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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 Research Center, under Contract NAS3-23858.
Task Order D).4.

The study was initiated in November 19X8 and completed in January 1990. Mr. Paul Richter was the
NASA Task Order Manager. The effort at P&W was carried out under Mr. James R. Brown, Program Manager,
and Mr. Arthur I. Masters, Engineering Manager. Other individuals providing signilicant contributions in the
preparation of the report were Donald E. Galler, Todd F. Delnman, and Ricky A. Schied -- System Perlormance
Analysis; James R. Black and Aaron R. Fierstein - Heat Transti.r; Gale IL. Clark - Pump Design; and Bruce
R. Branstrom - Turbine Design.
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SECTION I

INTRODUCTION AND SUMMARY

INTRODUCTION

NASA mission studies have identified the future need for a new Space Transfer Vehicle (STV) Propulsion
System. The new system is to be an oxygen/hydrogen expander cycle engine of 7,5(W) to 5(0.M) lbs thrust or
more, and must achieve high performance via eflicient combustion. high comhustion pressure, and high area
ratio exhaust nozzle expansion. The engine is likely it require wide versatility in terms of such characteristics
as throttleability, operation over a wide range of mixture ratios, autoIeenLous pressuri/ation. and in-flight engine
thermal conditioning and vehicle propellant settling. Firm engine requirements will include: Ion- life. man-ratin2.
cost effective reusability, space basing, and haull-tolerant operation.

A design and analysis study was conducted to provide advanced engine descriptions and paramletric data
for STVs. The study was based on an advanced oxygenlhydroien engine in tile 7,5(W) it 50.M(M) Ibl thrust
range. Emphasis was placed on defining requirements for high performance with engine .'stems capable of
achieving reliable and versatile operation in a space environment. Engine syslen requirements and goals are
listed in Table I.

The study was divided into three technical tasks. In the first task several expander cycle variations were
compared from 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 cycles were used
to investigate requirements for wide range throttling (20: 1) and high mixture ratio (O/il- 1 2.0) operation. The
third task was to conduct reviews and coordinate perlorinance of the work.

CYCLE COMPARISON STUDY

Four expander cycle variations %,wre evaluated with respect to their applicability to an STV-Iype engine, i.e.,
the full- , or single- , expander cycle; the split-expander cycle. the dual-expander cycle: and the lull-expander
cycle with a regenerator. The four cycles were compared on the basis of: (1) maximum achievable chamber
pressure, which translates to engine performance. weight, and envelope. (2) system comiplexity, i.e., number of
components, severity of cycle condition, technology availability, and program risk (3) throilling 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 meltods - copper chambers
with milled channel construction and tubular copper chambers. The results are shown in Figure I for the
tubular copper thrust chambers. Based on the assumption of equivalent technology, the full-expander cycle
with regeneration was found to have tile highest chamber pressure capability. The maximum pressure with the
split-expander cycle was near that of the regenerator cycle at thrust levels above 25.(XX) lbs. but dropped off
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 to provide a significant improvement in achievable chamber
pressure over milled channel chambers.

On the basis of system complexity, the lull expander cycle has the fewest compoments, the least severe
design requirements, and is the most proven, The extra heat exchangers and oxidizer environment in the oxidi/er
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 cvcl'.

The primary difference in throttling and high imixture ratio operation between the lfur cycles is in the
ability to provide adequate thiust chamber cooling and acceptable turbine inle: temlperatures over the range of

I ~ ~I I



TABLE i. -- ENGINE SYSTEM REQUIREMENTS ANI) (60ALS

Propellants Liquu Hydrogen
Liquid Oxygen

Vacuum Thrust 7,500 Ibf to 50,000 lbf (Study Range)
Vacuum Thrust Throttling Ratio 10:1
Vacuum Specific Impulse
Engine Mixture Ratio 6.0 (design point at full thrust)

5.0 -. 7.0 (operating range At 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)
Prpellant Inlet Temperature

Hydrogen 37.8 R
Oxygen 162.7 R

Inlet Net Positive Suction Head
Hydrogen 15 ft-lbf/lbm at full thrust
Oxygen 2 ft-lbf/lbm at full thrust

Design Criteria Fi man 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
Yaw Angle
Acceleration (Maximum)
Velocity (Maximum)

Start Cycle

Engine Parametric Study Results
Vehicle/Mission St say Results

conditions required. The split expander cycle was f-lund to have a signilicanl advantage over other cycles For
throttled and high mixture ratio operation.

On the basis of this comparison, the split expander and full expander cycle were ,elected as the cycles to
be used for preparation of the parametric data. These data are presented in Appendix A of this report. The
split expander cycle was selected as the baseline cycle For the throttling and high mixture ratio operation study.
Secondary consideration was given to throldling, he lull expander cycle with regeneration.

THROTTLING AND HIGH MIXTURE RATIO OPERATION

The basic requirements for wide range throttling ant high mixture ratio operation are: (I) achievenitent of
high colnLstion 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 condilions required,
(3) achievement of wide range control without undue control systemn complexity, and (4) punmp flow stability
and avoidance of turbine flow separation at low flowrates.



A number of deign features were identified fOr imeeting these requirements: they consisted of:

- l)ual-orilice injection to providle acceptable pressure drop and high combustion efliciency over the wide
range of fuel and oxidi/er flows required (Figlure 2)

* Use of tile split-expander cycle to provide extra coolinfg capability for off-design operation

"• Novel control schemes to provide increased cooling capacity at off-dcign conditions

"* inducer-interstage struts and flow recirculation to provide oft-desiin point pump slabilily

"• Use of the split-expander cycle to reduce tile turbine flow variation i ron full thrust to minimum thrust
and, thereby, inhibit turbine flow separation at low thrust.

"2,OJO - Full Expander With Regenerator

1,800 , Full-Expander
Full-Expander

Maximum 1,600
Chamber

Pressure - Split-Expander
psia 1,400

1,200 -Dual-Expander

1,20001

1,000 I I I "- -1I
0 10,000 20,000 30,000 40,000 50.000 60.000

Engine Vacuum Thrust - lbs

Figure 1. Conparisoll of Achievable Chamber Pressure fir Fouir Cycles UIsig Tubdlar Cppe-r Thrrust Chnmbier-s
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SECTION II

DESIGN AND PARAMETRIC ANALYSIS

EXPANDER CYCLE COMPARISON

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

In preparing these data, a technology level consistent with tile early-to-mid 1990s was established as a
baseline 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 to which tile cycle is optimized.
Definition of the technology level tor any study is always subjective. Although some assumptions may be revised
as technology develops, moderate changes are not expected to compromise tile 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 to an area ratio of 2 1() to I for the full- and split-expander
"* Regenerative-cooling to an area ratio of 400 to I for the dual-expander
"* Maximum thrust chamber wall temperature of 1460'R.

(2) Pumps

• Fuel pump bearing bore diameter x speed (i)N) of 3.0 x 10(' rpm-mm
• Maximum pump tip speed of 2100 fU/sec
SSh)rouded impellers.

(3) Turbines

B Hack-to-back vaneless main turbines (except for dual-expander cycle)
* Maximum turbine tip speed of 20(W) U/sec
* Shrouded turbine blades,

Two thrust chamber cooling concepts were used in the baseline study: conventional milled channel copper
thrust chambers and tubular copper thrust chambers. The tubular chamber provides an estimated IX percent heat
transfer chamber enhancement over the grooved chamber due to the increased hlot wall surface area.

The pump bearing I)N limit (product of diameter and speed in rpm-nmm) was set at 3.(1 million lor tile
hydrogen lurbopump and 1.4 million Ior the oxygen turbopump. Based on Pratt & Whitney's (1& W) demonstrated
capability in the Space Shuttle Main Engine Alleinate Turbopump D)esign and XI.R-12,9 high-pressurec emnine,
current I)N limits are 2.4 million for hall bearinms and 2.7 million lir roller bearings in hvdlroen and 1.4 million
lor bearings in oxygen. Previous P&W studies hare indicated that 3.0 million I)N lbr hvdroeen is achievable
with mnodesl development. Although higher eflecti 'e I )Ns arc possible wilh hydrostalic bcarings. 1111h0r speeds



complicate the pump design and drive tile turbine toward partial admission (lower efficiency). The effect of
turbopump speed was evaluated independently at 25,0())-pounds thrust in the lull-expander cycle.

Vaneless back-to-back. oxygen-hydrogen turbopumps are tihe 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 tile
dual-expander cycle. A discussion of each of the engine cycles and some compoment evaluations, which were
also conducted, is contained in the followin2 sections.

