2.88 172.8 4.35
COOLANT TNET 4140.5 102.¢ 2.88 172.8 4.33
COOLANT EXIT 3673.7 892.% 2.88 3126.5 0.70
TBV INLET 3639.2 892, 0.03 3126.5% 0.70
TBY EX1T 1618.4 906.1 9.03 3126.5 0.32
LOX TRB INLET 3639.C 892.7 2.8 3126.9 0.70
LOX TR8 EXIT 3204.7 869.9 2.8% 3036.0 0.63
H2 TR8 INLET 3204.7 B869.3 2.85 3036.0 n.63
H: TRB EXIT 1721.6 766.1 2.85 2636.8 0.40
HD TRB DIFF 1701.8 766.2 2.8% J634.8 0.40
HX BST TRB IN 1683.2 766.3 2.85 2634.8 0.39
H2 BST TRB EXIT 1662.0 764.1 2.8% 2626.5 0.39
H> BST TRB DIFF 1657.4 764.1 2.8% 2626.5 0.39
02 BST TRB IN 1639.2 766.2 2.8% 2626.5 0.2
2 BST TRB EXIT 1628.0 763.0 2.8% 2622.1 0.38
02 BSY TRB DIFF 1627.3 763.0 2.85 2622.1 0.38
H2  TANK PRESS i18.6 716.2 4.00¢0 2627.1 0.0045
GOX HEAT EXCH IN 1618.4 766.5 2.8% 2627.1 0.18
GOX HEAT EXCH OUT te6l10.4 763.9 2.8% 2¢26.8 0.38
MIXER HOT IN 1610.4 763.9 2.8% 2624.8 0.38
MIXER COLD IN 1547.9% 69.4 2.88 12.% %.09
HINER OUT 1530.8 402.0 5.7¢ 13166 0.67
SV INLETY 1530.8 402.0 $.76 13146 0.67
fov EXIT 1491.9 402, S.76 I1316.6 0.65
CHAMBER INJ 1476.7 «02.1) S.7 1316.6 0.04
CHAMBER 1371.1
= OXYGEN SYSTEM COMDITIONS «
STATION PRESS TENP FLOoM ENTHALPY DENGITY
B.P. INLEY 16.0 162.7 28.83 6l.9 70.99
B.P. EXIT 138.7 165.¢6 28.83 2.6 70.83
PUMP TNLET 138.7 165.4 28.83 2.4 70.83
PUMP EXIT 2647.8 177.8 m:.83 1.3 7.2
02 VTANK PRESS 16.0 «00.0 0.05 204.7 0.12
POSV INLET 2630.8 177.8 6.09 11.3 .22
POSV EXIT 1627.3 18t.7 6.09 71.3 69.63
OCV INLET 2630.8 177.8 22.48 71.3 71.02
acv EXIT 14«81.8 182.3 22.68 7.3 69.40
PRIMARY TN 1580.4 181.9 6.09 7.3 69.586
SECONDARY INJ 1461.5% 182 .4 22.68 71.3 69.36
CHMAMBER 1270.6
VALVE DATA
sausarmann
VAL VE DELTA P AREA FLOW % ByPasS
JBY 348. 0.11¢ 2.88 50.00
T8V 2021, 0.002 0.03 1.00
v 39, 1.8% $.2¢
POV 100¢. 0.03¢ 6.09
oV 1169, 0.119 22.468
INJECTOR DATA
masncrecacase
- FUFL = "~ OXID e
PRIMARY SECOND
DELP MaN 15.76 10 10.09
DELP INJ 90.19 J09 WY %.77
AWEA 1.14 0 UM 0.45
FLOW 5.76 6.03 22.68




TABLE 57. — SPLIT-EXPANDER CYCLE — O/F = 5.0 (CONTINUED)

CE L R P T R Y]

u TURBOMACHINERY PERFORMANCE DATA »

RREARSAANANNENNdUSRN R AN ARRRRSENRRGAN

HnEsavaunaNn nenn CERE P IR YT T Y YY)
» HZ BOGST TURBINE = » M2 BOOST PUMP =
sEsNEEARRANBRAAARARR LTI ER R P YT R

EFFICIENCY 0.867 EFFICIENCY 0.765

HORSEPOMER 33. HORSEPOWER 33.

SPEED (RPM) £4201. SPEED (RPM) 44201.

MEAN DIA (IN) 1.90 S SPEEN 3088.

EFF AREA [(IN2) 1.45 HEAD (FY) 2643,

uwc C(IDEAL) 0.512 Dla. (IN) 2.18

MAX YIP SPEED 366. YIP SPEED 420.

STAGES 1. VOL. FLOW 589.

DELTA H {ACT) 8.29 HEAD COEF 0.445

GAMMA 1.61 FLOW COEF 0.203

PRESS RATIO (T/T1 1.01

RAREASRANNE NS HRNRARE AN

® H2 TURBINE = » HZ PUMP =

ANARNRANEARANEN HEAKNR RSN

STAGE 1 STAGE 2 STAGE ONE STAGE TWO STAGE THREE
ssamuan NN ANREAR KN ANMEAEREN NEaRRARNIXNAN

EFFICIENCY 0.818 0.816 EFFICIENCY 0.640 0.619 0.626
HORSEPONER 1619. 1619. HORSEPOMWER 986. 323. 510,
SPEED (RPM)  118310. 118310. SPEED (RPM)  118310. 118310. 118310,
MEAN DIA (IN} 3.47 3.47 S SPEED 750. 749. 765.
EFF AREA (IN2) 5.21 0.27 HEAD  (FT) 60268.  38125. 36980.
usc (1DEAL) 0.51% 0.506 DIa.  (IN) 3.68 3.02 3.02
MAX TIP SPEED 1792. 1792. TIP SPEED 1904. 1558, 1558,
DELYA H 197. 204. VOL. FLOW 594. 298. 297.
GAMMA (actT) 1.41 1.41 HEAD COEF 0.535 0.50% 0.490
PRESS RATIOIT/T 1.33 1.15 FLOW COEF 0.094 0.096 0.095

RN ARRA RN RN Ne A ERR AR

» 02 BOOST TURBINE « » 02 BOOST PUMP «

ANSRNRRARANER AR AN XS NTRESRERE RS ]
EFFICIENCY 0.860 EFFICIENCY 0.732
HORSEPOWER 18. HORSEPOMER 18.
SPEED (RPM) 11672, SPEED  (RPM) 11472,
MEAN DIA  (IN} s.21 S SPEED 2470.
EFF AREA (IN2) 2.62 HEAD {as! 250.
wsC (1DEAL) 0.512 Dla. Ny 2.44
MAX TIP SPEED 261. TIP SPEED 122.
STAGES 1. VOL. FLOM 183.
DELTA H  (ACT) 4.63 HEAD COEF 0.537
GAMMA 1.41 FLOW COEF 0.173

PRESS RATIO (T/T) 1.01

. senncannnnsn
« 02 TURBINE » - 02 PUMP =
wnvesannaavans evnenaruura

EFFICIENCY 0.824 EEFICIENCY 0.728

HORSEPOHER 365. HORSEPOWER 265.

SPEED (RPH) 70756. SPEED  (RPM) 70756.

HEAN DIA  (IN) 3.47 S SPEED 1587,

EFF AREA (IN2) 8.2 HEAD (FT) 5070.

usc (1DEAL) 0.457 Dla. (1N} 1.92

MAX TIP SPEED 1072. TP SPEED 592,

STAGES 1. VOL. FLOW 182.

DELTA W (ACT) 90.48 MEAD COEF 0.465

GAMMA 1.41 FLOW COEF 0.131

PRESS RATIO (T/T) 1.14
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TABLE 58. — SPLIT-EXPANDER CYCLE — O/F = 55

ENGINE PERFORMANCE PARAMETERS

AN SRS RN N RE AR UARNANT AR

CHAMBER PRESSURE 1522.7
VAC ENGINE THRUST 186000.
DEL. VAC. ISP 479.0
TOTAL ENGINE FLOW RATE 8.8
THROAT AREA 6.071
NOZZLE AREA RATIO 1000.0
ENGINE MIXTURE RATIO 5.50
CHAMBER/NOZZLE COOLANT DP s2

CHAMBER/NOZZLE COOLANT DT 886.
ETA Cx 0.993
CHAMBER/NOZZLE Q 9849.

ENGINE STATION CONDITIONS

RAEERNT RN RN AN AR AR

% FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOK ENTHALPY DENSITY
B.P. INET 18.6 37.4 5.98 -107.% 4.37
B.P. EXIT 100.2 38.5 5.98 -103.0 “.39
PUMP INLET 100.2 38.5 5.98 -103.0 «.39
1ST STAGE EXIT 2104.4 69.3 5.98 29.5 4.36
JBY INLET 2060.5 69.7 2.99 29.5 %.33
JBY EXIT 1712.9 72.3 2.99 29.5 4.09
2ND STAGE EXIT 3368.4 89.3 2.99 116.3 .34
PP EXIT «596.1 108.2 2.99 199.9 4.36
COOLANT INLET 4548.1 108.6 2.99 199.9 4.34
CODOLANT EXIT «023.2 995.0 2.99 3494.2 0.69
TBY INLET 3985.3 995.3 0.03 3494.2 0.69
T8V EXIT 1789.7 1010.5 0.03 3494.2 0.32
LOX TRB INLET 3985.3 995.3 2.96 3494.2 0.69
LOX TRB EXIT 3510.0 970.0 2.96 3394.2 0.63
H2 TRB INLEY 3510.0 970.0 2.96 3394.2 6.63
H2 TRB EXIT 1902.0 855.2 2.96 2954.4 0.40
H2 TRB BIFF 1880.4 855.4 2.96 2954.4 0.39
H2 BST TRB IN 1866.2 855.5 2.96 2954.46 0.39
H2 8ST TRB EXIT 1837.1 853.1 2.96 2945.3 0.38
H2 BST TRB DIFF 1832.1 853.1 2.96 2945.3 0.38
GZ BST TRB IN 1812.4 853.2 2.96 2945.3 0.38
0z BST TRB EXIT 1800.2 851.9 2.96 29640.46 0.38
02 BST TRB DIFF 1799.4 851.9 2.96 2940.4 .38
H2 TANK PRESS 18.¢ 8s5.0 0.0056 2946.0 0.0041
GOX HEAT EXCH IN 1789.7 853.6 2.96 2946.0 0.38
GOX HEAT EXCM OUT 1781.0 852.9 2.9¢ 2943.8 0.37
MIXER HOT IN 1781.0 852.9 2.96 2943.5 0.37
MIXER COLD IN 17112.9 72.3 2.99 29.% 6.09
MIXER OUT 1694.5 664.7 .97 1479.2 0.66
FSV INLETY 1696.5 4447 5.97 1479.2 0.656
Fsv EXIT 1€52.6 466.8 5.97 1479.2 0.65
CHAMBER INJ 1636.2 €449 5.97 1479.2 0.64
CHAMBER 1522.7

u OXYGEN SYSTEM CONDITIONS &

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 32.91 61.9 70.99
B.P. EXIT 143.0 165.3 32.91 62.4 70.8¢6
PUMP INLET 143.0 165.3 32.91 62.4 70.84
PUMP EXIT 2¢98.8 177.7 32.91 7.4 71.31

02 TANK PRESS 16.0 400.0 0.06 206.7 0.12
POSV INLET 2676.7 177.8 5.86 71.4 71.27
POSV EXIT 1757.3 181.3 5.84 71.4 69.83
oCcV INLET 2676.7 177.8 27.02 7.4 71.27
ocv EXIT 1679.6 181.6 27.02 7.4 69.70
PRIMARY 1NJ 1714.5 181.5 5.86 71.4 69.76
SECONDARY INJ 1651.0 181.7 27.02 7.4 69.66
CHAMBER 1522.7

VALVE DATA
nansnaunn

VALVE DELTA P AREA FLOW % BYPASS
JBV 366. 6.115 2.99 50.00
T8V 219, 0.002 0.03 1.00
FSv <2, 1.654 5.97
POSV 919. 0.034 5.84
ocv 997. 0.152 27.02

INJECTOR DATA

" FUEL * * QOxIiD »
PRIMARY SECOND
DELP MAN 17.03 1.0 16.2
DELP INY 96.49 191.80 128.2
AREA .14 b.0o% 0.6¢3
FLOM 5.97 5.84 °7.02
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TABLE 58. — SPLIT-EXPANDER CYCLE — O/F = 5.5 (CONTINUED)

RESANEAR NSO NN TN R TSNS

* TURBOMACHINERY PERFORMANCE DATA »

L Y T Y Y YT PP R R T Y Y P YTy

ERARAARNAR TR RAE G RN NedenasecaNRIR VSN

* H2 BOOST TURBINE * H2 BOOST PuMpP =

RERRNANANEA RS RR R sessarsuannvansun
EFFICIENCY 0.86% EFFICIENCY 0.765
HORSEPQWER 38. HORSEPOMER 38.
SPEED (RPM} 46114, SPEED (RPM) “6lla.
MEAN DiA (IND 1.90 S SPEED 3062.
EFF AREA (IN2) 1.45 HEAD (FT) 2679,
wse (IDEAL) 0.512 DIA. CIN) 2.18
MAX T1P SPEED 382. TP SPEED 438.
STAGES 1. VOL. FLOW 611.
DELTA H (acT) 9?.09 HEAD COEF 0.449
GAMMA i.6e3 FLOW COEF 0.202

PRESS RATIO (T/T) 1.01

LI ISR ES ] aNEdNNEARYR
» M2 TURBINE * = H2 PUMP =
SRNAARE AN NN LTS TSERTED ]
STAGE 1 STAGE 2 STAGE ONE STAGE TWO STAGE iHKEE
HuRARNY NgsARAR RAME W NENR ARBANREN « auNREAENASN
EFFICIENCY 0.816  0.816  EFFICIENCY 0.641 0.620 0.625
HORSEPOWER 1842, 1842. HORSEPOMER 1. 367. 356.
SPEED (RPM) 123580. 123580. SPEED (RPM)  .23580. 123580. 123580.
MEAN DIA (IN) 3.47 3.47 S SPEED 744. 742. 758.
EFF AREA (IN2) 6.21 0.27  HEAD (FT} 66095.  G41839. 40624
usc (IDEAL) 0.512  0.507 DIA.  (IN) 3.68 3,02 3.02
MAX TIP SPEED 1872. 1872. T1P SPEED 1988. 1628. 1628.
DELTA H 218. 222. VOL. FLOW 616. 309. 308.
GAMMA (aCT) 1.43 1.43  HEAD COEF 0.538 0.508 0.493
PRESS RATIU(T/T 1.33 1.35  FLOM COEF 0.09¢ 0.093 6.09%5
AApuERRNNARR NN SRABNECEARERRANNEN
« 02 BOOST TURBINE ® G2 BOOST PUMP »
ENgENARRANANRCEEANNAN LIZTEREEREE SRR RN )
EFFICIENCY 0.863 EFFICIENCY 0.756
HORSEPOWER 20. HORSEPOWER 20.
SPEED (RPH) 12162. SPEED  (RPM) 12162,
MEAN DIA  (IN} 5.21 S SPEED 2726.
EFF AREA (IN2) 2.02 HEAD (FT 258,
use (1DEAL) 0.512 DlA. (N 2.46
Max TIP SPEED 277 TiP SPEED 120.
STAGES 1. vOL. FLOR 209.
DELTA W (ACT) 4.88 HEAD COEF 0.49
GAMMA 1.43 FLOW COEF 6.187
PRESS RATIO (T/T) 1.01
[ [
= 02 TURBINE « v 02 PUMP
auamEentannne cenmransnme
EFFICIENCY 0.818 EFF ICIENCY c.738
HORSEPOMER 419. HORSEPOMER 419.
SPEED (RPM} 73101. SPEED  (RPM) 73101.
MEAN DIA  (IN) 3.47 S SPEED 1728.
EFF AREA (IN2) 0.25 HEAD FT) 5159,
usc (1DEAL) 0.4647 DIA. (N 1.92
MAX TIP SPEED 1107. TiP SPEED 612.
STAGES 1. VOL. FLOM 207,
DELTA H  (ACT) 99.96 HEAD COEF 0.646
GAMMA 1.43 FLOW CDEF 0.145

PRESS RATIO (T/T) M
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TABLE 59. — SPLIT-EXPANDER CYCLE — O/F = 6.0

ENGINE PERFORMANCE PARAMETERS

BAANNRRNRARRTIUNE AN RSO RERNARRARS

CHAMBER PRESSURE 1610.7
VAC ENGINE THRUST Je000.
DEL. VAC. ISP <80.0
TOTAL ENGINE FLOW RATE 41.7
THROAT AREA ¢.07t
NOZZLE AREA RATIO 1000.0
ENGINE MIXTURE RATIO 6.00
CHAMBER/NOZZLE COOLANT DP 583.
CHAMBER/NOZZLE COOLANT OV 1018.
ETA C» 0.993
CHAMBER/NDZZLE Q [ttso.

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS «

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INMLET 18.6 37.4 5.9 -107.% 6.37
B.P. EXIT 100.6 8.5 5.9 -103.0 4.39
PUMP INLET 100.6 8.5 5.9 -103.0 4.39
1ST STAGE EXIT  2163.5 70.1 5.9 33.2 4.36

JBV INLET 2120.0 70.5 2.98 33.2 4.33

JBV EXIT 1808.4 72.9 2.98 33.2 4.12
2ND STAGE EXIT  3465.7 90.6 2.9 122.3 4.35
PUMP EXIT 4732.3 110.0 2.%8 208.3 «.37
COOLANT INLEY 4684.7 110.4 2.98 208.3 6.3%
COOLANT EXIT 4101.7 1128.8 2.98 1965.4 0.62

TBY INLET 4060.2 1129.1 e.17 3965.4 0.62

TBY EXIT 1884.0  1144.7 0.17 3965.4 0.30
LOX TRB INLET 4060.2 1129.1 2.81 3965 .4 0.62
LOX TRB EXIT 3583.4 1108.3 2.81 3855 .8 0.57
H2 TRB INLET 3583.4 1101.3 2.81 3855 .8 0.57
M2 TRB EXIT 1994.0 976.8 2.81 3381.8 0.357
H2 TRB DIFF 1972.8 977.0 2.81 3381.8 0.36
H2 BST TRB IN 1953.0 977.1 2.81 3381.8 0.36
H2 BST TRB EXIT  1930.3 974.5 2.81 3372.2 0.36
H2 BST TRB DIFF  1925.4 974.5 2.81 3372.2 0.35
02 BST TRB IN 1906.1 976.7 2.81 3372.2 0.35
02 BST TRB EXIT  1894.2 973.3 2.81 3367.1 0.15
02 BST TRB DIFF  1893.5 975.3 2.81 3367.1 0.35

H2 TANK PRESS  18.6 996.0  ©6.0048 3400.5 0.0035
GOX HEAT EXCK IN 1884.0 982.9 2.81 3400.5 0.34
GOX HEAT EXCH OUT 1875.4 982.2 2.81 3397.7 0.34
MIXER HOT IN 1875.4 982.2 2.81 3397.7 0.3
MIXER COLD IN 1808.4 72.9 2.98 33.2 <.z
MIXER OUT 1790.3 495.2 5.95 1667.0 0.63
FSV INLET 1790.3 495.2 5.95 1667.0 0.63
FSV EXIT 1746.5 495.3 5.95 1667.0 0.62
CHAMBER INJ 1729.4 495.4 5.95 1667.0 0.61
CHAMBER 1610.8

» OXYGEN SYSTEM COMDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INCET 16.0 162.7 15.77 61.9 70.99
B.P. EXIT 134.5 165.3 55.77 62.3 70.84
PUMP INLET 134.5 165.3 35.77 62.3 70.8¢4
PUMP EXIT 2592.0 1771 35.77 70.9 71.30

02 TANK PRESS 16.0 <00.0 0.06 2064.7 0.1z
POSV INET 2565.9 177.2 s.51 70.9 71.26
POSV EXIT 1804.4 180.1 5.31 70.9 70.07
ocv INLET 2565.9 177.2 30.40 0.9 7.2
ocv EXIT 1808.3 180.1 30.40 709 70.07
PRIMARY INJ 1769.0 180.2 s.31 70.9 70.01
SECONDARY INJ 17722 180.2 36.40 0.9 70.01
CHAMBER 1610.7

VALVE DATA
-

VALVE DELTA P AREA FLON X BYPASS
JBV 30. 0.121 2.98 50.00
T8V 2176. 0.010 0.17 5.59
FSV . 1.654 5.9%
POSV 762, 0.03¢ 5.31
ocv 758. 0.19 310.40

INJECTOR DATA

Bevanesssenns

» FUEL » * OXID »
PRIMARY SECOND
DELP MAN 17.78 17.%9 17.95
DELP INJ 100.88 ive.08 i81.51
AREA 1.14 0.o8 0.43
FLOW 5.95 5.1 30.40
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TABLE 59.

SPLIT-EXPANDER CYCLE — O/F = 6.0

R RER AN AN UNR SRS RE AR RN ST A NS AR

a TURBOMACHINERY PERFORMANCE DATA #

REeaN AR AN AN AR RN AN AN AT R RN aA R

eRaNNANORERR R se RN AN

* H2 BOOST TURBINE *

HNNENGANNERA R E AR RANR

EFFICIENCY 0.855
HORSEPORER 38.
SPEED (RPM) 46119.
MEAN DIA  (IN) 1.90
EFF AREA (IN2) 1.45
usc (IDEAL} 0.512
MAX TIP SPEED 182.
STAGES 1.
DELTA H  (AuT) 3.58
GAMMA 1.43
PRESS RATIO (T/T) 1.01
[ LTSN R ST
* H2 TURBINE »
LEIEET R RS LE]
STAGE 1
.
EFFICIENCY 0.804
HORSEPOWER 1885.
SPEED (RPM)  124731.
MEAN DIA  (IN) 3.47
EFF AREA (INZ) 0.21
usc (IDEAL) 6.492
MAX TIP SPEED 1890.
DELTA H 237.
GAMMA (ACT) 1.43
PRESS RATIG(T/T 1.33

* 02 BOOST TURBINE *#

AAndNaNRARARNURRNGRNN

EFFICIENCY 0.857
HORSEPORER 21.
SPEED (RPM) 12307.
MEAN DIA  (IN) 5.21
€FF AREA (INZ] 2.62
vsc (IDEAL) 0.512
MaX TIP SPEED 280.
STAGES 1.
DELTA H  (ACT) 5.1¢
GAMMA 1.43
PRESS RATIO (T/T) 1.01

[

* 02 TURBINE »

Cawnvunrannan
EFFICIENCY 0.80¢4
HORSEPOMER “36.
SPEED (RPH) 73440,
vCaN DIA  (IN) 3.647
€FF AREA (IN2) 0.25
usc (IDEAL) 0.425
MAX TIP SPEED 113,
STAGES 1.
BELTA H  (ACT) 109.63
GAMMA 1.43
PRESS RATIO (T/T) 1.13

STAGE 2
REANAnN
0.807
1885 .

124731.
3.47
0.27

0.493
1890.
237.
1.43
1.35

entnuRRANTEREAANS
« H2 BOOST PUMP w

EaFdunmdARAReaRN.

EFFICIENCY 0.76%
HORSEPOWER 38.
SPEED (RPH) “6119.
S SPEED 3044
HEAD (FT) 2694.
DlA. (IH) 2.18
TIP SPEED 438,
VOL. FLOW 609.
HEAD (UEF 0.451
FLOW COEF 0.201

HEannAuNBaE
" H2 PUMP 8

ARpA AN AR

(CONTINUED)

STAGE ONE STAGE THO STAGE THREE

HrmEE AN ERuEsEan .
EFFICIENCY 0.642 0.620
HORSEPOWER 1167, 376.
SPEED (RPM) 124731, 124731.
S SPEED 733. 732.
HEAD (FT) 67999. 43062.
DIA. {IN) 3.68 3.02
TIP SPEED 2007. 1643.
VOL. FLOW 613. 307.
HEAD COEF 0.543 0.513
FLOW COEF 0.092 0.092
AARAERRNRAENB RN
® 02 BOQST PUMP «
NASROEARANAREET RN
EFFICIENCY a.764
HORSEPOWER 21.
SPEED {RPH) 12307.
S SPEED 3930.
HEAD {FT) 26).
DlA. {1%) 2.44
TIP SPEED 131.
VOL. FLOW 2217.
HEAD COEF 0.450
FLOW COEF 0.201
LA LR NRER Y]
» 02 PUMP =
armaansnane
EFFICTENCY 8.740
HORSEPOWER 436.
SPEED (RPH) 736440,
S SPEED 1864.
HEAD (FT) 4962.
Dla. (L)) 1.92
TiP SPEED 616
VOL. FLOW 22S.
HEAD COEF 0.423
FLOW COEF 0.156
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0.625
382,
124731,
746.
41861.
3.02
16643,
306.
0.499
0.093




TABLE 60. — SPLIT-EXPANDER CYCLE — O/F = 65

ENGINE PERFORMANCE PARAMETERS

AENavAdaNSEsRseERNYRRAUSRASRACESR ARS

CHAMBER PRESSURE 16410.8
VAC ENGINE THRUST 20238,
DEL. VAC. ISP 480.3
TOTAL ENGINE FLOW RATE 4.3
THROAT AREA &.871
NOZZLE AREA RATIO 1000.0
ENGINE MIXTURE RAT!O 6.50
CHAMBER/NOZZLE COOLANT DP ¢28.
CHAMBER/NOZZLE COOLANT DT 1118.
ETA C» 0.993

CHAMBER/NOZZLE Q 11597.