Turbopump Configurations

High turbopump ef.iciency is an important requirement for altainin2 high chamber pressure. One important
issue is partial-admission versus full-admission turbines. The RII) expander cycle engine initially had a partial
admission turbine (approximately 1200 admission), however, beginnin2 with the RI.I1)A3-3. tihe RI.L() has used
a lull-admission turbine with a total-to-static efficiency of over 8() percent. A parameter used in turbine design,
specilic speed, illustrates tile maximum obtainable efliciency and the optimum I type of turbine. Figure 3 presents
a specilic speed efliciency curve. The STV cycle requires a high specific speed and a 2-stage. full-admission
contiguration to provide high turbine efliciencies

Another issue investioated was turbine contiguration. Back-to-back, counter-rotatimn, oxvyen-hvdrogen
turbopumps were selected for tile paramelric study on tile basis of their high turbine efliciencv 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 for some time in gas turbine turbofan engines, but have not as "et been used in
rocket engine turbomachinerv. The conliguration eliminates turbine-to-turbine pressure drop and decreases the
inlet and exit guide vane losses. The configuration also provides a weight reduction by eliminating one turbine
housingŽ and inter-turbine ducting.

l)uring independent component design studies conducted by P&W, analysis indicated possible rotor dynamic
instabilities with somie fuel pump conligurations. l)evelopment of suitable damping techniques appears practical.
bul an alternative approach is use of a split rotor fuel pump driven by back-to-back turbines as shown in
Conliguration B of Figure 4. This conliguration provides much shorter fuel turbopump shalt length for improved
rotor dynamics at the expense of some ofile weight and performance advantages of Configuration A.

Full-Expander Cycle

In the full-expander cycle, depicted in simplified fiorm in Figure 5, fuel is pumped to a high pressure and
used to cool the chamber and nozzle 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 tihe
,(as generator cycles. The expander cycle also has lower turbopunip discharge pressure

requirements than the staged combustion cycle and higher performance than the gas generator. An expander
cycle engine is accepted as a simpler, sahcr. more reliable propulsion system. having iwer failure m'odes than
other cycles. The expander engine, of which the RI.l() is an example, is a flight-proven concept.

The lull-expander cycle relies on heat transferred from the chamber and nozzle to provide the energy
required by the turbopumps. At low design thrust levels, the energy available in tile cycle is sulicient to provide
high chamber pressure levels. However, as design thrust increases the maximum achievable chamber pressure
declines, as shown in Figure 6 for both copper tubes and milled channel copper chambers. Above an engine
design thrust of 35,000 pounds, full-expander cycle engine chamber pressures are limited to just under 15(M)
psia based on (ie assumed technology level.
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Throttling the full-expander cycle through•. tile desired 20 to I range presents some dillicull desimni challcnges.
Using the entire fuel flow for coolinLo, as thrust levels decrease, the coolant exit tempieraltures increase. High
mixture ratio operation also presents a cooling problem f'or the full-expander cycle. The reduced fuel llw at
the higher mixture ratios increases the chamber wall temperatures. rCduciniŽ tile chamber desiwni lile. These
limitations can be partially oflset by reducing combustor length. use of overcooling at tile design point, or
bypassing part oftihe flow at tie desin point and usin,, all of the flow at olf-design. .iowever. these approaches
introduce additional system complexity and cycle losses.

Overall, the full-expander cycle meets STV propulsion system requirements, but cooling requiremlents for
throttling and high mixture ratio operation would either limit operation in this regime, require cycle compro•mises.
or require added control provisions.

Split-Expander Cycle

In tile split-expander cycle, shown schematically in Figure 7. a portion of the fuel bypasses the clihamber
and nozzle coolant passages and most of the turbomachinery. The split-expander retains the advantages of
the full-expander discussed earlier and offers an additional benefit. With approximately half of the fuel flow
routed from (he Ist-staŽe puMP discharge directly to thie injector, the turbopump horsepower requirements for

the split-expander cycle in a typical STV cycle are decreased by approximately 15 to 25 percent.

The energy available in the split-expander cycle is the same as tile full-expander cycle for a 2iven ihrust
and chamber pressure level. However, since the horsepower requirements of the turbopumps are less. the split-
expander cycle can achieve higher chamber pressure levels at tie same technology level. As shown in Figure
8, tile split-expander cycle with a tubular copper chamber can achieve engine chamber pressures above 1500 psi
at engine thrust levels of 12,001) to over 50,000 pounds. The maximum chamber pressure is approximately 151)
psi higher with tubular chambers than milled channel chambers.

At thrust levels below 25,)0() pounds, tihe maximum chamber pressure with the split-expander begins to

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, signilicant reduction in tile design
point bypass flow would reduce ile inherent advantages of file split-expander thr oflp-design operalion.

The ability to regulate chamber and nozzle coolant flow during engine (hrottling and high mixture ratio
operation is an important benefit of tile split-expander cycle. Because of tile reduced coolan thow at lull thrust.

thc coolant exit temperature of the split-expander is higher than tile lull-expander. As will be discussed later, tile
coolant exit temperature of' ile full-expander cycle rises as file engine is throttled. By using tile splii-expandlr
jacket bypass valve (JBV) to increase thie percent of coolant hlow. tihe coolant exit temperature can be decreased
up to a point during throttling. At some Fraction of rated power. 30 percent in the case studied, tilhe MV is
completely closed and the cycle operates like a full-expander. However, because the coolant passages lbr tile
split-expander are designed for a lower blow at rated power, tile combustor wall stabilizes at a lower temperature
during deep throttling, as shown in Figure 9. The full-expander curve shown in that figure is lfor a case that
has not been optimized for coolingŽ at throttled conditions. Lower temperatures can he obtained. biul not without
some 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 ito increase
the percent of coolant flow, the split-expander cycle is able to operate at higher mixture ratio levels \ith ai
lower combustor wall temperature. Figure 10 sho\ws tile cooler copper tube wall temperature aitained with tihe
split-expander cycle compared io the lull-expander c cle. The difference in wall temperatures al tile design point
is because the data are fo r a thrittlled I0)()0 psia coinditiin. Ftor a i hrus chamber that hais been desiined ait in
)IF of 6.0, IMX)0 psia is tlhe highest chamber pressure that can be achieved while Ilunili ni thie nlaximnunil hot % all

temperature in tile chamber to It)6()OR (tile blanchumig Iliit).
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Thie full-expander cycle wall temperatures, which were shown in Figure I1), do not represent an opinmiied
c¢ olin scheme for higŽh mixture ratio operation. This optimization cannot be accomplished. however. witho)ut
signilicant cycle penalties at normal operation. Low wall temperatures are essential at high mixture ratio operation.
The maximum wall temperature ranoe lbr prevention of copper oxidation is I106(0 to 1260'R without coatinlos.
Use of coatings could reduce the wall temperature, but reliable coalinigs are not currently available and any
coatingŽ will reduce the overall heat transfler and tile available cycle power.

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

Dual-Expander Cycle

Another variation of tile expander cycle is the dual-expander cycle showvn in Figure 1I. Tile dual-expander
cycle uses all the fuel flow to cool tihe chamber and drive the fuel turbopump. Oxygen is vaporized in the nozzle
or an auxiliary heat exchanger and subsequently used to power tile oxidier turbopump. This cycle otTers several
advantages over both the full- and split-expander cycles. The oxygen turbopump does not require a special
interpropellant seal package between the pump and turbine sections. The availability of gaseous oxygen at all
thrust levels, simplilies the task of liaintaining combustion stability during throttling. Separate turbine drive
fluids simplify 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
level are comparable to the fill-expander. Because oxygen is less eflicient 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),00)0 pounds, tile dual-expander cycle cannot achieve
chamber pressures above 1200 psia without use of regenerators or internal heat exchangers to provide additional
energy to the cycle. While regeneration is possible, the achievable pressure would always be lower than with the
same enhancements in a fill-expander cycle except at low thrust (below 750() pounls). At low thrust. expander
cycles are limited by the hydrogen temperature out of the cooling jacket- allowing the oxygen to absorb a portion
of tile energy increases the total energy available within (ie temperature limit.

Using liquid o)xyeen to cool the nozzle also provides a source of gaseous ox\,e n to supply tank prcssurant
and promote comibustion stability during deep throttling, negating the need for a variable area injector or a
separate heat exchanger. However, experience has shown that achieving glood mixing- with gaseous fuel and
gaseous oxidizer over a wide range ol conditions is difficull, and combustion efficiencv may suflher at throtlled
or high mixture ratio conditions.