ENGINE STATION COMDITIONS

® FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOK ENTHALPY DENSITY
B.P. INMET 18.6 37.4 5.6 -107.5 6.37
B.P. EXIT 96.0 38.4 S.65 -103.2 4.39
PUMP INLET 96.0 38.¢ 5.65 -103.2 4.39
IST SYAGE EXIT  2104.8 69.3 $.6S 29.6 4.36
JBV INLEY 2065.6 69.7 2.83 29.4 4.33
JBV EXIT 1799.7 7.7 2.83 29.6 4.15
2MD STAGE EXIT  3371.8 89.¢ 2.83 116.6 4.34
PP EXIT 4662.9 108.3 2.83 200.4 4.36
CODOLANT INLET 4559.9 108.¢ 2.83 200.4 4.34
COOLANT EXIT 3922.0 1226.8 2.83 4305.6 0.56
T8V IMLET 3880.1 12271 0.28 <305.6 6.55
TBV EXIT 1868.7 1241.7 0.28 4305.6 0.27
LOX TRB INLET 3880. 1 1227.1 2.5 4305.6 0.55
LOX TRB EXIT 3435.1 1198.1 2.55 4192.2 6.50
H2 TRB INLET 3435.1 1198.1 2.55 «192.2 0.50
2 TRB EXIT 1968.6 1070.6 2.5% 3708.2 0.33
H2 TRB DIFF 1949.3 1070.7 2.55 3708.2 0.33
K2 BST TRB IN 1931.4 1070.8 2.55 3708.2 0.32
HZ BST TRB EXIT  1910.8 1068.3 2.ss 3698.8 0.32
H2 BST TRB DIFF  1906.3 1068.3 2.5% 3698.8 0.32
02 BST TRB IN 1888.3 1068.4 z.s8 3698.8 0.32
02 BST TRB EXIT  1878.0 1067.0 2.55 3693.7 0.32
02 BST TRB DIFF  1877.3 1067.0 2.55 5693.7 a.32
H2 TANK PRESS  18.6 1097.7  0.0041 3753.8 0.0032
GOX HEAT EXCH IN 1868.7 1084.3 2.55 3753.8 0.31
GOX HEAT EXCH OUT 1861.0 1083.4 2.58 3750.5 0.31
MIDXER HOT IN 1861.0 1083.4 2,58 3750.5 0.31
MIXER COLD IN 1799.7 .7 2.83 29.6 4.15
MIXER OUT 1783.6 $30.0 .65 1793.9 0.59
FSV INLEF 1783.6 $30.0 5.45 1793.9 0.59
FSV EXIT 1741.2 §10.2 S.65 1793.9 0.58
CHAMBER INJ 1726.7 530.3 5.6% 1793.9 0.57
CHAMEER 1610.7
* OXVGEN SYSTEM CONDITIONS *
STATION PRESS TENP FLOM ENTHALPY DENSITY
B.P. IMLET 16.0 162.7 36.76 61.9 70.99
8.P. EXIT 117.8 165.2 36.7¢ 62.3 70.83
PU® INLET 117.8 165.2 36.76 62.3 70.83
PP EXIT 2342.2 176.0 36.76 70.1 7.23
02 TANK PRESS 16.0 400.0 0.06 204.7 6.12
POSV INLET 2314.6 176.1 «.56 70.1 71.18
POSV EXIT 1752.8 178.2 4.56 0.1 70.30
ocV INLET 2314.6 176.1 32.14 70.1 71.18
ocv ExIY 1830.4 177, 32.14 701 70.43
PRIMARY INJ 1726.9 178.3 4.56 70.1 70.26
SECONDARY INJ 1790.3 1781 32.14 70.1 70.36
CHAMBER 1610.7
VALVE DATA
Ananmuneng
VALVE DELTA P AREA FLOW 3 BYPASS
JBY 282. 0.125 2.83 50.00
TBY 2011, 0.018 0.8 .82
FSvV “2. 1.654 5.45
PaSV 562. 0.024 $.56
ocv 484. 0.259 2.6
INJFCTOR DATA
sessaesdunnne
. FUEL = * OXID =
PRIMARY SECOND
DELP MAN 17.18 2.9l 19.%
DELP INJ 96.8¢ 116.71 179.62
AREA 116 0.08 0.¢3
FLOM 5.65 4.56 32.14
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TABLE 60.

MevsadANSEERENRFUS NS RGN RN NN RN

* TURBOMACHINERY PERFORMANCE DATA «

NRA AN R RN AR RSP RRES RS ER s GR R

LI RLEL LR TR T Y )

= H BOOST TURBINE *
P
EFF ICIENCY 0.839
HORSEPOWER 3.
SPEED (RPM) 44378,
MEAN DJA (1IN} 1.90
EFF AREA (IN2) 1.4%
usc CIDEAL) 0.512
MAX T1P SPEED 367.
STAGES 1.
DELTA b (ACT) 9.47
GAMMA 1.39
PRESS RATIO (T/T) 1.01
IS EERERR LYY ]
* H2 TURBINE ¥
[
STAGE 1
IR AR 2]
EFFICIENCY 0.787
HORSEPOWER 1744.
SPEED (RPM)  122010.
MEAN DIA (IN) 3.47
EFF AREA (IN2) 0.21
usc (IDEAL) 0.469
MAX TIP SPEED 1848.
DELTA H 264.
GAMMA (ACT) 1.39
PRESS RATIO(T/T 1.33

WR AR RAA A RN RN

% 02 BOOST TURBINE »

HANA R AN R AU AR RN,

EFFICIENCY 6.844
HORSEPOMER 18.
SPEED (RPH) 11932.
MEAN DIA  (IN) s.21
EFF AREA (IN2) z.02
usc (IDEAL} 0.512
MAX TIP SPEED 272.
STAGES 1.
DELTA W (ACT) 5.10
GaAMMA 1.19
PRESS RATIO (T/T) 1.01

aAAvmannannunn

« 02 TURBINE x

Wnsemann A
EFFICIENCY 0.783
HORSEPOWER “09.
SPEED (RPM) 71441,
MEAN DIA  (IN) 3.47
EFF AREA (IN2) 0.2
usc (1DEAL) 0.402
MAX TIP SPEED 1082.
STAGES 1.
DELTA H  (ACT} 113.34
GAMMA 1.39
PRESS RATIO (T/T) 1.13

EFFICIENCY G.765
HORSEPOWER 34.
SPEED (RPM) 44378.
S SPEED <980,
HFAD (FT) 2542.
DIA. {IN) 2.18
TIP SPEED 1422,
VOL. FLOW 578.
HEAD COEF 0.45%9
FLOH COEF g.1%8
ANRNENEENY
. H2 PUMP ¥
LY T
STAGE 2 STAGE OME STAGE TWO STAGE THREE
[TTLITY] AERwmANNY
0.793 EFFICIENCY 0.661 0.620
1744, HORSEPOKER 1062. 348.
122010. SPEED (RPM) 122010, 1220190.
3.47 5 SPEED 7213, 711.
0.27 HEAD (FT) 66256. 41945,
0.474 DIA. CIN] 3.68 3.02
1848. TiP SPEED 1963. 1607.
240, vOoL. FLOW $82. 292.
1.39 HEAD COEF 0.553 0.523
1.35 FLOW COEF 0.090 0.089
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asaunrnuEsNENS

® W2 BOOST PuMp »

® 02 BOOST PUMP =

ARNRAANN AN ERA SRS

EFFICIENCY 0.753
HORSEPOWE & 18.
SPEED  (RPM) 11932.
S SPEED 3336.
HEAD FT) 207.
DIA. (IN) 2.4
TIP SPEED 127.
VOL. FLOW 233.
HEAD COEF 0.412
FLOW COEF 6.213

amaveanennn

* 02 PUMP ¥

Y rTITIIL]
E€FFICIENCY 8.736
HORSEPOWER 409
SPEED  (RPM) 71441,
S SPEED 1981.
HEAD (FT} 6696
DIA. CIN) 1.92
11P SPEED 598.
VOL. FLOW 232.
HEAD COEF 0.405
FLOW COEF 0.165

SPLIT-EXPANDER CYCLE - O/F = 6.5 (CONTINUED)

NAMERE NN WENRRERRANN

0.625
335.
122010.
726.
40737.
3.02
1607.
291.
0.507
0.091




TABLE 61. — SPLIT-EXPANDER CYCLE — O/F = 7.0
ENGINE PERFORMANCE PARAMETERS
PudacNaanNIRARETA N O R AR ERSRERS NSRS
CHAMBER PRESSURE 16419.8
VAC ENGINE THRUST 2067 .
DEL. vaC. Isp &17.4
TOTAL ENGINE FLOW RATE “3.3
THROAT AREA 6.071
NOZZLE AREA RATIO 1000.90
ENGINE MIXTURE RATIO 1.00
CHAMBER/NOZZLE COOLANT DP 693.
CHAMBER/NQOZZ2LE COOLANT DT 1211.
ETa CH 0.9%88
CHAMBER/NOZZLE Q 12005.
ENGINE STATION CONDITIONS
AAREAARENEARARARSNANGNNERAARNNNAR
# FUEL SYSTEM CONDITIONS =
STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. INLET 18.6 37.4 5.42 -107.5 4.37
B.P. EXIT 93.3 38.4 5.642 -183.4 %.39
PUMP INLET 93.3 38.4 5.42 -103.4 ¢« 39
1ST STAGE EXIT 2071.6 68.9 5.42 St 35
JBV INLET 2035.6 6%.2 2. .33
JBV EXIT 1794.4 71.1 2.1 4.16
2ND STAGE EXIT 3318.8 88.7 z.n 1. 4.34
PUMP EXIT 4529.9 107.% z.n 196.2 4.35
COOLANT INLET 4490.4 107.8 2.71 19¢.2 %.36
COOLANT EXIT 3797.% 1319.3 2.n 4628.2 0.50
TBV INLET 3754.8 1319.6 0.35 4628.2 [ IR
TBV EXIT 1859.1 1333.6 0.35 4628.2 0..35
LOX TRB INLET 3754.8 1319.6 2.3¢ “628.2 0.%50
LOX TRB EXIT 3331.6 1289.4 2.36 4510.9% 0.46
HZ TRB INLET 3331.6 1289.4 2.36 4510.9 0.46
H2 TRB EXIT 1952.4 1158.8 2.36 4016.2 0.30
HZ2 TRB DIFF 1934.3 1158.9 2.36 6016.3 0.30
H2 BST TRB IN 1917.6 1159.0 2.36 4016.3 0.30
H2 BST TRB EXIT 1898.3 1156.4 2.36 4006 .8 0.30
H2 BST TRB DIFF 1894.2 1156.5 2.36 4006 .8 0.29
02 BST TRB IN 1877.9 1156.6 2.36 4006.8 0.29
02 BST TRB EXIT 1867.8 1155.2 2.36 4001.7 0.29
02 BST TRB DIFF  1867.1 1155.2 2.3 4001.7 0.29
H2 TANK PRESS 18.6 1192.1 0.003¢ «082.7 0.0029
GOX HEAT EXCH IN 1859.1 1178.3 2.3 4082.7 0.28
GOX HEAT EXCH OUT 1851.9 1177.3 2.36 «079.0 0.2
MIXER HOT IN 1851.9 1177.3 2.36 4079.0 0.2
MIXER COLD IN 1794.4 71.1 2.n 27.7 4.16
MIXER OUT 1779.6 562.8 5.61 13,3 0.56
FSV INLET 1779.6 562.8 5.41 1%13.3 0.58
FSV EXIT 1738.2 563.0 5.61 1913.3 0.54
CHAMBER INJ 1722. 563.1 5.41 1913.3 0.54
CHAMBER i¢10.8
& OXYGEN SYSTEM CONDITIONS =
STATION PRESS TEMNP FLOM ENTHALPY DENSITY
B.P. INLET 16.0 162. 37.9¢ é1.9 70.99
B.P. EXIT 104.1 165.2 37.9% €2.2 70.82
PUMP INLET 104.1 165.2 37.9¢ $2.2 70.82
PUMP EXIT 2149.2 175.3 37.9% €9.5 71.16
02 TANK PRESS 16.0 400.0 0.0¢ 206.7 0.12
POSV INLET 2119.8 175.4 3.88 9.5 71.12
POSV EXIT 1712.8 176.9 3.88 69.5 70.48
OCV INLET 2119.8 175.4 34.02 €9.% 71.12
ocv EXIT 1855.9 17¢6.4 34.02 69.5 70.71
PRIMARY INJ 1694.0 177.0 31.88 69.5 70.4%
SECONDARY INJ i811.1 176.5 34.02 692.5 70.64
CHAMBER 1610.1
VALVE DATA
sHBANSARA RN
VALVE DELTA P ARFA FLOW X BYPASS
J8vV 256. 0.12% 2.1 50.00
TBV 1896 . 0.024 0.3% 12.93
FSv 41, 1.65¢ 5.61
POSVY 6“07. 0.036 3.88
ocv 2664, 0.371 34.02
INJECTOR DATA
seaccssssnane
= FUEL = = OxID =
PRIMARY SECOND
DELP MaN 16.70 9.12 22.27
DELP INJ 96,09 81.90 200.43
AREA 1,16 0.08 0.62
FLOM 5.41 M 34.02




—

TABLE 61. — SPLIT-EXPANDER CYCLE — O/F = 7.0 (CONTINUED)

NAseENE RSN SR NN AR IS d N AT

s TURBOMACHINERY PERFORMANCE DATA »

L N P N R P Y Y LY

T T Y Y YT PPy ArenasssnsnnsnEna
& H2 BOOST TURBINE » % H2 BOGST PUMP =
NAusRMARARARANSUARSY RENAuNENRAAREEEN

EFFICIENCY 0.826 EFFICIENCY 0.764

HORSEPOWER 2. HORSEPOMER 32.

SPEED (RPM] 43200. SPEED {RPM) 3200.

MEAN DIA (1N) 1.90 S SPEED 2915.

EFF AREA (INZ) 1.45 HEAD (FT) 2455.

usc (IDEAL} 0.512 Dla. (IN) 2.18

MAX TIP SPEED 358. TiP SPEED 4«11,

STAGES 1. VOL. FLOW $54.

DELYA H (ACT) 9.49 HEAD COEF 0.468

GAMMA 1.38 FLOW COEF 0.195

PRESS RATIQ (T/T) 1.01

AusasunAREusES CYTEITYYY T L)
® 2 TURBINE » ® HZ2 PUMP =
(LRI YTV YY) ExnaRANEENN
STAGE 1 STAGE 2 STAGE ONE STAGE TWO STAGE THREE
NeNNNAS  WANSANN EARARENAR  BENERENRN ANASRENEANN
EFFICIENCY 8.773 0.782 EFFICIENCY 0.640 0.619 0.624
HORSEPOWER 1650. 1650, HORSEPOWER 1005. 329. 317.
SPEED (RPM) 120203. 120203. SPEED (RPM) 120203. 120203. 120203.
MEAN DIA (IN) 3.47 5.47 S SPEED 696. 694. 709.
EFF AREA (IN2) 0.21 0.2 HEAD (FT) 65287. 41325. 40126.
usc (IDEAL) 0.6452 0.460 DIA. (1IN} 3.68 3.02 3.02
MAX TIP SPEED 1821. 1821. TiP SPEED 1934. 1583. 1583.
DELTA H 251. 264, VOoL. FLOW 558. 280. 279.
GAMMA (ACT) 1.38 1.38 HEAD COEF 0.562 0.530 0.51%
PRESS RATIO(T/T 1.33 1.35 FLOW COEF 0.087 0.087 0.088
tRRAARNENRRS ARSI RN CEXYLELITTTITTTIY)
* 02 BOOST TURBINE = ® 02 BOOST PUMP +
ARAARER AR R RN RENEmTEARRNRT RN
EFFICIENCY 0.833 EFFICIENCY 6.726
HORSEPOWER 17. HORSEPOWER 17.
SPEED (RPM) 11659, SPEED (RPM) 11659.
MEAN DIA (1IN} 5.2 S SPEED 3691.
EFF AREA [IN2) 2.02 HEAD {FT) 179.
uwc (IDEAL) 0.512 D1a. CIN) 2.44
MAX TIP SPEED 265. T1P SPEED 124.
STAGES 1. VOL. FLOW 241,
DELTA H (ACT) 5.1l NEAD COEF 0.373
CAMMA 1.38 FLOW COEF 0.22

PRESS RATIO (T/T) 1.0}

YT Cennsnannan

« 02 TURBINE « v 02 PUMP =

EPITIT I YTIIYITIr
EFFICIENCY 0.767 EFFICIENCY 0.729
HORSEPOWER 191. HORSEPOWER 391,
SPEED (RPH) 70123. SPEED  (RPM) 70123.
MEAN DIA  (IN) 3.47 S SPEED 2103.
EFF AREA (IND) 0.2% HEAD (FT) 4137,
usc CIDEAL) 0.384 DlA. (IN) 1.92
Max TIP SPEED 1062. T1P SPEED 587.
STAGES 1. VOL. FLOW 239.
DELTA H  (ACT) 117.33 HEAD COEF 0.387
GAMMA 1.18 FLOW COEF 0.174

PRESS RATIO (T/T) 1.13
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TABLE 62. — SPLIT-EXPANDER CYCLE — O/F = 120

ENGINE PERFORMANCE PARAMETERS

L L L L L L R Y T Y T T L)

CHAMBER PRESSURE 1250.0
VAC ENGINE THRUST 158864
DEL. VAC. ISP 396.3
TOTAL ENGINE FLOW RATE %0.1
THROAT AREA 6.071
NO2ZLE AREA RATIO 1000.0
ENGINE WIXTURE RATIO 12.00
CHAMBER/NOZZLE COOLANT DP 5% .
CHAMBER/NOZZLE COOLANT DT 726.
ETA C» 0.980

CHAMBER/NOZZLE Q 8631.

ENGINE STATION CONDITIONS

NN AN AR AR R AN AN AR NN

s FUEL SYSTEM CONDITIONS =

STATION PRESS TEWP FLOW ENTHALPY DENSITY
B.P. IMLEY 18.6 37.4 3.09 -107.5% %.37
B.P. EXIT 93.6 38.9 3.09 -102.3 4.37
PUMP INLET 93.6 38.9 3.09 -102.3 «.37
IST STAGE EXIT 2053.3 76.4 3.09 48.7 4. 14
JBV INLET 2053.3 76.4 0.00 “8.7 4.16
JBVY EXIT 14%7.9 79.3 0.00 “8.7 3.7
2ND STAGE EXIT 2924.6 92.0 3.09 116.3 %.12
PUMP EXIT 3762.9 106.9 3.09 177.3 4.1
COOLANT INLET 3708.6 107.3 3.09 177.3 4.09
COOLANY EXIT 3253.7 833.8 3.09 2909.1 0.67
TBV IMET 3212.2 834.1 0.52 2909.1 0.66
TBV EXIT 1568.7 844.6 0.52 2909.1 0.33
LOX TRB INLET 3212.2 834.1 2.%56 2909.1 0.66
LOX TRB EXIT 2846.1 814.2 2.56 2830.0 0.61
H2 TRB INLET 2844.1 816.2 2.56 2830.0 0.61
H2 TRB EXIT 1650.5 726.3 2.56 2493.2 0.41
H2 TRB DIFF 16364.7 726.4 2.56 2493.2 0.40
H2 BST TRB IN 1620.0 726.% 2.56 26493.2 0.40
H2 BST TRB EXIY 1603.1 7264.8 2.56 2486.9 0.40
H2 BST TRB DIFF 1599.5 7264.8 2.56 2486.9 0.40
02 BST TRB IN 1585.1 726.9 .56 26486.9 0.39
02 BST TRB EXIT 1576.3 726.0 2.56 2483.4 0.39
02 BST TRB DIFF 1525.7 26.0 2.56 2483.4 0.39
H2 TANK PRESS 18.6 753.8 0.0033 25%5.7 0.0046
GOX HEAT EXCH IN 1568.7 744.5 2.56 2555.7 6.38
GOX HEAT EXCH OUT 1562.2 743.6 2.56 2652.3 6.38
MIXER HOT IN 1562.2 743.6 2.56 2552.3 0.38
MIXER COLD IN 1497.9 79.3 6.00 %8.7 3.71
MIXER OUT 1497.9 744.0 3.08 25%2.3 0.36
FSV INLET 1497.9 7664.0 3.08 25%2.3 0.36
Fsv EXIT 320.1 745.1 3.08 2552.3 D.32
CHAMBER INJ 1311.3 765.1 .08 2552.3 0.32
CHAMBER 12¢9.9

* OXYGEN SYSTEM CONOITIONS «

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMLET 16.0 162.7 37.06 61.9 70.99
B.P. EXIT 82.2 165.1 37.06 62.2 70.82
PUMP INLET 82.2 165.1 37.06 62.2 70.82
PUMP EXIT 1569.6 172.9 37.06 67.6 71.01

02 TANK PRESS 16.0 400.0 6.06 206.7 0.12
POSV INLET 1541.3 173.0 2.93 67.6 70.97
POSV EXIT 1308.1 173.9 2.93 67.6 70.%9
oCv INLET 1561.3 173.0 36.06 67.6 70.97
ocv EXIT 1495.2 173.2 34.06 67.6 70.89
PRIMARY INJ 1297.4 173.9 2.93 67.6 70.57
SECONDARY INJ 1450.4 173.3 364.06 67.6 70.82
CHAMBER 1249.6

VALVE DATA
wesmasvnan

VALVE DELTA P ARE A FLOW % BYPASS
JBY 555. 0.000 0.00 0.00
T8v 1643. 0.033 Q.52 16.98
Fsv 178. 0.600 3.08
POSV 23 0.03¢ 2.92
ocv 46, 0.193 34.06

INJECTOR DATA

Sscsaneveunan

» FUFL = » OXID »
PRIMARY S COND
DELP MAN 9.17 500 0.7
DELP INJ $2.07 «! R7 200.45
AREA 1.14 o 0.4z
FLOW 3.08 2o 34.06
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TABLE 62.

. TURBOMACHINERY PERFORMANCE DaTA »

HedeRoNETRENENNBANNRR NS AROUROHANNS

HemAMaRCARUEANARNAREN

* M2 BOOST TURBINE =
FAsenERsRRIA R R AN YN
EFFICIENCY 0.846
HORGEPOWER 23.
SPEED (RPM] 36561.
MEAN DIA (IN) 1.90
EFF AREA (IN23 1.45
usc CIDEAL) 0.512
MAX TI1P SPEED 302.
STAGES 1.
DELTA H (ACT) 6.30
GAMMA 1.44
PRESS RATIO (T/T) 1.01
(XX FEERERY RS Y]
& H2 TURBINE =
LEIEYTESRRESELNE )
STAGE 1
ANNNRRN
EFFICIENCY 0.827
HORTSEPOWER 1221.
SPEED (RPM) 113796,
MEAN DIA  (IN) 3.47
EFF AREA (IN2) .21
u/c { IDEAL) 0.534
MAX TIP SPEED 17264.
DELTA H 122.
GAMMA (ACT) 1.44
PRESS RATIO(T/T 1.33

STAGE 2

0.836
1221,
113796,
3.47
e.27
0.548
1724.
165.
1.46
1.35

® 02 BOOST TURBINE ® _

T TI L L
EFFICIENCY 6.878
HORSEPOWER 13.
SPEED {RPM) 10741.
MEAN DIA C(IN) 5.21
EFF AREA (IN2) 2.62
usc {10EAL) 6.512
MAX TIP SPEED 244.
STAGES 1.
DELTA H (ACT) 3.50
GAMMA 1.46
PRESS RATIO (T/T) 1.01

AEwanan e AN

" 02 TURBINE #

wananenmannanny
EFFICIENCY Q.807
HORGEPOWER 287.
SPEED (RPM] 62881.
MEAN DlA CIN) 3.47
EFF AREA (IND) 0.25
usc CIDEAL} 0.429
MAX Tlp SPEED 953.
STAGES 1.
DELTA M (ACT) 79.16
GAMMA 1.44
PRESS RATIO (T/T) 1.13

angsEANaRSSAAaNNT

« H2 BOOST PUMP =

EEsaNNvENENRERRER

EFFICIENCY 0.608
HORSEPOWER 23.
SPEED (RPM) 36541
S SPEED 1856.
HEAD {FT) 2672.
DIA. CIN) 2.18
TIP SPEED 347.
VOL. FLOW 317.
HEAD COEF 0.659
FLOW COEF 0.132

= H2 PUMP »

STAGE ONE STAGE TWO STAGE THREE

SNANNNRAN NRAENRVRARE

ETIIYYITY Y]

EFFICIENCY 0.572 0.596
HORSEPOWER 659. 286.
SPEED (RPM} 113796, 113796,
S SPEED “«99. 907
HEAD (FY) 6718S. lp4ry.
DIA. (IN) 3.68 %.02
TIP SPEED 1831. 1499,
VOL. FLOW 335. 336.
HEAD COEF 0.645 0.435
FLOW COEF 0.0%5 0.110
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® 02 BOOST PUMP »

EFFICIENCY 6.715
HORSEPOWER 13.
SPEED  (RPM) 10741.
S SPEED 4163.
HEAD (FT3 135.
DIA. CINI 2.44
TIP SPEED 11s.
VOL. FLOW 235.
HEAD COEF 0.330
FLOW COEF 0.238

[ EX ISR R RN ]

» 02 PUMP «

anannananns
EFFICIENCY 0.708
HORSEPOWER 287
SPEED  (RPM) 62881.
s SPEED 2365.
HEAD (FT) 3015.
DIA. CIN) 1.92
TIP SPEED 526
VOL. FLOW 234.
HEAD COEF 6.350
FLOW COEF 0.198

SPLIT-EXPANDER CYCLE — O/F = 12.0 (CONTINUED)

0.598
275.
113796.
932
29329.
3.02
1499.
337.
0.420
0.112




TABLE 63. — FULL-EXPANDER CYCLE WITH REGENERATION — 75/F = 50

ENGINE PERFOSMANCE PARAME TERS

CHAMBER PRESIURE 16497.1
vaC ENGINE THRUST 1643e.
NEL. VAC. 1%° “17.1
TLTAL ENGINE FLUW RATE 3.4
THRCAT AREA 5.547
NOZZLF AREA RATIU 1800.0
ENGINE MIXTURE RATIO .00
CHAMBER/NOIILE COOGLANT OP 72,
CHAMBER/NOZLE COOLANT 0T 185.
FTa Cn 0.9%93
CHAMBER/NOZILE Q 8453,