Like the split-expander cycle, the dual-expander cycle is an untested concept. The dual-expander cycle
differences front the proven full-expander cycle also are based on understood fundamental Iluid dynamics and
(hermodynamics. Technology questions, such as turbine malerial characlerizalion in gaseous oxygen and control
during deep throttling and high mixture ratio operation, need to be addressed. I)espite its pressure limits at
moderate thrust and more complex operation comnpared to other expander cycles, tile 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 he achieved through use of a regenerator or enhanced
thrust chamber heat transfer in the full-expander anti dual-expander cycles. The split-expander cycle can also
benefit from enhanced heat transfer, but tihe lower chamber coolant Ilows do( not provide adequale cooling• when
greatly enhanced heat transler is used below 50,000-pounds thrust. The function of a regenerator is to increase
the available turbopump power by recovering heat downstream of the turbines and using it io preheat the fuel
before cooling the thrust chamber (Figure 13). Enhanced chamber heat iransfer increases the available power to
the turbines and can he achieved by using finned cooling tubes and ribbed chamber walls.

The upper limit chamber pressure for the full-expander cycle with regeneration is shown in Figure 14. Thie
enhancement of the full-expander cycle with the addition of a regenerator, provides a signilicant 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 milled channel copper chamber instead of lubular 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 difficult job of cooling at throttled or high mixture ratio operation.
Enhanced chamber heat transfer accomplishes the same results, but also raises the same concerns. IBypassing the
regenerator at off-design conditions partially alleviates this problem.

On the basis of this comparison, the full-expander cycle with regeneration was judged to have the highest
chamber pressure capability over the range of thrust considered. The capabilities of the split-expander cycle
and full-expander cycle without regeneration were only slightly lower over most of the thrust range. The split-
expander cycle was lound to have unique advantages for throttled and oil-design operation. The full-expander
cycle with regeneration and the split-expander cycle were thereibre selected as the cycles fur 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 lor an
oxidizer/fuel (()/F) ratio of 6.0.

TABLE 2. IADVANCED EN(iINE STUDY RANGiE OF DESIGN POINT PARAMETERS

Vacuum Thrust 7500 to 50,(X)O [IN

Chumber Pressure ItW)O psia to cycle linmit

Expansion Ratio Regenerative tlerllilltls to 1200

The upper limit chamber pressures presented in the "cycle selection" section ranged troin 11)14) 1o 41) psia
fbr the various cycles and thrust levels investigated. These limits are not absolute, but rather are relative linils
based upon the assumed technology level chosen for this study. Chamber pressures above 200(1 psia appear
possible for most cycles at most thrust levels (reler to the "Higher ('hamber Pressure Reqluirements" section).
However, an upper limit of 2000 psia was selected 1tr developing the parametric data. The bollowing paragraphs
describe the methodology used to produce the paramelric dala.
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Performance

In calculating the predicted impulse, an ideal impulse was calculated, and then etliciencies were applied
to the ideal impulse to account for various losses. These losses include energy release losses, kinetic losses.
(livergence losses, and boundary-layer losses.

The ideal predicted impulse was calculated with the NASA one-diiiensional chemical equilibrium computer
code (DI)E) analysis using engŽine inlet Iluid enthalpies. For this analysis, an adiabatic assumption was employed
with the control volume encornpassing the engine. The propellants enter the control volume at the engine inlet
and exit the control volume at the nozzle exit plane. The energy release losses are accounted for by applying a
combustion efliciency to the ideal impulse. F)r this study, a constant combustion elliciency of (.992 was used
which is based on performance expected with tangential swirl injectors. The remaining losses are accounted for
by applying a nozzle efliciency to the impulse that has been corrected lir energy release losses. For this study.
a constant nozzle efliciency of" 0.982 was used which is based on a maximum payload truncated bell no/zle.

A comparison was made between the method of perlormance prediction used in (his study and experimental
data present,.d in Table 3 (ref. I). To make a valid comparison between the predicted and measured perftrmance
a few assumptions were made. First, the combustion efliciency (i1C*) that was calculated from the experimental
results was used in calculating the predicted performance rather than the constant combustion efliciency that
was used in the study.

Second, typical cryogenic engine inlet propellant conditions were used to calculate the ideal specitic impulse
instead of using the measured injector inlet conditions (ref. I). The second assunmption 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 nmaintained at crvogenic conditions, but were heated to
ambient temperature by the atmosphere. Also, as the propellants were combusted and expanded, heat was
removed by the water jacket that surrounded the throat region and the hleat retaining capacity of the metal. The
ambient 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 agreement around an 0/F of 5.0 for the 1)30 ito I area
ratio and best agreement around an (/F of 4.0 lfr the 428 to I area ratio. The difference 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. I) indicated that a laminar boundary layer assumption showed the best agreement with
the experimental data. However, subsequent studies by NASA L.ewis (ref. 2) indicate that for hihher chamber
pressure liels (360 to 26(00) psia) a transitional boundary layer occurs. Although no performance data were
presented, the transitional boundary layer would probably be detrimental to performance,

The parametric analyses show that thrust level has no effect on vacuummm specilic impulse while chamber
pressure has very little effect, i.e., less than I second increase in going from a chamber pressure of i(t)I psia
to 200)() psia (Figure 18). Area ratio is the biggeest driver of' specilic imnpulse. An area ratio above 9W() would
be required to achieve a 480 sec vacuum I, based on the current data.
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TABLE 3. - COMPARISON (0F P&W PREI)ICTED) IPERFORMANCE (1,10)111WITH MEASUREI)
PERFORMANCE (I. m ) FOR THE NASA ILEWIS 1030 To I AREA RATI) NO/ZZIE (REF 1)

Reading AR FVAC PC 0/1 I.,. I,/ .... /I,/

112 1030. 544.4 360.0 3.84 456.1 468.9 0.973

113 1030. 541.6 356.9 4.36 457.7 460,4 0.994

114 1030. 552.3 360.9 5.08 459.2 451.9 1.010

115 1030. 550.4 355.3 5.4) 458.0 449.7 1.020

117 1030. 531.5 356.2 3.1, 4518 473.4 0.954

120 1030. 546.1 355.2 4.30 457.7 466.1 0.982

121 1030. 552.9 360.0 4.11 457.7 473.0 0.96

123 1030. 534.3 355.2 3.19 451.8 481.1 0.939

124 1030. 536.4 361.4 2.78 447.4 481.3 0.929

125 1030. 541.0 354.0 3.74 455.6 477.8 0.953

136 428. 5(X).9 345.6 3.04 446.7 462.3 0.966

137 428. 531.6 356.8 4.29) 453.3 452.6 1.002

Notes:
(1) t,1 was calculated using one-dimensional equilibrium (with linginc Inl I- nt halpies). a
constant nozzle efficiency (0.982), and the experimentally determined i)('*.

Engine Envelope

Engine overall lengths and exit diameters were calculated over the range of specilied operating condilions.
The length of the engine is from the gimbal mount to the nozzle exit plane and consists of ihree separate lengths.
The first length is the distance from the engine gimbal mount to the injeclor face. This was eslimale(] from
layouts of engines of comparable thrust. The length of the combustion chamber, the second length, was held
constant at 15 inches. The remainder of the engine length is the distance from the throat to the nozzle exit
plane. A maximum payload bell nozzle contour was generated for the chamber pressures, thrust levels, and
nozzle expansion ratios of [he parametric study. The engine diameter is the exit diameter of the no/zle and is
a function of the thrust level, chamber pressure, and expansion ratio.

Weight

Parametric engine weights were generated over the range of specified operating conditions. Historical
thrust/weight data were used to estimate these weights with adjustments being made for size. cycle. material.
and technology diffierences. These adjustments included nozzle weights which were calculated as a funclion
of nozzle surface areas. The difference in weight between the split-expander cycle and the full-expander cycle
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 full-expander
cycle with regenerator.

Nozzle Contour Trade-off

The maximum payload bell nozzle contour, used throughout the parametric study, is a rather Iont- nozzle
that is used to attain high specific impulse. A sensitivity study was conducted to calculate the effect of no/zle
contour on the trade-off of length and weight with performance. Nozzle contours froni a minimum length it a
maximum performance were examine([ lor a chamber pressure of 15(10 psia. The results are presented in FiLUrTs
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19 anti 2() for the notile expanlsion ratio range of inlerest and show that g~oing to a shorter notile can decrease
engine weight by up to 12 percent for a high area ratio (120(1) to 1) engine while dropping performance only
approximately I A) second. However, for a relatively low area ratio (21l() to 1) enoine, performance decrease by
almost 3 seconds when a minimum lenglth nonzle contour is used while engine weight drops yony3.5 p~ercent.

HIGHER CHAMBER PRESSURE REQUIREMENTS

The upper limit chamber pressures, discussed in the "cycle selection" section. were based on rather
conservative assumptions of flidl-1I990)s technology. Selection of the technology level for the cycle comparison
was driven by these considerations:

* There appears to be little increase in specific impulse or system performance at chamber pressures
above lOO(() to 150() psia.

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

* Not pushing system design anti technology levels to extreme limits reduces development difficulty
(program risk) andi helps ensure a hioh level of reliability.

Higher pressures are possible and may, under some circumstances, be worth the additional conmplication.
A system sensitivity study was conducted to determine which of the cycle parameters in the original studly
most significantly limited chamber pressure and to show' how modifying 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 full-expandler cycle with regeneration.

TABL.E 4. -- APPR()ACHES TO HIGHER CYCL.E CHAMBER P~RESSURE

Cycle Parameter Means of Achieting
Improvement Cycle Improvement

Higher Pump Efficiency Full-Expander With Regenerator Higher Pump Speed, Reduced Pump
Spilt-Expander Leakage

Higher Turbine Efficiency Full-Expander With Regenerator Higher Turbine SpeedReduced Tip
Split-Expander Leakage

Higher Turbine Pressure Ratio Full-Expander With Regenerator Higher Pump Discharge Pressure
Split-Expander

Coolant Jacket Bypass Flow Split-Expander tncrease Byplass 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 tncreased Thrust ('hambcr Lecngth

Thle effect of pump efliciency on maximum achievable pressure is shown in F-igures 21 andl 22 for thle twvo
cycles. F-or the split-expander cycle, an increase of 5 percent in fuiel andi oxiditer pump efliciency over thle
baseline cycle pump efliciencies (approximately 65 percent fo•r the fuel pump and 75 percent for the oxidizer

12



pump) produces an increase of 150 psi in chamber pressure if all other cycle variables are held constant. Fuel
pump efficiency improvenments could be achieved by developing hydrostatic bearings to operate well above tihe
baseline cycle turbopump speed (125,00)0 rpm for tihe fuel pump) or by reducing internal pump leakage below
current state-of-the-art projections. For the full-expander cycle with regeneration, 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 S0 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. Pratt &
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 full-expander cycle with regeneration, increasing the turbine
pressure ratio to 2,4 increases chamber pressure by only 90 psi, while requiring an ii.crease in pump discharge
pressure of 1000 psi. Similarly, for 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(M)
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 unthrottled split expander cycles prepared
under this study have been based on 50 percent bypass flow. At low thrust (below approximately 20,MX) pounds),
the optimum bypass flow for maximum chamber pressure is below 50 percent; however, 50 percent was used
as a minimum in the split-expander 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,(X)0 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 effectiveness is a design variable
that affects available power. A relatively low effectiveness was used in the cycle comparison study because
of cooling limitation at low design point thrust and problems associated with throttling with the regenerator in
the cycle. At the 25,0(X)-pound thrust level, a higher regenerator effectiveness is feasible and can provide a
significant increase in achievable 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 to 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 regeneration. 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 regeneration, respectively. A 14.7 inch chamber length raises the achievable chamber
pressure by 95 psia for the split-expander cycle engine. Above that length, however, the coolant pressure loss
increase, associated with the enhanced heat transfer, exceeds its benefits anti 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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Based on the above results of this sensitivity study, an extended chamber pressure limit design was generated
for each cycle. Moderate levels of improvement were selected for each parameter to slay 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 split-expander and the full-
expander with regeneration, respectively. The split-expander Cycle achieves a chamber pressure of 2(44 psia
with a resulting pump discharge pressure of 6923 psia and an oxygen turbopurnp turbine inlet temperature o1
1556 0R. The full-expander cycle with regeneration attains a 2198 psia chamber pressure with a pump discharge
pressure of 7572 psia and a turbine inlet temperature of 957 0 R.

TABLE 5. - CYCLE PARAMETERS IMPROVEMENT VALUES

Split-Expander Full-Expander
Cycle Cycle WIRegenerator

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

CHAMBER PRESSURE 2043.7
VAC E.G I -f THRUST 25000.
TOTAL ENGl.E FLOW 2ATE S2.07
DEL. v-•. ISP 480.1
THROAT *.,E A 5.99
NOZZLE A.REA RATIO 1000.0
NOZZLE EXIT OIAMETTE 87.14
ENGINEIHR PIXTURE RATIO 6.00
ETA C. 0.993
CHAMBER COOLANT D 1305.
CHA-04ER COOLANT OT 1409.
NOZZLE/CAmBR 0 .7209.

E•GINE STATION C:0101TIONS

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

I FUEL SYSTEP CONDITIONS
STATION P_ S Ttw FLOW ENT1ALPY DENSITY

H.L. II4..ET 18.0 37.6 7.64 -107.S 4.37
3.P. EXIT 10.2 i8.4 7.44 -105.2 1..1.
PUM P4.MET 100.2 .0.. 7.66 -303.2 ,.39
IST STAGE EXIT 27.0.4 7..5 7.44 65.4 4;.42

JaSV INET 2705.4 77.0 4.09 6s.6 4.39
J.V EXIT 22.9.6 60.2 4.09 65.4 4.14"NO STAGE EXIT 48-0.2 11.1. 3.55 221.7 .. 3i

PUMP EXIT 49=2.8 145.6 3.35 3.9.5 4. a8
COL..ANT INLET 6851.0 1(..s S.35 359.5 .3

COOLANT EXIT 56'8.2 5sss..2 3.35 5507.4 0.i1
T10 INLET S6-3.6 I1555.0 0.17 5S07.4 0.60
TBV EXIT 2428.3 1572.1 0.17 5507.4 0.2s

02 TRB INL.ET 546'1.4 1555.. 3.18 5507.4 0.0
02 TRB EXIT 411v4.3 152;.7 3.18 5300.4 0.5.
PC TC B I8NLET 48.4.3 1517.7 3.t8 53.0.4 Q.s5
M2 TB8 EXIT 571.4 133.1.2 3.18 6405.4 0.34
z TAB DIFFUISER 507.9 13533.7 3.18 '645.6 0.34

M2 DST TRB IN 2482.9 1331.7 3.18 6445.6 0.S4
C BST TAB 06UT 2462.3 1531_. 3.18 4055.6 0.33
M2 EST TAB DIFF 2457.1 1311.5 3.18 4635.6 0._3
(2 8ST ITRA IN 2422.6 12I!.4 3.18 4635.6 0.:s
a2 EST TRB OUT 42.. 1222.0 3.18 6030.2 0.2.:
02 BST TRB DIFF 24-3.4 152.3 3.18 4630.7 0.!1

PC TANK PRESS 13.0 1102.9 0.0044 4474.0 a.CO."a1
02X MEAT EXC4 !kN 24C8.3 1342.5 3.3 40674.0 0.12
08 IEAT EXO4 OUT :!-.2 114!.7 3.34 4671.0 0._2
MIXER NOT IN 2:-i.2 1341.7 3.34 4671.0 0._2"MIXER CO.LD IN 22z*.6 8o.Z 4.09 65.6 4.14
mIxER OUT 227,.4 622.0 7.44 2116.5 0.",

W I[NLIET 227-.4 02..0 7.44 2106.5 a.",
FSOV EXIT 2219.5 6.2.3 7.4e 2134.5 0.02
CHAMBER ImJ 2117.3 622.4 7.e4 2136.5 0.42
OCMER 2894.7

* OKYGEN S'ST`EK COtTIONS
STATION PXSS TEW FLOW ENTHALPY DE14S I TY

.P. I14.ET l..O 162.7 44.7 01.9 70.99
D.P. EXIT I35.2 105.3 44.7 62.s 70.8s
PUMP INLET 335.2 165.3 44.7 62.3 70.8.
P1* EXIT 3209.8 19.8 44.7 72.8 71 .•8
02 TAWR PRESS 16.0 400.0 0.070 Z04.7 0.12

0SOV INLET 3217.7 178.9 0.7 72.8 71.63
S EXIT 2.93.7 18:.8 6.7 72.8 70.IZ

OY INLET 327s.7 1Ile9 37.9 72.8 71.40
OCV EXIT 22'.? 7 82.8 37.9 72.8 70.1'
CHABER IJ 2220.7 18W.9 44.6 7Z.8 70.09

CHAMBER• 2034.7

"AV-L.E DATA

VE DELTA P A,- A LO- % BYPASS

' 04. 0 i5 4.09 55.00
TI225. 3.23 0.17 5.00
Flow 57. 1 93 7.44

OCV -83. 0 .3 44.43

INJC:!2OR DATA •

INJECTOR DEL TA P .;- FLO-
FUEL 354. .5 7.'.'

LOX 2127. 353 44.03
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TABLE 6. - AIVANCED ENGINE PARAMETRIC STUDY, SPLIT-EXPANDER
ENGINE (Continued)

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

........ I..................