ENGINE STATION CONDITIONS

ASNasesssyssaNpsERIESTRARRAR RS

% FUEL SYSTEM CONDITIONS «

STATION PRESS TeP FLOM EMTHALPY DEN3LITY
B.P. IMET 18.6 37.4 s.75 -167.% %.37
B.P. EXIY 95.1 8.4 5.7% -~103.3 4.39
PUMP INLET 95.1 8.4 5.75 -~103.3 %.39
1ST STAGE EXIT 1696.7 51.4 $.75 -2.2 4.6l
2ND STAGE EXIT 3281.1 a3.3 S.7S 7.1 4.45%
PUMP EXIT <8c .5 106.2 S.75 1%.6 4%.S0
COLD REGEN IN “8ui.2 164.7 S.75 194.6 «.48
COLD REGEN EX 4748.3 221.% 5.75 €31.7 2.79
COOLANT INLET 4748.3 2271.% 5.75 $31.7 2.78
COOLANT EXIT 3976.7 612.3 s.75 21%6.6 1.06

TBV INLET 3918.9 612.5 0.9 2136.4 1.05

TBV EXIT 1736.3 626.9 0.8 2136.6 0.49
LOX TRB IMLET 3938.9 €:2.5 5.69 2136.6¢ 1.0%
LOX TRB EXIT 3579.4 600.8 5.69 208%.7 0.98
H2 TRB INLET 3570.4 600.8 5.6 2085.7 0.98
H2 TRB EXIT 1859.4 s27.2 5.69 1784.8 0.61
H2 TRB DIFF 1829.2 527.3 5.69 17284.8 0.61
H2 BST TRB IN 1898.7 27.4 5.69 178¢4.8 0.60
H2 BST TRB EXIT 1789.7 526.3 5.69 1780.5 0.59
HZ BST TRB DIFF 1778.4 52%.4 5.69 1780.5 0.59
02 BST TRB IN 17%6.4 €26 " 5.69 1780.5 0.58
02 BST TRB EXIT 1747.5 52%<.9 5.6 1778.3 0.58
02 BSY TRB DIFF 1746.1 5.9 5.69 1778.3 0.58

H2 TANK PRESS 18.6 533.9 0.0086 i781.8 0.0066
GOX MHEAT EXCH IN 1736.3 526.9 5.69 1781.8 0.8
GOX H* AT EXCH OUT 1727.46 526 .6 5.69 178¢0.7 0.%7
HOT REGEN IN 1227.4 526.6 S.69 1780.7 0.57
HOT REGEN EX 1675.0 %07.9 5.69% 1339.2 6.71
FSV IMNLET 1675.0 <07.9 5.76 1339.1 0.71
FSv EXIT 1631.5 «08.0 5.74 13391 0.70
CHAMBER INJ lete.s 408.1 S.74 1339.1 0.69
CHAMBER 1496.5

# OXYGEN SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHAL PY DENSITY
B.P. INLET 16.0 162.7 8.76 6l.9 70.99
B.P. EXIT i41.8 | R 8.7¢ 62.4 70.83
PUMP INLET 141.8 leS.6 J8.76 62.4 70.83
PuUMP EX]T 296%.7 179.¢ B.76 72.% 71.28
02 Tamk ESS 16.9 400.0 0.0% 206.7 0 2

POSV IMNLE 2947.0 i7..% €.21 2.5 71 s
POSV EXIT 1797.8 186.0 6.21 2.5 69.45
OCV INLET 294 3 179.5 22.58 2.5 71.26
acv €XIT 1618.5 1846.7 22.58 2.5 69.186
PRIMARY INJ 1738.8 186.2 6.21 2.5 69.36
SECONDARY INJ 1596.3 184.8 22.50 2.5 69.12
CHAMBER 1497.1

YaLVE DATA

trsavanann
VALVE DELTA » ARE > FLOM % Byfass
T8v 2202, 0.002 0.0¢ 1.30
Fv [ 1.502 5.74
POV 115%¢ 0.032 5.21
GCv 109 c.109 J2.%50

In +CTOR paTa

cstrcsanansne

- FUFL = v oOxid e

- I MARY W UOND
DELP HAN 17.62 Jo o B8Y 11.03
DELP INJ LA ] J.1.70 Lt
AREA 1.02 t.07 0.41
FLOW Y. 74 A | ;2.0

224




TABLE 63. — FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 5.0
(CONTINUED)

R R R T R T R T TP TR Y Py )
= TIRBOMACHINERY PERFORMANCE DATA =

NEsassuans AN IsCER R UER R RURARRS T ERURSY

“neqrsadnanahoacasan vesunsanvemvInnOR
« M2 BOOST TURBINE = « H2? BOCGT PUMP o
mesunsnunavssnanensa eerasnasvsvnavuns

EFFICIENCY 0.779 EFFICIENCY 0.76%

HORSEPONE R I4. HORSEPOMWER 4.

SPEED (RPH) L1438 SPEED {(RPM)} 44508,

MEAN DIA (IN} 1.34 S SPEED 30410 .

EFF AREA (INT} 2.45% HEAD (FT) 2514,

usg (1DEAL) 0.48% Dla. (1IN} 2.18

MAX TIP SPEED 260. TIP SPEED a2,

STAGES i- VOL . FLOW 588 .

DELTA M (ACT) 4.26 HEAD COEF G.451

GAMMA 1.3 FLOW COEF 0.20!

PRFSS RATIO (T/T) 1.01
REsasERARERANR ETTLITITLL
* H® TURBINE » v H2 PUMP »

AmosneRTRuENEY KanusannmEs
SYAGE ! STVAGE 2 STAGE CMNE STAGE TWO STAGE THREL
BEnadAn  Meaweun NAKsARERE  SRERUREEN wensNUSEERE

EFFTCIENCY J.853 0.838 FFFICTENC 0.666 d4.666 G.667

HORSEPOMER 2423, 2623, HORSEPOWER 823. 808. 793.

SPEED (RPH)  11B750. 118750. SPEED (RPM) 118750. 118750, 11875%0.

MEAN DIA  (IN) 2.88% 2.88% S SPEED 830. 837. B84,

EFF AREA (IN2) 0.1 0.490 HEAD FT) 523180. 51S14. 50502.

usc (IDEAL) 0.503% 0.491 DIA. CIN) 3.46 3.44 .44

MaX T1P SPEED 1484, 1484 . TIP SPEED 1785. 1785. 1785.

DELTA M 168, 183, VoL. FLOW 585. 581. 573.

GAaMeA (ACT) 1.38 1.38 HEAD COEF 0.529 0.520 0.5'0

PRESS RATIO(T/T 1.34 1.37 FlL.OWk COEF 0.100 0.100 0.10:
AususvassEnaRTRraNn sevadnAmanRESRARE
* 02 BOOST TURBINE = s 02 BOOST PMP 3
demasastesnNNasse T mrdenansuanESRONS

EFFICIENCY 0.8s51 EFFICIENCY 0.728

R SEPORER i8. HORSEPOWER 18.

SPEED (RPM) 11559, SPEED {RPM) 115%9.

MEAN Dla LNy 3.69 S SPEED 26¢39.

EFF AREA (IN2) 3.60 HEAD (FT) 256,

use {1D€AL) 0.514 O1a. (IN) 2.44

MAX TIP SPEED 1Be ., T1P SPEED oz

STAGES 1. VOL. FLOMW i82.

LA H (ACT) 2.28 HEAD COEF 6.542

GAMMA 1.28 FLOW COEF 0.172

CRESS RATIO (T/7) L.or
unvenad wena Teann
« G2 TURBINE « . Q2
ancenncuanvenn cenne

EFFICTENCY 0.87} EFFITTENCY 8.727

HORCE POMER “«19. HORSEPOWER 410,

IPEED (RPM) 76298, GPEED (RPH) 74289,

MEAN OfA CINT 2.8v0 S SPEED 1523,

£FF ARFA  (IWD) 0.42 HEAD (F 1) S0,

s (1DEAL) [ -1 Bla. (B 1.9z

MAX T1e SPEED a8y, TiP SPEED 627.

STAGES 1. VOL. FLOW 181.

DELTA H (ACT} $0.96 HEAD CO€F G.487

GAMMA 1.8 FLOW COEF 9.128

PRFSS RATIO (T/T) 1.10

KEGEWE RATOR DATA
.

HaT SITE

DELP 52,18
LT -1i8.7%
AREA .52
FLOW 5.¢9
SFFECTIVENEDS [
NTY 0.¢2
fRaTin G.97
IMIN J0.67
SEGEN Q J5i2.80

)
I
‘N




TABLE 64. — FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 55

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESIURE l1o65.9
VAC ENGINE THRUST 18%8%.
DEL. VAC. ISP «?%.0
TOTAL £NGINE FLOM RATE 8.8
THROAT AREA 5.547
NOZZLE AREA RATIO 1000.0
ENGINE MIXTURE RaTIQ 5.50
CHAMBER/NOZTLE COOUANT DP 818,
CHAMBER/NOZZLE COOLANT OT «2

ETa C» G.99%
CHAMBER/NOZZTLE Q 10004,

ENGINE STATION CONDITIONS

" FUEL SYSTEM CONDITIONS »

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IMEY 18.6 37.4 S.98 -107.5 4.37
B.P. EXIT 101.5% 38.5 S.98 -102.9 .39
PO INLET 1091.5 l8.s 5.98 -1g2.9 <.39
IST STAGE EXIT 1839.4 63.4 5.98 6.7 4.4l
2MD STAGE EXIT 3563.3 87.0 5.98 114.5 .66
PP EXIT 5278.7 109.7 5.98 220.4 .52
D REGEN IN 5223.6 110.1 5.98 220.4 %.S0
COLD REGEN EX 5166.4 241.7 5 .98 697.7 2.80
CODLANT INLET 5168.¢6 J¢1.7 S.98 697.7 2.80
COOLANT EXIT %350.1 678.2 5.98 2:81.6 1.0%

T8V IMLET 4308.9 678.5 0.06 2i81.6 1.06

T8V EXIT 1925.1 693.0 0.06 2381.6 0.49
LOX TRB INLET «308.9 678.5 S.92 2381.¢6 1.04
LOX TRB EXIT 3%06.3 665.3 5.92 23257 0.98
I TRB INLET 3906.3 655.3 S5.92 2325.7 0.98
2 TRB EXIT 2058.5 $8%.0 5.92 1999.0 0.61
< TRB DIFF 2025.8 585.2 5.92 199%.0 0.60
2 BST TRB IN 2003.6 58%.3 S.92 19990 0.60
2 BST TRB EXIT 1983.0 58¢.1 5.92 1994 .4 0.59
I BST TRB DIFF 1968.6 $84¢.02 5.2 1994 .4 0.%59
o BST TRB IN 1946.9 $86.3 S.92 1994 .4 0.58
o2 BST TRB EXIT 1937.3 583.6 5.92 1991.9 0.58
@ B3T TRB DIFF 193%.8 S83.6 5.92 1991 .9 0.58

T TANK PRESS 18.6 $3%¢.0 0.0%81 19958 0.00%9
GOX HEAT EXCH IN 1925.1 %8<.8 5.92 1995 .8 0.57
GOX HEAT EXCH OUT 1915.5 58¢.5 S.a2 1994 . & 0.57
HOT REGEN IN 1915.5 584 .5 $. 92 199¢ .6 0.57
HOT REGEN EX 1858.9 €531 £.92 1512.5 0.71
FSVY IMLETY 1858.9 455.1 S.97 1512.8 0.71
FSV EXIT 1811.8 €53.2 5.97 1512.8 0.69
CHAMBER INJ 1793.4 «53.3 5.97 1912.% 0.69
COHAMBER 1666.0

® OXYGEN SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 182.7 61.9 70.99%
8.P. EXIV 145.0 1e%.4 82.¢ 70.84
PU® INLET 145.0 195. 6 2.4 70.84
PuUsP EXIT 31006.5 179.2 2.4 1.5

G2 TANK PRESS 16.0 «00.0 J04.7 Q.12
POSVY INLET 2982. 179.2 2.4 711.32
POSY EXIY 1935.7 185.¢ 2.4 69. 69
ocv IMET 2982.1 179.2 2.4 .32
oY EXIT 1838.6 183.7 22.4 69.53
PRIMARY [NJ 1884 .8 183.6 2.4 ®9.61
SECONDARY 1My 1807.1 183.9 2.6 69.48
CHAMBER 1665.9
VAMLVE DELTA P ARF A L ) 3 Eveasny
T8y 2384, G.ae2 T Ze i.00
(24" 7. SO0 <o
[av A 1048 . 2 oI ¢
oy 1144 0.141 Je 3

INJETIT® DaTa
« FuEl . « OXID -
PaoMiiy e

ELP MAN 1912 Lol RN
ELP [N 108 .44 NEICM Tel s
ARt A 1.03 P4 P
FLom %.97 noar Je *




TABLE 64.

FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 5.5

(CONTINUED)

SasnEsssscuurIRGRCENsaARE AT RGUUNER

s TURBOMACHINERY PERFORMANCE DATA =

nas

Ndsesannanenans

* H2 BODST TURBINE =

“EmssaEsRacsaurandan

EFFICIENCY a.77¢
HORSEPOKER 39.
SPEED {RPH) 46313
MEAN DIA CIN) 1.34
€£FF AREA (IND} 2.645
usc (IDEAL) 0.48%
MAX T1P SPEED 271.
STAGES i
DELTA H tACT) .62
GAMNA 1.38
PRESS RATIO (T/T7} 1.01
HEARNN NN AR
* H2 TURBINE =
ARKANRAR R
STAGE 1
wewaany
EFFICIENCY 0.8%1
HORSEPOWER 2734,
SPEED (RPM) 23568,
MEAN DIA  (IN)} 2.86
EFF AREA (IN2) 0.31
usc (IDEAL) 0.500
MAX TIP SPEED 1564,
DELTA H 162.
GAMMA (ACT) 1.3%
PRESS RATIO(T/T 1.36

LT TR R TRy R Y )
# 02 BOOST TURBINE s

semewaens

EFFJCIENCY 0.866¢
HORSEPOWER 1.
SPEED (RPM) 12219.
HEAN DIA (IN) 3.9
E£FF AREA  (IN2) .60
usc CIDEAL) 0.514
MAX TIP LZPEFD 107.
STAGES .
DELTA H (ACT) J.68
GAMMA 1.29
FRESS RATIO (777 1.0¢

.

. 02

.
EFFICIENCY 0.8s%
HORSEPONER 468 .
SPEED (RPM) 76597 .
MEAN DIA (INY J.8e
EFF AREA CIND) g.612
u/C (IDEAL) [
MAX TIP SPEED 57,
STAGES 1
NELTA H (ACT) 5<.
OAMMA 1.

—~ o p
P

o

PRESS RATIO (1747 i.

STAGE 2
(X1}
0.839
2734,
123568
2.88
0.40
0.492
1544,
165,
1.%9
1.37

REGENERSTIR [ATA

cevnuns

“e

oD S0 HGT SIDE
DELP 85.7¢ 56.%¢
DELY 121,59 -13l1.40
ARt A 0.4C 1.2
FLOW s.98 5.9
EFFECTIVERNS TS .9
NTU .«
CRATID 1.2¢
(MIN 21 e
REGFN G A L

227

[EEXR R}
wassmEamANuNREERR
& HZ BOQST PUMP =

AnesNnsscauRENnan

EFFICIENCY D.705
HORSEPORER 2s.
SPEED (RPM) 6313,
S SPEED lo22.
HEAD (FT) 2122,
DlA. tIN) 2.18
TIP SPEED 440.
VOL. FLOW 6ll.
HEAD COEF 0.652
FLOW COEF g.201

avEsNRRARRN
s HZ PUMP =

STAGE ONE STAGE TiWO STAGE THREE

EFFICIENCY 0.666 0.667
HORSEPOWER 927. 912,
SPEED (RPM) 123568 1235%68.
S SPEED 828. 813.
HEAD {FT} 56800. 55940.
Bla. (1IN 3.44 3.46
TIP SPEED 1857. 1858.
VOL. FLOW 608. 607 .
HEAD COEF 0.530 0.522
FLOM COEF 06.100 0.100

[
% 02 BOOST PUMP =
aummannn
EFFICIENCY
HORSEPGHER
SPEED  (RPM)
S SPEED

HEAD (FT)
ola. CIN}
TIP SPEED

vOL. FLOW
HEAD COEF

FLOW COEF

. 02 PUMP

ssnescavyes
EFFICIENCY 0.7:7
HOR5E POWER 4o8.
SPEED (RPM) 76597
3 SPEED isel.
HEAD (F13 5772
[ tIN) 1,78
TP SPEED Y0
VOU. FLOW Ja7.
HEAD COEF 0.6¢<
FLOW COEF 0.ful

awamaesane
0.667
895.
123568.
838.
54985,
3.4¢
1858.
593.
0.513
0.100




_

TABLE 65. — FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 6.0

ENGINE PERFORMANCE PARANETERS

fECeteuNEENENNNE T RTERGOSac RGO RERES

CHAMBER PRESSURE 1764.0
VAC ENGINE THRUST 8000 .
DEL. VAC. I3P <89.1
TOTAL ENGINE FLOW RATE &7
THROAT AREA $.547
NQZZLE AREA RATIO 1909.0
ENGINE MIXTURE RAT1O 6.0
CHAMBER/NOZZLE COOGCANT DP 826
CHAMBER/NOZZLE COQUANT DT 585 .
ETA Cn 9.993
CHAMBER/NOZZLE Q 113%.

ENGINE STATION CONDITIONS

FAEEARAEA AR NS qasaNSasssTgRREnRE

® FUEL SYSTEM CONDITIONS =

STATION PRESS A3 Ao ENTLPY DENSITY
B.P. INLET 18.6 37.4 5.9 -107.5 6.37
8.P. EXIT 100.3 385 S.9¢ -183.0 4.39
PUMP INLET 100.3 38.5 5.9 -183.¢ 4.39
1ST STAGE EXIT 1882.3 63.9 5.9 ’.2 461
IND STAGE EXIT 3651.4 88.1 5.9 1 ¢ 4.¢6
PU® EXIT 5414.2 111.2 5.9% B 4.53
COLD REGEN IN 5359.5 1m.7 s.% b~ N1 4.51
COLD REGEN EX 5305.2 263.0 5.9% 1982 2.67
COOLANT INLET 5305.2 263.0 5.9 1v0.2 2.67
COOLANT EXIT 4431.2 767.8 5.9 27018 0.9¢

TBY IMLET 4386.0 768.1 0.5 21018 0.95

TBY EXIT 2030.5 783.1 0.3¢ 2.8 0.46
LOX TRB INLET 4386.0 7681 5.60 2718 0.95
LOX TRB EXIT 3984.6 536 5.60 2¢40.8 0.88
. TRB IMLET 3984.6 753.6 S.68 2640.8 0.88
W2 TRB EXIT 2159.4 665.3 5.48 88,6 0.57
2 TRB DIFF 2127.6 665.5 5.68 886 0.56
12 BST TRB IN 2106.2 665.6 5.60 o886 6.56
+2 BST TRB EXIT  2086.3 664.4 5.60 3.8 0.s5
R BST TRB DIFF  2072.4 666.5 S.60 s3e 0.55
02 BST TRB IN 2051.5 s66.6 5.60 838 0.5¢
o2 BST TRB EXIT  2042.2 663.9 5.68 8.3 0.54
02 BST TRB DIFF  2040.7 663.9 5.60 8.3 0.54

H2  TaNK PRESS 18.6 682. 0.0070 2306.4 0.00s1
GOX MEAT EXCH IN 2930.5 671.1 $.60 2186 .6 0.53
GOX MEAT EXCH OUT 2021.2 670.7 5.60 2104.9 0.53
HOT REGEN 1IN 2021.2 §70.7 5.60 2304.9 0.53
HOT REGEN EX 1966.2 505.4 5.60 1707 .1 6.67
FSV INLET 1966.2 $05.4 5.9 17871 0.67
FSV EXIT 1916.8 505.6 5.9 17821 0.66
CHAMBER InJ 1897.5 505.7 5.9 ire7.1 0.65
CHAMBER 1764.0

* OXYGEM SYSTEN COMDITIONS

STATION PRESS e FLOM ENTHALPY DENSITY
B.P. INLET 16.0 162. 5.7 ot.y 10.99
B.P. EXIT 136.0 165.3 35.77 6.3 70.84
PP IMLET 136.0 165.3 35.77 82.3 70.8¢
PP EXIT 2854.8 178.4 35.77 e .34

02 Tark PRESS 16.0 <00.0 0.0¢ 04y 0.12
POSV INLET 2825.9 178.% s.32 1.y 71.30
POSV EXIT 1979.3 181.8 5.32 e 69.98
OCV INLET 2825.9 178.5 30.39 .y 71.30
ooV EX'T 1987 . @ 181.7 30.39 K} $9.99
PRIMARY INJ 1940.0 181.9 5.32 e 69.92
SECONDARY INJ 1943.0 181.9 30.39 . 83.a2
CHAMBER 1766.0

VALVE Data
cesmuseeen

VALVE DELTA P AREA FLOM x BYPasS
4% 21%6. 0.016 0.3¢ 5.97
Fav ) co. 1.502 LY
[ Bar. 0.0:2 5.32
ocv a4z, 0.18% 0.3

I CTOR DATA

escsesanresan

« FFL = = OXID *
e iMary pryes i)
[FLP MAN 20.01 1985 19.88
DELP INY 115,49 ALY 178 .82
AAF A 1.02 J.01 0.<]
F. oW 5.9% N 0.0
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FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 6.0

(CONTINUED)

TABLE 65. —

SedusavABeasscuRARNIARS O ENERRNRUEE

» TURBOMACHINERY PERFOR™ANCE DATA «

MasessENNEcSdNuNERRANRccEANNRUNAES

Amsanenssam-aunaN
® M2 BOGST PUMP «

LRI PR Y STy Y

dassynusdupunanaAnn

¢ H2 BOOST TURBINE »

ssednveNnEnnARTEARU S

EFFICIENCY 6.770 EFF ICIENCY 0.765
HORSEPOMER 38. HORSEPOWER 38.
SPEED (RPM)  46052. SPEED  (RPM) 46052.
MEAM DIA  (IN) 1.34 S SPEED 3049.
EFF AREA (IN2) 2.45 HEAD (FT) 2683.
use (IDEAL) 0.485 DlA. CIN} 2.18
®aX TIP SPEED 269. TIP SPEED 438,
STAGES 1. vOL. FLOM 609.
DELTA M (ACT) .79 HEAD COEF 0.450
GaMMA 1.36 FLOW COEF 6.202
PRESS RATIO (T/T) 1.01
enansssnunanse -
s K2 TURBINE *» » H2 PUMP =
SERREERNANNNNE aRESENARNERE
STAGE | STAGE 2 STAGE ONE STAGE THO STAGE THREE
SRARENE (S22 EEREE ] ENANANSEAN ARSAaRGERAES
EFFICIENCY 0.839 0.828 EFFICIENCY 0.667 0.668 0.668
HORSEPOWER 2792. 2792. HORSEPOWER 946. 931. 915.
SPEED (RPH} 124877, 124577 SPEED (RPM)  124577. 124577. 124577.
MEAN DIA (N} 2.86 2.86 S SPEED si8. 823. 827.
EFF AREA (IN2) 0.31 0.40 HEAD  (FT) $8219. $7158. $6641S.
usc (1DEAL)  0.480 0.476 DIA.  (IN) 3.44 3.44 3.46
HAX TIP SPEED 1557. 1557. T1P SPEED 1872. 1873. 1873.
DELTA H 176. 176. VOL. FLOW 606. 599, $90.
GAMMA (ACT) 1.36 1.36 HEAD COEF 0.53¢ 0.526 0.517
PRESS RATIO(T/T 1.34 1.37 FLOW COEF 0.098 0.099 0.099
[ZEIZTRNENRYNRSNRS Y ] HANANNAN IR EREARAN
* 02 BOOST TURBINE « » 02 BOOST PUMP =
AEENEERRANNENA TN HAARERARAAAERN AR
EFF ICIENCY 0.861 EFFICIENCY 0.76¢
HORSEP OWER 20. HORSEPOWER 20.
SPEED (RPM} 12293, SPEED  (RPM) 12293.
MEaN DIA  (IN) 3.6 S SPEED 3036.
EFF AREA (IN2) 3.60 HEAD (FT) 240.
ust {1DEAL) 0.51¢ DiA. 31 2.44
MAX TIP SPEED 198. TIP SPEED 131,
STAGES 1. VOL. FLOW 227.
DELTA H  (ACT) 2.58 HEAD COEF 0.449
GCamma 1.3¢ FLOW COEF 0.201
PRESS RATIO (T/T) 1.60
StdEvananuanas LEARRSRRR N L]
« 02 TURBINE * 02 PUMP =«
eneamanunnnnue -
EFFICIENCY 0.850 EFFICIENCY 0.73%
HORSEPOWER 483. HORSEPDWER 483.
SPEED (RPM) 76647, SPEED  (RPM) 76647.
MEAN DIA  (IN) 2.86 S SPEED 1803.
EFF AREA (IN2) 6.43 HEAD (FT) 5490.
usc (1DEAL) 0.505 ola. UIND 1.93
MAX TIP SPEED 958. TIP SPEED 667,
STAGES 1. VOL. FLOW 22
DELTA #  (ACT) 60.92 HEAD COEF 0.622
carma 1.36 FLOW COEF 0.154
PRE3S RATIO (T/T) 1.10

REGENERATOR DaTa

WesaeesvHesenene

COLD S1DE HOT SIDE
OFLP 54.78 55.0%
DELT 151.37 -105.29
ARF A 0.40 1.5
FLOM 5.9 S.e0
EFFECTIVENESS 0.30
NTU 0.¢3
CRATIO 0.92
CHIN 20.26
REGEN Q 33649.02
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TABLE 66. — FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 65

ENGINE PERFORMANCE PARAME (ERS

L Y Y Y Yy TP T PP

CHAMBER PRE SSURE 1764.0
VAC ENGINE THRUST 20236
DEL. VAC. IsP «80.3
TOTAL ENGINE FLOW RATE “2.3
THROAT AREA S5.%5¢7
NOZZLE AREA RATI™ 1000.0
ENGINE MIXTURE RATIO 6.50
CHAMBER/NOZZLE COOLANT DP 884.
CHAMBER/NOZZLE COOLANT DT s78.
ETA C» 0.993
CHAMBER/NOZLE Q 121645,