. H BOOST TURBI,.E - K_ BOOST PLO

EFFICINC-Y (T/TI 0.RF" EICIE[L' 0.10.,
EFF IC I ENCY IT/SI 0.688 HS-.•P OqR '.s.
SPEED (RPM) 41220. SP'E0 (RPM? 4)221.
MEAN DIA (IN) 2.18 S SPEED 305.
E'FF AREA ( 114C 1.78 HEA IFTI 2,80.
U/C (ACTUAL_) O.ss OIA. IN) 2.41
MAX TIP S3ED 48r). TIP SPEED

STIFS I VOL. FLOW 748.
G A1.43 HlEAO COEF 0.4,0

PRESS RATIO (/TI) 1.01 FLOW COEF O.20I

PRESS RATIO (T/S) 1.01
HORSEPOWER 4 5 .
FXIT RACH NUMBER 0.06
SPECIFIC SPEED 113.-4

SPECIFIC DIAI'ETCR 0.76

* 0,C TURBINE " * l-t2 PU1W
e..............e .=...o......

STADE ONE $YAGE PAO STAG THREE

EFFICIE-CV (/TI 0.8'S EF I CIE.," 0.650 0.5S1 0G.-5
EFF C IEiCYIT/SI 0. r7 IS.E p.ER Ia18. 748. 70l.
SPEED aRPI) i2500O. SPEED {R(f) 1s5000. I-5000. .- 500.

lORSEPOER I8. Za S SPEED 111'.8.
MEAN IA. (IN) 3.30 5 SPEED "0o. S40. $54.
EFF -A (IN ) 0.18 HEAD IFT) Bill.S. .9. 4.700.
U/C (ACTUAL) 0.426 0I1. 1;.) 4.12 1.78 1. to
MAX TIP SPEE 1871. TIP SPEEZ 248 2041. :051
STAGES 2 VIL.. FLO. 755. 0•5. 240.
GMMA 1.4S-3 COE- 0.5.2 O.S0 0.504
PRESS RATIO (T/TI) 1.89 FLOW, . I,2 .088
PRESS RATIO IT/SI 1.01 DIAMETER 4ATIO 0.-06
EXIT MAC4 U•msER 0.10 SEARING ON 3.00E.o6
SPECIFIC SPEED 24.17 SAFT DIaqETSR 241.00
SPECIF IC DIAFETEA 2.S9

•02 8•30T TUMI.EI•4 * 02 8OO5T PuMP

ElICIEICY IT/TI 0.12 _F=ICIENC, 0.80S
EFFICIFNCY IT/S) 0.'801 RSEPOWER :s.
SPEED (RPM) It1044. - SPED (Rpm) 11044.
MEAN CIA (1141 5.,9 S SPEED S00Z.
EFF AREA 111421 2.45 IýE..D (FT) 242.
U/C (ACTUAL) 0.5a5 01-1. 11"1 2.70
MAX TiP SPEED 510. T.P SPEED 1.2.
STAGES I VOL.. FLOW1 M8.
GMA1.43 1E.D IIOEF 0.450
PRESS RATIO T/TI) 1.00 FL3. COEF 0.100
PRESS RATIO (T/SI 1.01

HOR.SEFP - 25.
EXIT #A "i 0.01

SPECIFIC wPaD S4.08
SPECIFIC DIA•ETER 1.50

• (2 TI*8tlE I * O. PU1W

EP I C IECY I/TIT 0.882 EYFICIEYV 0.?30
EFFICIE-NLV IT/SI 0.819 HORSEPOWER 64Z.
SPEED IRPRI 72055. SP'ED (RPMi 705.1,
NORSEP064M 442. SS SPEED '9.
FEAM CIA (IN) 0.10 S SPEED 1.00.
EFF AREA (IN1, 0.'2 LAD (FT) 631s.
U/C (ACTUAL 1 5 ,S41 D:A. 1l.4 2.1
MAX TIP SPEED lost. T:' SPEED is, .
STAGES 2 VOL. FLO~ W88.
CAMMA !.43 HEAD COEF 0.41.
Pll8 .S AT Z;,TI I.). 3w: COEF 0.1,,
PGE'S RATIO IT/S) 1.17 D:•-ETFR RATIO 0.673
E IT HAA04 #4jmSER 0 .04 .SZE.91G D 1. 441E 0a5
SPE CI FIC SPEED 1S,4 6.-..F DIM*TER 00
SPECIFIC DIAMETER 2.05
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TABLE 7. - ADVANCED ENGINE PARAMETRIC STUDY, FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR

ENOI-k P-RF0ORMACE PARAMIETRS

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

CH"B4ER PRESSURTE 21
VAC ENGI E THRUST -s000,
TOTAL EN1INE FLOW RATE 52.07
DEL. VAC. ISP 480.1
TINAOAT AREA 5.57
NOZZLE AREA RATIO IC00.0
NOZZLE EXIT DIAETER 84.1e
ENIIWE MIXTUIRE RATIO 6.00

ETA C. 0. 993
CHAMBER .OL.AT DP 1640.

AM-BE4R COOLANT OT 6-".
NOZZLF*JOWEBER Q 17055.

04GI-E STATION CONDITIONS

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

FUEL SYSTE-M CONDITITON
STAT ION PRESS T4E9 FLO..W ENTHAP.y DENS I TY
U.P. INLET 18.6 37.4 7.45 -107.5 4.37
1.P. EXIT 100.1 18.4 7.45 -101.2 4.39
P -C 1.ET 100. S 0.4 '.45 -103.2 4.39
IST STAGE EXIT 2592.5 72.8 7.45 51.2 4.45
2ND STA _ EXIT 5078.0 105.2 7.45 202.8 4.54
PUM8P EXIT 757Z.0 135.3 7.45 551.8 4.66
COLD REGEN IN 7494.3 135.1 7.45 351.8 4.63
COLD REGEN EX 7421.4 3-2.4 7.e5 1107.4 2.52
COOLANT INLET 74-21.4 S-"8.' 7.45 1107.6 2.82
COO.LAJT EXIT S780.1 15..7 7.45 30190.c oq9

TRY INLET 5720.1 157.1 0.37 339e.4 0.98
TEV EXIT 2531.9 177.9 0.37 3905•4 0.46

02 TRB INLTET 57203.1 I57.1 7.07 1339.4 0.198
02 TRS EXIT 525_.2 931.5 7.07 337.0 0.92
te TR8 INIET 5254.2 939.5 7.07 3327.0 0.92
M2 TRI EXIT 2724.4 820.0 7.07 Z894.1 0.58
H2 TR DIFFLASR 2639.3 820.6 7.07 2584.1 0.54
M12 EST TRf IN Z612.9 820.6 7.07 2'54.. 0.56
M.2 1ST TRB OUT 2594.2 819.4 7.07 21843.6 0.55
M2 DST TR8 01FF 2585.7 819.4 7.07 2843.4 0.55
02 •ST TSR IN 2559.8 819.8 7.07 -843.6 0.55
02 •ST TSR OUT 2551.4 819.2 7.07 2841.1 0.55
02 BST TRB D0FF 2549.4 811.2 7.07 8941.1 0.55

112 TANK PRESS 18.6 843.1 0.0071 2861.0 0.0042
OX HEAT EXCH IN 2•34.9 827.1 7.44 2849.0 0.54

GOX PEAT EXC4 OUT 2524.2 846.8 7."4 2847.6 0.54
MOT REGEN IN 2524.2 826.8 7."4 Z807.6 0.54
NOT REGI EX 2448.5 414.0 7.44 zl1t.1 0.69
FSOV INLET 2448.5 614.0 7.44 2I |.1 0.69
FOSO EXIT 2387.2 414.3 7.44 211k.1 0.67
CMA04IR IJ 2364.4 614.5 7.4 2111.1 0.67
OTnR 21"A.0

* OXYGEN SYSTEM C8ONDITIONS
STAT ION PRESS TEMP FLOl EfTHALPY DENS I TV
*.P. I H0 ET 16.0 142.7 4e4. 7 61.9 70.91
*.P. EXIT 135.2 165.3 ("4.7 64.3 7A 84
PUM8P INLET 135.2 145.3 44.7 4Z.3 70.84
PUMP EXIT 3551.7 179.9 44.7 73.6 71.73

02 TANK PRESS 14.0 4,00.0 0.076 204.7 0.12
OsOv I L&ET 3524.1 180.0 ' * 73.6 71.67
OSOV EXIT 2464.8 184.2 4.7 73.6 70.07
cv INLET 35214.1 180.0 37.9 70.6 71.47

OCV EXIT 14.46.8 184.2 37.9 70.6 70.07
CHAMKR 11.I 2644.2 194.3 44.4 70.6 70.05
K#flE Z I lo.O

" VALVE DATA

VALVE DELTA P AREA FLOW I BYP1A5
TOy 3;84. 0.01 0.$7 5.00

F4L 61. 1.67 7.44
DCV lo*T. 0.21 '4.1s

1-1,2C'ITJ DATA

IKIlECTOR 1(LT* 9 AREA FL.OW
FUEL 15. 1.04 7.44

LOX 244. 0CAI "6
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TABLE 7. - ADVANCED ENGINE PARAMETRIC STUDY, FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR (Continued)

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

I7 ........r (°o1 ... .So ...... '47 050..o .