ENGINE STATION CONDITIONS

# FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOM ENTHALPY DENSITY
B.P. INLET 18.6 37.4 5.65 -107.% ©.37
B.P. EXIT 95.5% 38.4 5.65 -103. %.39
PUMP INLET 95.% 8.4 5.65 -103.3 4.39
1ST STAGE EXIY 1804.2 62.9 5.65 6.5 4.41
2ND STAGE EXIT 3498.9 86.1 5.65 110.% “.66
PUMP EXIT 5184.6 108.4 5.65 214.5 “.52
COLD REGEN IN $135.3 108.8 5.65 268 «.50
COLD REGEN EX 5085.7 292.4 5.65 %11.6 2.40
COOLANT INLET 5085.7 292.4 5.65 911.6 2.40
COOLANT EXIT 4201.5 870.3 5.65 3060.9 0.81

TBV INLET 4153.7 870.6 0.71 3040.9 0.80

TBV EXIT 2021.1 884.8 .71 3060.9 0.41
LOX TRB INLET 4153.7 870.6 .94 3060.9 0.80
LOX TRB EXIT 3780.9 854.6 4.96 2995.¢ e.75
H2 TRB INLET 3780.9 854.6 4.9¢ 2995.6 06.75
H2 TRB EXIT 2136.8 762.9 %.9¢ 2832.4 0.49
H2 TRB DIFF 2108.2 763.0 4.94 2632.4 0.49
HZ2 BST TRB IN 2089.0 763.2 6.94 2632.4 0.48
H2 BST TRB EXIT 2071.1 761.9 .96 2827.6 0.48
2 BST TRB DIFF 2058.6 762.0 6.94 J8l27.6 0.48
02 BST TRB IN 2039.9 762.1 4.9 2627.6 0.47
02 BST TRB EXIT 2031.5 761.4 6.96 2624.9 6.47
02 BST TRB DIFF 2030.2 761.6 6.9 26264.9 0.47

M2  TANK PRESS 18.6 789.1 0.00%8 J679.4 06.0045
GOX HEAT EXCH IN 2021.1 776.9 4.9 le79.4 0.46
GOX HEAT EXCH OUT 2012.7 776.4 4.9 2877.7 0.66
HOT REGEN IN 20t2.7 776.64 .94 I877.7 0.46
HOT REGEN EX 1963.1 553.1 4.94 1881.1 0.62
FSV INLET 1963.1 553.1 S.64& 1881.1 0.62
FSV ExIT 1914.4 553.4 S.64 1881.1 0.60
CHAMBER INJ 1895.% 553.4 5.64 1881.1 0.60
CHAMBER 1764.1

* OXYGEN SYSTEM CONDITIONS a

STATION PRESS TEMP FLOW ENTHALPY DEN3SITY
B.P. INLET 16.0 162. 36.75 61.9 70.99
B.P. EXIT 117.1 165.2 Ze.79 2.3 70.83
PUMP INLET 117.1 165.2 38.75 2.3 70.83
PUMP EXIT 2607.¢ 177.3 3e.75 71.1 71.28
02 TANK PRESS 16.0 400.0 0.06 J06.7 0.12

POSV INLET 2577.0 177.4 4.65 .1 71.23
POSV EXIT 1928.2 179.9 .65 . 70.22
OCV INLET 2577.0 177.4 32.064 71.1 71.23
OCv EXIT 2006.1 179.6 12.04 71 70.34
PRIMARY INJ 1898.3 180.0 <. 65 71.1 70.17
SECONDARY INJ 1961.9 179.8 I2.04 7.1 70.27
CHAMBER 1764.0

VALVE DATA

aesmeveany
VALVE DELTA P AREA FLOW X BYPASS
TBv 213, 0.036 0.71 12.%0
Flv “9. 1.802 .06
POV YA 0.032 [ LY
ocv 571 0.2:18 1006

INIECTNR DATA

Ceereietavane

¢ FUE! . * OxID «

PR IMARY SHITWD
DELP MAN 19,65 16 .92 J1 e
DELP INJ 111.82 1« 23 197 .29
ARE A 1.03 0.0/ 0.«l
FLOW 5.8 L Dt
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TABLE 66.

— FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 6.5
{(CONTINUED)

ausmedunue

tltssausEuasesTEENONARA
n TURBOMACHINERY PERFORMANCE DATA o
HwdRsSRNsaNReNsauRVROAREn

v ANNE R AR AR

« H2 BOOSYT TURBINE »

EFFICIENCY 0.750 EFFICIENCY
HORSEPOWER 34. HORSEPOMER
SPEED (RPM) 44288. SPEED (RPN}
MEAN DlA CIN) 1.34 S SPEED
£FF AREA (IN2) 2.4% HEAD (FT}
u/c CIDEAL) 0.485 DIA. LIN)
Max TIP SPEED 259. TIP SPEED
STAGES 1. vorL. FLoW
DELTA H (ACT) «.85 HEAD COEF .
GAMMA 1.38 FALOM CDEF 0.199
PRESS RATIO (T/7) 1.01

ARRANRAERNER N ERSANEADNSR

s H2 TURBINE » QPP .

[LXEYEIZY 2R YL} SNERgaARAwES

STAGE 1 STAGE 2 STAGE OME STAGE TWO STAGE THREE
R RN ERAGSNAN ETTITTR L) RNARNANER NRBGANAARER

EFFICIENCY 0.813 0.810 EFFICIENCY 0.666 0.667 0.668
HORSEPOWER 2541, 2541, HORSEPOMER 862. 847. B32.
SPEED {RPM3 121121, 121121, SPEED (RPM) 121121, 21121, 121121,
MEAN Dla  (IN) 2.8¢ 2.8¢ S SPEED 799. 804. 809.
EFF AREA (IN2) 0.3) 0.40 HEAD {FT} 55857. %5010. 54067.
usc {1DEAL) 0.448 0.45%5% OlA. N 3.44 3.44 3.44
MAX TIP SPEED 1513, 1513, TIP SPEED 1821 . 1821. 1821.
DELTA M 185. 179. VOL. ALOM $7S. 569. 56l.
GAMMA tacT) 1.38 1.38 HEAD COEF 0.542 0.536 0.52%
PRESS RATIO(T/T 1.36¢ 1.37 ALOM COEF 0.0%6 0.096 0.097

ANERUARANR NN RGN

# 02 BOOST TURBINE »

ANEA NN

= 02 BOOST PUMP =

EFFICIENCY 0.842 EFFICIENCY 6.753
HOR SEPOWER 18. HORSEPOHER 18.
SPEED (RPM} 11907. SPEED  (RPM) 11907.
MEAN BIa  (IN) 3.69 $ SPEED 3347,
EFF AREA (IN2) 3.60 HEAD (FT) 206.
u/c (1DEAL) 0.51¢ DUA. C(IN) 2.46
KeX TIP SPEED 192. TiP SPEED 127.
STAGES 1. vOL. FLOW 233.
DELTA H  (ACT} 2.61 MEAD COEF 0.410
CAMMA 1.38 FLOM COEF 6.213
PRESS RATIO (T/T) 1.00

[P nanensvesns

» 02 TURBINE # " 02 PUP

T T sanesarenny
EFFICIENCY 0.821 EFFICIENCY 0.735
HORSEPOWER 4s7. HORSEPOMER 457
SPEED (RPM) 74858. SPEED  (RPW) 74858.
MEAN DIA  (IN) 2.86 S SPEED 1907
EFF AREA (IN2) 0.43 HEAD (FT3 5030,
usc (1DEAL) 0.468 OIA. (1N} 1.93
max TIP SPEED 935. 11P SPEED 632,
STAGES 1. vOoL. FLOM 231,
DELTA H  (ACT) 65.35 HEAD COEF 0.405
GAMMA 1.38 FLON COEF 0.182
PRESS RATIO (T/T) 1.10

REGENERATOR [aTA

eansnsanmenssone

COLD SIDE HOT S1DE
DELP a9.82 €% .07
DELT 182.57 ~223.29
AFEA 0.40 L.52 -
FLOM 5.65 4.9
EFSECTIVENESS 0.33
Ny 0.50
CRATIO 0.82
CHIN 17.9¢
RECGEN Q 39:8.60
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TABLE 67. — FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 70

ENGINE PERFORMANCE PARAMETERS

CHAMSER PRESSURE 17¢3.9
VAC ENGINE THRUST 20672,
DEL. VAC. 1IsP 427.5
TOTAL ENGINE FLOW RATE 43.3
THROAT AREA 5.547
NOZZLE AREA RATIO 100¢.0
ENGINE MIXTURE RATIO 7.00
CHAMBER/NOZZLE COOLANT DP 890.
CHAMBER/NOZZLE COOLANT DT 650.
ETA Cn 0.%8
CHAMBER/NOZZLE Q 12916.

ENGINE STATION CONDITIONS

® FUEL SYSTEM CONDITIONS =

STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 5.42 -107.5 %.37
B.P. EXIT 91.8 38.4 5.42 -103.$ %.39
PUMP INLET 9J1.8 38.4 5.42 -103.5 “.39
1ST STAGE EXIT 1748.8 62.2 5.42 1.2 4.41
2ND STAGE EXIT 3390.2 84.8 5.42 104.1 4.45
PP EXIT 5020.7 106.5 5.42 205.1 4.51
COLD REGEN 1IN 4975.3 106.9 5.42 205.1 ©.49
COLD REGEN EX ©929.1 316.9 5.42 1013.2 2.20
COOLANT INLET 4929.1 316.9 5.42 1013.2 2.20
COOLANT EXIT 4038.9 967.2 5.42 3397.2 0.71

TBV INLET 3988.8 9%7.5 0.95% 3597.2 ¢.70

T8V EXIT 2015.4 %81.1 ©.95 3397.2 0.37
LOX TRB INLET 3988.8 967.5 4.47 3397.2 0.70
LOX TRB EXIT 3637.6 950.2 ©.47 31328.2 0.66
H2 TRB INLET 3637.6 950.2 4.47 3328.2 0.66
H2 TRB EXIT 2121.% 853.8 4.47 2954.2 0.44
H2 TRB DIFF 2095.2 853.9 4.67 2956.2 0.644
H2 BST TRB IN 2072.7 854.0 6.47 2954.2 0.43
H2 BST TRB EXIT 2061.2 852.8 4.47 2949.3 0.43
H2 BSY TRB DIFF 2069.7 852.8 4.47 2949.3 0.43
02 BST TRB IN 2032.7 852.9 6.47 2969.3 0.42
02 BST YREB EXIT 2025.0 8s2.3 $.67 2946.6 0.42
02 BST TRB DIFF 2023.8 852.3 4.47 2946.6 0.42

H2  TANK PRESS 18.6 887.8 0.0049 3025.5 0.0039
GOX MEAT EXCH IN 201S5.4 8746.7 “.67 3625.5 0.4}
GOX HEAT EXCM OUT 2007.8 B874.2 &.47 1023.6 0.41
HOT REGEN IN 2007.8 876.2 ‘.47 3023.6 0.41
HOT REGEN EX 1962.1 597.9 G.67 2043.9 0.57
FSY INLET 1962.1 597.9 5.4l 2063.9 0.57
FSV EXIT 1913.6 598.2 5.41 2043.9 0.56
CHAMBER INJ 1896.9 598.3 5.61 2043.9 0.56
CHAMBER 17646.2

* OXYGEN SYSTEM COMDITIONS »

STATION PRESS TEMNP FLOW ENTHALPY DENSITY
B.P. INLET t6.0 162.7 17.95 1.9 70.99
B.P. EXIT 101.6 165.2 37.95 62.2 70.82
PUMP INLET 101.6 165.2 37.95 €2.2 70.82
PUMP EXIT 2379.8 176.4 37.95 70.4 71.20

02 TANK PRESS 16.0 <00.0 0.06 206.7 0.12
POSV INLET 2347.2 176.5 3.9¢ 70.4 71.15
POSV EXIT 1880.9 178.3 3.94 10.4 70.42
OoCV IMNLET 23647.2 176.5 35.94 10.4 7.1
ocv EXIT l03s.5 1772.7 33.96 70.6 70.66
PRIMARY INJ 1859 .4 178.¢ 3.94 70.4 70.39
SECONDARY INJ 1985.1 177.9 13.9¢4 70.4 70.58
CHAMBER 1763.4

VALVE DATA
seacrosnan

VALVE DELTA P AREA FLOW 3 BYPASS
BV 1973. Q.053 0.9% 17.91

v 48. 1.502 5.641
PaSY “bb. 0.032 1.9
acv 31z, 0.140 13.9¢6

INJ)ETT0R DATA

meesetqncunns

* FUEL » = OXID *
PRMIRY SECOND
DELP MaN 19.¢5 13 8 26¢.%0
DELP INJ 111.5¢ “s 38 221.10
AREA 1.03 <N 0.¢1
FLOW S.¢l M 31.9¢
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TABLE 67.

FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 7.0

(CONTINUED)

AN AR A E N NN AN RARAN AN
s TURBOMACHINERY PERFORMANCE DATA =

EEN AN U R AR R AN SR AN AN AN R

1 M2 BOOST TURBINE ®

Anesa AnAsase NN NAEREARARNNREERENS
EFFICIENCY 0.73¢ EFFICIENCY 0.765
HORSEPOMER 31, HORSEPOWER 31.
SPEED (RPM)  42920. SPEED  (RPM) 42920.
MEAN DIA  (IN) 1.36 S SPEED 2940.
EFF AREA (IN2]) 2.45 HEAD (FT) 2606.
uwe (10EAL) 0.485 DlA. (1N) 2.18
MAX TIP SPEED 251. T1P SPEED 408,
STAGES 1. voL. FLOW 554.
DELTA H  (ACT) 4.9%0 HEAD COEF 0.46S
cares 1.40 FLOW COEF 0.197
PRESS RATIO (T/T) 1.01

AFefeEENANERNA W RN

s H2 TURBINE " HZ PUMP =

ARda SRR NASUNANARER

STAGE 1| STAGE 2 STAGE OME STAGE TWO STAGE THREE
L ] any NAARNEE HAANSRENA AGEARNEAS MENNENGOENE

EFFICIENCY 0.792 0.795 EFFICIENCY 0.665 0.666 0.667
HORSEPOMER 2365. 2365. HORSEPOWER 802. 789. 774.
SPEED  (RPM} 118402. 118602. SPEED (RPM)  118602. 118602. 118602.
MEAN DIA  (IN) 2.86 2.86 S SPEED 784. 790. 795.
EFF AREA (IN2) 0.31 0.40 HEAD  (FT) §4197.  S3348. 52410.
usc C1DEAL) 0.425 0.438 DIA.  (IN) 3.44 3.46 3.644
MAX TIP SPEED 1482. 16482. TIP SPEED 1783. 1783, 1783.
DELTA H 192. 182. VOL. FLOMW 552. 547. 539.
GaMMA (ACT) 1.40 1.40 HEAD COEF 0.549 0.540 0.530
PRESS RATIO(T/T 1.36 1.37 FLOW COEF 6.09% 0.095 0.095

# H2 BOOST PUMP «

s 02 BOOST TURBINE «

2 02 BOOST PP &

EFF ICTENCY 0.826 EFFICIENCY 0.721
HORSEPORWER 17. HORSEPORER 17.
SPEED (RPM) 11574. SPEED  (RPM) 11576,
MEAN DIA  (IN) 3.69 S SPEED 3743.
EFF AREA (IN2) 3.60 HEAD (FT) 176.
usc (1DEAL) 0.514 DIA. (IN) 2.44
MAX TIP SPEED 186. T1P SPEED 123.
STAGES 1. vOoL. FLOW 241,
DELTA #  (ACT) 2.64 HEAD COEF 0.368
GAMMA 1.40 FLOW COEF 0.226
PRESS RATIO (T/T) 1.00

AEBRAdRURASNES NERBAARNERR

s 02 TURBINE & x 02 PUMP ®

EAERNEERRRE N NN AXRAARRANE,
EFFICIENCY 6.796 EFFICIENCY 0.729
HORSEPOMER 436. HORSEPOWER 436,
SPEED (RPM) 73352, SPEED  (RPM) 73352
MEAN DIA  (IN) 2.86 S SPEED 2029.
EFF AREA (INZ) 0.43 HEAD (FT) 6607,
usc (IDEAL) 0.440 Dla. (1N} 1.93
MAK TIP SPEED 917. TIP SPEED 619.
STAGES 1. VOL . FLOW 239.
DELTA H  (ACT) 68.96 HEAD COEF 0.387
GAMMA 1.40 FLOW COEF 0.171

PRESS RATIO (T/T) 1.10

REGEMERATOR DATa

COLD SIDE HOT S1DE
DELP 46.20 5. 68
DELTY 210.01 -276.25
AREA 0.40 1.52
FLOW S.62 667
EFFECTIVEMESS 0.36
NTU Q.55
CRATIO a.76
CHMIN 15.8%
REGEN Q “177.96
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TABLE 68. — FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 12.0

ENGINE PERFORMANCE PARAME TERS

CHAMBER PRESSURE 1160.0
VAC ENGINE THRUST 13474,
DEL. VAC. ISP 39¢.3
TOTAL ENGINE FLOW RATE 36.0
THROAT AREA 5.547
NOZZLE AREA RATIO 1800.0
ENGINE MIXTURE RATIO 12.00
CHAMBER/NOZZLE COOLANY DP €17,
CHAMBER/NOZZLE COOLANT DT 793.
ETA Cn .90
CHAMBER/NOZZLE Q 7296.

ENGINE STATION CONDITIONS

% FUEL SYSTEM COMDITIONS =

STATION PRESS e FLOW ENTHAL PY DENSITY
B.P. INLET 18.6 37.4 2.62 -107.5% 4.37
B.P. EXIT 61.5 38.1 2.62 -106.7 4.37
PUNP INLET 61.5 38.1 2.62 -104.7 4.37
IST STAGE EXIT 1352.4 61.9 2.62 -9.1 6.2
2KD STAGE EXIT 2599.2 84.1 2.62 83.6 “.17
PUMP EXIT 3813.5 105.4 2.62 173.9 6.16
COLD REGEN IN 3802.0 105.5 2.62 173.9 4.16
COLD REGEN EX 3788.2 662.8 2.62 2263.4 0.98
COOLANT INLET 3788.2 642.8 2.62 2243.4 0.98
COOLANT EXIT 3371.4 1636.2 2.62 s031.2 8.41

TBV INLEY 3351.4 1436.4 0.01 5031.2 0.41

TBV EXIT 2350.0 1643.9 0.01 5031.2 0.2
LOX TRB IMLET 3351.4 16436.4 2.60 $031.2 0.41
LOX TRB EXIT 3166.7 1420.6 2.40 £969.8 G.39
H2  TRB IMET 3166.7 1420.6 2.60 £€969.8 0.39
M2 TRB EXIY 2399.2 1347.0 2.40 €689.7 0.32
2 TRB DIFF 2386.8 1347.1 2.68 €689%.7 0.32
H2 BST TRB IN 2378.7 1347.2 2.60 4689.7 0.32
H2 BST TRB EXIT 2371.0 1366.4 2.60 £686.9 0.32
n2 BST TRB DIFF 2365.7 1346.5 2.60 4686.9 0.32
02 BST TRB IN 2357.9 1346.5 2.¢0 <686.9 0.31
02 BST TRB EXIT 2356.3 1346.1 2.60 4685.3 0.31
a2 BST TRB DIFF 2353.8 1346.1 2.60 4685.3 .31

H2 TANK PRESS 18.6 1364.6 8.0015 «687.1 0.002¢
GOX HEAT EXCH IN 23%0.0 1346.6 2.60 4687.1 0.3}
GOX HEAT EXCH OUT 2346.6 1345.8 2.60 4684.3 6.31
HOT REGEN IN 2346.6 1345.8 2.60 46846.3 0.31
HOT REGEN EX 2326.5 753.7 2.60 26041 0.5¢
FSV INLET 2326.5 753.7 2.62 2605.1 0.5¢
FSV EXIT 1227.1 760.4 2.62 26041 0.2%
CHAMBER 1NJ 1218.7 760.¢6 2.62 2606.1 0.2
CHAMBER 1160.0

% OXYGEN SYSTEM CONDITIONS «

STATION PRESS TEMP ALow ENTHALPY DENSITY
B.P. INLET 16.0 162.7 31.44 61.9 710.99
B.P. EXIT 52.1 164.9 31.46 62.1 70.81
PUMP INLET 52.1 164.9 .64 2. 70.81
PUMP EXIT 1460.1 172.1 31.644 7.1 71.0¢

02 TANK PRESS 16.0 %00.0 0.05 206.7 0.12
POSY INLET 1432.7 172.2 2.72 67.1 71.00
POSV EXIT 1215.5 173.0 .72 67.1 70.64
OCV INLET 16437.7 172.2 28.67 67.1 ri.o0
OoCv EXIT 1352.4 172.% .67 7.1 70.86
PRIMARY INJ 1205.4 17%.0 2.712 67.1 70.62
SECONDARY INJ 1317.2 172.6 78.67 67.1 70.81
CHAMBER 1159.8

VALVE DATA
sesaansunan

VALVE DELTA P AREA FLOM X BYPASS
BY 1001. 0.001 0.0} 0.51
Fsv 1099, 0.100 2.62
POSV J22. 0.032 2.72
ocy B8S. 0.184 J8.67

INJECTOR DATA

LR Y Y T

" FUEL @ * Oxip «
PRIMARY SECOND
DELP MAN 8.71 5.0¢ 17.42
DELP INJ 50.0% &S 5 157.23
ARE A 1.02 Q.07 6.41
FLOW S.62 2. J8.47
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TABLE 68. — FULL-EXPANDER CYCLE WITH REGENERATION — O/F = 120
(CONTINUED)

o TURBOMACHINERY PERFORMANCE DATA «
L

GaENdRE NN A NSRS A AN

EaudRERERARARARNNNRN ELX R TP TR LY )
s H2 BOOST TURBINE = ® H2 BOQST PUMP =
BUNARANER N RE AR NN fnsessdnenasESRuY
EFFICIENCY 0.659 EFFICIENCY 0.647
HORSEPOWER i0. HORSEPGORER 16.
SPEED (RPH) 28390. SPEED (RPM} 28390.
MEAN DIA (IN) 1.34 S SPEED 2020.
EFF AREA (IN2) 2.45 HEAD (FT) 1412,
usc CIDEAL) 0.48% DIA. (1IN 2.18
MAX TIP SPEED 166. T1P SPEED 270.
STAGES 1. VOL. FLOM 269.
DELTA H (ACT) 2.82 HEAD COEF 0.623
GAMMA 1.36 FLOW COEF 0.164
PRESS RATIOC (TrT) 1.01
EauEamENRANNEN LY YL T Y
« K2 TURBINE = = M2 PP »
ansuNmaNENNERS RunmuwsAANE
STAGE 1 STAGE 2 STAGE ONE STAGE TWO STAGE THREE
ReKmmAR  ARERRAN NEBNNNAEN SANSNENARN NERARNRETEAN
EFFICIENCY 0.740 0.789 EFFICIENCY 0.585 0.593 0.597
HORSEPOWER 1032. 1032. HORSEPOWER 354, 343, 336.
SPEED (RPM) 98658. 98658. SPEED (RPM) y8658. 98658. 98658 .
MEAN DIA  (IN) 2.86 2.86 S SPEED 545. 857. $65.
EFF AREA (IN2) 0.31 0.40 HEAD (FT) 43535, 62777. G1976.
usc (1DEAL ) 0.380 0.438 Dla. (N 3.464 3.44 3.44
MAX TIP SPEED 1233. 1233. TIP SPEED 1483. 1483. 1483,
DELTA H 185. 125. VOL. FLOW 278. 2. 282.
GAMMA {ACT) 1.36 1.36 HEAD COEF D0.637 0.626 0.614
PRESS RATIO(T/T 1.364 1.37 FLOW COEF 0.057 0.059% 0.060
sereaNUABNUNSANER RSN LLLET Y TR TY LY )
s 02 BOOST TURBINE = * 02 BOOST PUMP =
SEaEeReNmINsancRNRANR AEAANSNRRANCENENE
EFFICIENCY 0.798 EFFICIENCY a.715
NORSEPGHER 6. HORSEPOWER 6.
SPEED (RPM) 8579. SPEED (RPKM) 8579.
MEAN DIA {IN) 3.69 S SPEED «819,
EFF AREA (IN2) 3.60 HEAD (FT) 74.
us/c (1DEAL) 0.516 DIA. {IN) 2.44
MAX TIP SPEED 138. TIP SPEED 9.
STAGES 1. VOL. FLOW 199.
DELTA H (aCT) 1.60 HEAD COEF 0.283
GAMMA 1.36 FLOW COEF 0.253
PRESS RATIO (T/T) 1.00
saamsesecannen semssanzana
" 02 TURBINE = * 02 PUMP
IR YT TR TR RN cenanazansn
EFFICIENCY 0.694 EFFICIENCY 0.721
HORSEPOWER 226. HORSEPOWER 226.
SPEED {RPM) 58806 . SPEED (RPM) 58806 .
MEAN DIA C(IN) 2.86 S SPEED 2123.
EFF AREA (IN2) 0.43 HEAD (FT) 2856.
usc (IDEAL} 0.349 DIA. (S} 1.93
MAX T1P SPEED 735. TIP SPEED “96.
STAGES 1. VOL. FLOMW 199.
DELTA H (ACT) 61.39 HEAD COEF 0.373
GAMMA 1.36 FLOW COEF 0.177
PRESS RATIO (T/T) 1.07

REGENERATOR DAaTA

mescneasnNTancarn

COLD SIDE HOT SIDE
DELP 13.8%5 20.11
oELT 537.312 -582.10
AREA 0.40 1.2,
FLOW 2.2 2.60
EFFECTIVENESS 0.48
NTY 0.9¢
CRATIO 0.91
CMIN 9.15
REGEN Q 5415.5¢
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