S.../ • . .. =oo.. ...I 0 oo.. .. o1o,.`"-•t IPc PE "IS, 7a 6 SIEP (1"p7 0

•1• i ACTUAL._ 0 S45%l + III •..

• '•t *E l 300. FLI ur 70.1.

1•5SRti IT .O.1 f1liD •O+O

IDIIT 600 ..ul6 0.ll
TEIF SPEED 1S0.' S

'WE ss RA~ 01 StE FL cuf

~IOI•IC, 1 174/Y TiI 0.606& II ~ I C i•,€'Y l .07 0.070 0.070
OlClIOC~ I , T /SlI 0.iII T mLPI 6 i IG. IS9I1. 1501I.
W lPS)I 125001. SP010. 7 P11 I$6011. I21000. 125000.S3,792. S.S SP E.U 112t..•l•

111121Z 0.25 If l+tS I3m . 79355. 779115.
WC iIC 7UA•L 01.3,2 0h0. 1IINI 0.09• 5.95 5I99
600TIP SPEl[( 10102. TIP SPEED• 2l10. 2177. 2+177.
ET.~S 2 '.•,. FL. 7I 50. 73,5. 717.
EM.I1 IED P I. S4j 0.59 0.SSO

PUSRtirO iT/Se| 2.01l OIM."6TE'I 607l10 O.010
S.It - oC SIP.6E 0F10 I G CI 1IA.OqE
2'CEF1C SPED 5. S i'T... OIPql"E 21.1i0

SSPECIFIC 01ftEO 1 .<00R

... 7- 700 . , .. -7 .. ,je

"C" IT/Ti 0.240 E FIWy 1 6.r 0

EDW I C I OCY IT/TI 0.t1/ IaC IaSo@ S.I0.

4PE aP-I 12100'. SPEED iQPi 12i033.

0 14 C I A . ( I N ) ' . Ii S S P E E D I0t0 .SPUA 11102 | .. 70 100 1I1€ 2.2.
I/C ( UlAii.L 0..42 01o. 11*1 (.75
-J tIp $PEE0 I56. tIPP SPE 27 2.

375O3 vJ.. PIr 250.

6"A1.41 HED O 00 1.4 0.S3 9 02PQS= RATIO tf/ti 1.I t o QEI.D 4.091PIX34• RATIO IT/%) I+O PEO ItrLOM .. , .

llUSS" 50110 17/Si 1.00

Sz2S.
EXIT KI J-KR 0.0 R

SPC I eC SEUD IS.1200.501"ITR

SPECIFIC DMETEft 15.16

C Iý -;t I F W P ..11

0*1lewee** iiiiiiiiiiiiiiom

I]rIC IOCv it/t1I 0.6,I EFF I CII4C' 0.7511~IClIEC9ID' IT/Si 0l500 '+S75 715.SPED IRPNI 71046. SPEED . ii 75961.
CNI6(P 4A 71S. C5 SPEED 20141.S01 " 1I11 I .60 I RPE D 10+0.
.mP (ACTUA L .1,S05 DIA0 1771 0872.

IlICi.CtU0Oi. 017 010.lA 1I151 2.19605 TIP SPEED .3s. rP t SPE 713.
SITAES I VOL.. FLOM Zvi.

P 0 1 0 6 0 1 0 I t T 0E A CCD I E 0 . 0

70755l 6.1l0 1l,/SI 1i.10 0Il*.ETIU 60710 0.077)DIIP S3 RATIO.6 0 :0 OEIING I I .l.60cm
SPECIFIC *ArlE *.o *O ,.Pf 01.6(179 10.00

SPECIFIC 011.l776 Ias

,:: ,,.,,,, .. ...

SPEC 0<.TD D.

8 CII XO 5175l GA01 its

S "iP 710 11 SPE 11

77.TCIVEIE < 5 II .+

WAX 0 1S A .00

I II I I I

G4,64 'It -004
6.11,FLO 71 .: *

miss IWTERRATIO 0,I?



ENGINE-VEHICLE INTERFACES

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

TABI.E 8. - ENGINE-VEHICL.E INTERFACES

Description No, oj

Gimbal Bearing

Gimbal Actuator 2

Engine Oxidizer hilei. Liquid Oxygen I

Engine Fuel Inlet, Liquid Hydrogen I

Fuel Tank Pressurani. Gaseous Hydrogen I

Oxidizer 'rank Pressurant. Gaseous Oxygen I

Fltecirical Power 2(1

Pneumatic T131F) (0 or I)

Data 2(l

Notes:
0 Required for redundancy

The gimibal 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 enveope and mechanical
interfaces are depicted in Figure 32. The engine lengths (x) and diameter (y) correspolnd 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.

REFERENCES

1. Smith, T.A.; lPavli, A.J.; and Kacynski, K.J.: "A Comparison of Theoretical and
Experimental Thrust Performance olfa 1030:1 Area Ratio Rocket Nozzle at a Chamber
Pressure of 350 psia." NASA TP-2725, 1987.

2. Smith, T.A.: "Boundary L.ayer Development as a Function of Chamber Pressure in the
NASA L.ewis 1030:1 Area Ratio Rocket Nozzle." NASA TM-IfX)917. 1988.
AIAA-88-3301.
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Figure 3. Turbine Efficiency Comparison

Configuration A
Back-to-Back Fuel and Oxidizer Turbine

Back-to-Back Fuel Turbine With Separate Oxidizer Turbine

Figure 4. Back-lo-flack Turbine Con figurations
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Figure 6. Full-Expander Cycle Achievable Chamber Pressure
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Figure 7. Split-Expander Cycle
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Figure 8. Split-Expander Cycle Achievable Chamber Pressure
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Figure 9. Thrust Chamber Wall Temperatures During Throttling
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Figure 10. Thrust Chamber Wall Temperature as a Function of High Mixture Ratio
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Figure 11. Dutal-EApander Cycle
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Figure 12. Dital-Expander Cycle 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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p a� 14 0Dual-Expander

1,200

1,000 I I I
0 10,000 20,000 30,000 40,000 50,000 60.000

Engine Vacuum Thrust - lbs

Figure 15. Full, Split, Dual, and Regenerator Cycle 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 17. Comparison of Predicted Performance (lsp,) With Measured Performance (ls,,,)
jbr the NASA Lewis High Area Ratio Nozzle (Data From Ref 1)
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Figure 18. Pratt & Whitney - Rocket Performance Ideal Impulse Versus P,. for AR = 000: 1, 0/F = 6
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Figure 19. Bell Nozzle Truncation Perftbrinance -- Length Sensitivity Based on

a Maximum Payload Truncation; P,. = 1500, H2-0•-, O/F = 6.0
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Figure 20. Bell Nozzle Truncation Perfornmance - Weight Sensitivity Based on

a Maximum Payload Truncation; P, = 1500, H,-0,, O/F = 6.0
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Figure 21. Advanced Split-Expander Cycle P, Improvement With Increased Pump Efficiency

2600 -

2400 -

Chamber
Pressure - 2200

psia
I • Thrust - 25klbf
I • OF - 6.0

2000

1800 - - I I - I I -.
0 3 6 9 12 15

Percent Increase in Pump Efficiency

Figure 22. Advanced Full Expander With Regenerator Cycle P, Improvement With Icreased Pump EQficiencyl
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Figure 23. Advanced Spli-EA pander Cycle P, Improvement With hIcreased Turbine Eiiiciency
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Figure 24. Advanced Full Expander Withi Regenerator Cycle P, Improvement Wit/i hIcreased Turbine ELJfcien'y

30



2000 9000

Chamber Pressure

1900 8000

1800 Basl0e00o

Chamber Fuel Pump

Pressure - Exit

psia Fuel Pump Exit Pressure -

1700 * /- Pressure 6000 psia

/ .(p'-Thrust - 25k
OIF -6.0

1600 ,5000

1500 L 4000

1.8 2.0 2.2 2.4 2.6 2.R 3.0 3.2

Turbine Pressure Ratio

Figure 25a. Advanced Full Expander With Regenerator Cycle P, Improvement

With Increased Turbine Pressure Ratio
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Figure 25b. Advanced Split-Expander W4ith Regenerator Cycle P,. Improvement

With Increased Turbine Pressure Ratio
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Figure 26. Advanced Splil-E.ypander Cycle P, Improvement Willi hicreased Bipass Flow Around Jacket
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Figure 27. Advanced Full Expander With Regenerator Cycle P, Improvement
Withi Increased Regenerator Ejffctiveness
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Figure 28. Advanced Split-Expander Cycle P, Improvement Due to Increased Chamber Heat Transfer
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Figure 29. Advanced Full Expander With Regenerator C(7ce P(, Improve"ent

Due to Increased Chamber Heat Transfer
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Fignre 30. Advanced Split-Expantder Cycle P, Improvement Due to hIcreased Chamber Length
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Figure 31. Advanced Full Expander With Regenerator Cycle P, Improvement Due to hIcreased Chamber Length
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Figure 32. Engine Eni'elope (Sheet i of 2)
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Figure 32. Engine Envelope (Sheet 2 of 2)
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SECTION III

THROTTLING AND HIGH MIXTURE RATIO OPERATION

COMPONENT REQUIREMENTS

The throttling requirements for tile study were set at a minimum throttling capability of i):1 and an optional
requirement of 20:1. The baseline engine mixture ratio requirement was operation from 5.( to 7.0 (6.0 ± 1.0).
An optional requirement was to be able to operate oxidizer rich at a mixture ratio of 12.(. In many respects,
the component requirements for wide range throttling and high mixture ratio operation are similar; therefore, the
component discussion presented here covers both requirements.

The key technical issues for 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,(XW) lbs.

Combustion System

Low-frequency combustion instability is the primary combustion concern when throttling a rocket engine.
Low-frequency instability generally results from a low injector pressure drop being coupled to the combustion
process at low 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 gaseous 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 XLR-129 oxygen/hydrogen preburner (Contract F04(611)-68-C-0X002) at pressures over 5MX) psia
(Figure 34). The XLR-129 tangential entry dual-orifice injection concept is currently being used in the preburner
for the SSME Alternate Thrbopump Development (ATD) preburner injectors. Extensive spray characterization
has been completed under the ATD program. Figure 35 shows a single AT) preburner injection element at I(X)
percent and 10 percent of design flow.

Gaseous oxidizer injection also offers an effective method of achieving low-frequency combustion stability
at low-thrust levels. The dual expander cycle is aimed specifically at providing gaseous oxidizer for injection.
Mixing tile gaseous oxidizer with the gaseous fuel over a wide range of operating conditions, however, is more
difficult than gas-liquid 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 earlier advanced space engines (the RIO10
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-element injector would require a more complex control
system to provide continuous throttling over the desired 20:i 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 difficult design challenges. If the entire fuel flow is used
tor 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 each 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-expander 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-expander cycle with regeneration also offers the potential for control of thrust chamber wall
temperatures. By reducing the amount of regeneration, the thrust chamnber 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 regeneration
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 tile
jacket exit flow bypasses the regenerator. (The control scheme for bypassing the regenerator is presented below.)
Without partial bypassing of the regenerator, tile 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 J1V also
contributes to thrust control. The oxidizer secondary control valve controls the oxidizer (low split between the
primary and secondary injector flow and provides mixture ratio control by throttling the oxidizer (low. 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 boost
pump and proceeds onto a three-stage main pump. After the first stage of the main pump, 5(0 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 nozzle. 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 enters 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 full-expander cycle with regeneration. Because tile
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, liquid hydrogen enters the engline inlet and flows through a
single-stage boost pump and proceeds onto a three-stage main pump. After exiting tihe main pump, the hydrogen
flows pass through a regenerator before being used to cool the chambeo and nozzle. A small porlion of the
gaseous hydrogen leaving tile nozzle coolant exit is diverted around the turbines through the turbine bypass
valve (TBV). The majorily of lthe hydrogen flow is used to power the main hydrogen and oxygen turbines before
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 tile main chamber. The oxidlicr
side of the cycle has the same Lon.iguration as the split-expander cycle. "lhe 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 tile primary and secnlndary legs of the injector, with file secondary flow beine controlled
by tile oxidizer flow control valve (OCV). The (low routed through the primary side passes through tlih primary
oxidizer shutoft valve (IP()SV) and is subsequently injected into the main chamber to combustl \ ilh tile hydroen
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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 coeflicient 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 cause 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 elffctively eliminate both
instability and cavitation. In addition to pump recirculation, several design features 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 XLR-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 leakages 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 instabilities. 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 full thrust, when the engine is throttled down to 5 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 mixture 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 I, and is built
nrom Haynes 230 tubing. A composite material nozzle extension increases the overall area ratio to l(X)( to I.
The design point selected for the throttling studies for each cycle is defined as fillows:

Split Expander Full E.pander Withi

Regeneration

Vacuum Thrust Level, lb 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 13 for each of the
engine cycles examined.
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Split-Expander Cycle

A throttling investigation was pertormed on tile split-expander cycle, with cycle points generaled at 100. 50.
10, and 5 percent of the design thrust level while holding the mixture ratio constanlt at 6.0. (The throltled cycle
sheets detailing this investigation are located in Appendix C.) During engine throttling in tile split-expander cycle.
the 1BV, which was previously shown in Figure 40, is used to increase the percent of hydrogen lhw available to
cool the thrust chamber/nozzle assembly. This increased coolant flow lowers tie coolant exit templprature with
thrust level, as shown in Figure 45, while the J1V area decreases according to the schedule shown in F-iure
46. At 10 percent thrust the J1BV is completely closed, and tile cycle reverts to a full expander with all of the
hydrogen flow being used to cool the thrust chamber. As a result, the coolant exit temperature below 10 percent
thrust increases. The TBV opens (Figure 47) as thrust level decreases, allowing a greater percentage ol the
coolant flow to bypass the turbine and causing system pressures and pump speetis to drop.

A major concern during deep throttling is low frequency combustion instability resulling from low oxidizer
injector pressure drops (< 51/1 AP/P.). Dual-orifice injection allows fhe elfeclive injection area 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 elements to promote momentum exchange between the
primary and secondary streams and the net injection velocity is suflicient fir good alomization and efliciency.

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

Below the (/F of 6.0 level chamber pressure is lower than the design point chamber pressure, which caa be
attributed to the reduced heal flux caused by the lower 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 T13V is closed to maintain chamber pressure. When the 5 percent margin designed
into the cycle reaches 0 as the (/F is lowered, chanmber pressure and, subsequently, thrust decline. Conversely.
above an O/F of 6.0, there is a surplus of energy available to the turbine, an(i chamber pressure and thrust can
be maintained by opening tile 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 .11V is closed. making all of the fuel available
for use as a coolant and turbine flow. With tile increased mixture ratio, the horsepower split between the fuel
and oxidizer turbopumps changes and the fuel side is overpowered by the flow required by tile oxidizer turbine.
To compensate for this, the fuel shutoff valve (FSV) is throttled to create a higher line loss downstream of the
turbines and to load the lfel system. The FSV must close it approximately 36 percent of its desin flow area.

Full-Expander Cycle With Regenerator

A throttling study was also conducted for the full-expander cycle with regeneration. The throttled cycles
generated were at 50, 10, and 5 percent of the 20,0(X) lbs design thrust at a mixture ratio of 6.). D)etailed cycle
sheets for these throttled points are contained in Appendix C.

Unlike the split-expander cycle, the coolant flow cannot be controlled during throttling and. with the chamber
designed for full coolant flow, the coolant exit teimperature rises during engine throttling, as shown in Hgure 50.
At the 5 percent thrust level, the turbine inlet temperature is above 1200°R. The TBV opens during throttling
(Figure 5 1), bypassing a greater percentage of the hydrogen flow around Ihc lurbine, dropping pump speed: and
system pressures, Since the energy for tile hot side ol the regenerator is supplied by the turbine discharge how, as
thrust decreases, tile lower llowrate results in a relatively small increase in coolant inlet icmperature (Figure 52).
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As with the split-expander cycle, a major concern during deep throttling is low-Irequency combustion
instability resulting from low oxidizer injector pressure drops (< 5'/, Ap/p•.). To maintain the required pressure
loss without having to vaporize the oxygen, the dual-orilice injector concept was used in the full-expander cycle
studies. The dual-orifice injector allows the effective injection area to be varied with thrust level, giving an
acceptable average injector pressure loss both at low thrust and full thrust, as shown in Figure 53. The oxygen is
injected utilizing tangential swirl elements to promote momentum exchange between the primary and secondary
streams, and the net injection velocity is sufficient for good alomization anl efficiency.

Using the 20 klb thrust level as the design point, a mixture ratio sensitivity study was conducted with tlhe
full-expander cycle with regeneration. The specific )/Fs studied were from 5 to 7 andi 12.0. D)etailed cycle
sheets for these operating points are contained in Appendix 1). A plot of chamber pressure and chamber/no//le
heat transfer versus mixture ratio is shown in Figure 54. The characteristics display the same trends for the
lull-expander cycle with regeneration as those seen with the split expander cycle. At the lower 0/F levels, the
cycle runs out of power and chamber pressure falls ofT. The coolant and turbine flow for the full-expander cycle
with regeneration, operating at high mixture ratio, is much lower than the desion value: consequently, turbopump
performance suffers and the achievable 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 percent of its desion value. 1he 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 control system that provides complete regenerator bypass, would be
required to 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.
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SECTION IV
RECOMMENDATIONS

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

1. 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 (c) 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 cycle data are presented in Tables 9 through 4S.
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TABLE 9. - FULL-EXPANDER ENGINE - 7500 LBF THRUST (COPPER TUBE
CHAMBER)

ENGINE P-3aORMANCE PARAMETERS

CHAMBER PRESS URE 1862.-

VAC ENGINE THRUT 7500.
TOTAL ENGINE FLO4 RATE IS.62

DEL. VAC. ISP 480.1
THROAT AREA 1.97
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIARIETER s0.10
ENGINE P9IXTURE RATIO 6.00

ETA C, 0.993
CHAMBER COOLANT OP 791.
CHAMBER COOLANT DT 7S.
NOZZLE /CHAMBER 0 6071.

ENGINE STATION CONDITIONS

- FUEL SYSTEM CONDITICON

STATION PRESS ITiP FLOW ENTHALPY DENSITY
-.P. INLET 18.6 37.4 2.23 -10?.S 4.37

8.p. EXIT 100.4 38.5 2.23 -103.0 4.39
PUMP INLET 100.4 38.5 2.23 -103.0 4.39
1ST STAGE EXIT 1896.8 69.3 2.23 24.6 4.27
2ND STAGE EXIT 3618.5 97.8 2.23 146.9 4.2s
PUMP EXIT 5287.6 1Z4.3 2.23 264.1 4.21
COOLANT INLET 5234.8 2(* .7 2.23 264.1 4.26
COOLANT EXIT 4443.6 529.s 2.23 3205.3 0.82

T9V INLET 4399.2 029.8 0.11 3205.3 0.81
T3V EXIT 2084.f 9n5.6 0.11 3205.3 0.40

02' TR8 INLET 4399.1 "09.8 2.1]2 320S.3 0.81
02 TRD EXIT 4003.3 893.6 2.12 3138.4 0.76
hK TRI INLET 4003.3 089.6 2.12 3138.4 0.76
H2 TRO L.XIT 2209.2 796.1 2.12 2751.9 0.49
M2 TRO DIFFUSER 2182.0 7-i.3 2.12 2751.9 0.48
M42 BST TRR IN 2160.2 716.1 2.12 2751.9 0.48
142 BST TRb OUT 2141.2 795.2 2.12 2747.1 0.48
142 BST TARB DIFF 2126.1 795.3 2.12 2767.1 0.47
02 DST TRII IN 2104.9 795.4 2.12 2741.1 0.47
02 13ST TRD OUT 2096.3 794.8 2.12 2744.6 0.47
02 BST TRII DIFF 2094.0 794.8 2.12 2764.6 0.47

M2 TANK PRESS 18.6 814.2 0.0022 2767.6 0.0043
GOX MEAT EXCH IN 2084.4 801.4 2.23 2761.6 0.46
GOX HEAT EXCH OUT 2073.9 021.0 2.23 2766.2 0.46
FSOV INLET 2473.9 801.0 2.23 2766.2 0.46
FP0V EXIT 2022.1 801.4 2.21 2764.2 0.4S
CHAMBER INJ 2001.8 801.5 2.23 2766.2 0.44
CHAMBER 1862.5

- OXYGEN SYSTEMI CONDITIONS
STATION PRESS TEMP FLOM ENTHAL.Y DENSITY

D.P. INLET 16.0 162.7 13.4 61.1 71.17
D.P. EXIT 135.6 163.2 13.4 61.5 71.20
PLIMP INLET 135.6 163.2 13.4 6I.5 71.20
PUMP EXIT 3016.3 178.2 13.4 72.1 71.52

02 TANK PRESS 16.0 4.00.0 0.023 :04.7 0.12
OCV INLET 2986.2 179.3 13.4 71.1 71.07
OCV EXIT 2090.3 18;.0 13.4 72.1 70.08
CHAMBER INJ 20e48.7 38.-0 13.4 72. 70.02
CHA MBER 1862 .S

VALVE DATA
VALVE DELTA P AREA FILO W BYPASS
TBV 2315. 0.01 0.11 S.00
FSOV 52. 0.67 2.23

OCV 896. 0.08 13.39

INJFCTOR DAOA A

INJECTOR DELTA P AREA FLOW VEtLO.CITY
FUEL 139. 0.47 2.I3 1%6q.64
LOX 207. 0.18 11.39 156.9
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TABLE 9. - FULL-EXPANDER ENGINE - 7500 LBF THRUST (COPPER TUBE
CHAMBER) (CONTINUED)

........................ .. I....T...

EFF IC I ENCY IT7T) 0.07? EFFICIENCY 0.?66
EFF I C ICv /3 0.333 MORSEPObE 33.
SPEED 2RPUS 73123. SPM (0RP9l 79S34.

AN 131A (lN .2 s. SP E 304".
EFF AREA (Imy) 1.03 HEAD I3F0) 2 "A .
U/C 'ACTUAL) 0-.95 D14. (1") 5.1$
M "X TIP IPJW 3 . lIP S E I32.
ST ES V G.. FP .LO 721 .

MNA 1.31WAD O3 0.450
PRESS RATIO IT/TI I.01 FIOW 0.;701
PRESS RATIO (T/31 1.02

EXIT 14404 NIIo" %.I*
SPECIFIC SPE ED l3,3.S
SPECIFIC DIA-IE71M 0.34

71.1TI431NE30 • P42

STA 0E 37402TWO ST~AGE 7N

EFFICIENCY IT/TI 0.001 EFFICIENCY 0.03 0.333 0.317
EFFIC IENCY (T/Si ) 0.721 M SEWPEI 3 ,. So ,. I7'.
SPEED (SPi)l 127%00. WPIED IlFP) 137300. 3 a7303. .. 1101."lCISEPO32E 1131. 33 SPEE 93 3.
MEANA IA. (IN) 1.s2 3 ?4 79. 730. ft3.
EPPF *,REA 1112) 9.31 WAD EFPT) 60127. A42$6. 5452$.
UVC (ACTUAL. I 3.33 D0A. [IN) 2+$7 2.3s 2.35
MAX TIP SPEED 3 3.•3, TIP SP7 Wr SPEED,. 3974. 192".
STAGES I VO.. 09.32 739. 22. 234.
GA.MNA 1. 32 MEA 0.372 0.S60 0.4049
PRESS RATIO IfIT) 1.03 PLWI O- 0.093
P14(5. RATIO (IT/1 .24 oIfT= ] RATIO 0.331
EXIT MIACN F 2ER 0.14 5(41I4G 3 N 3.00.20
SPECIFIC I SP 3.33 3APT DIAMETER 3.0

SPECIFIC DIl[ME73 31.19

EFFICIENCY (TfT) 0.204 EFFICOCP ".7 4
EFF I C I EMNCY (/I 0.I 3 lOlSEPO]t a.

SP0 RON14 304. SPEED 351) 723014
MEAN IA 3it") 2.2s s SPEW $32..
EPP AREA 11421 3.S4 WAD (0T) 24,.
U/C (ACTU AL) 0.9S 3 034. ti lt) 1.39
KAK TIP SPUD 230. TIP Izz 31

CTAM" I .. HE. CP•32 3.,

PRES3 RATIO (T/T) I.0" P5.32 0.211
PRSS RATSTIO IT/3) 3.23

EXIT 14404 "Lou 0.1
SPECIFIC SPEW[ 323.67
SPECIF IC CDOIAMETER 0.13

-FF IC IECY I1/TI) :,..0 EFICIEICy 0.793
EFFI CIE CY IT/ " " v I ,I .133 SE P O 0 a.
SPEED (.P") 310.27. SPIED I(t" ) 130332.
I40SEPOWEl 201. &% SPAM 253*1.
MEAN WIA I103 1.62 $ 303 1104.
CFF ARf.A tiIle .0 -10 WD In') sv .
U/C (ATUAL) 0.03 D033. IIN1 3.la
'AX TIP SPEED 99.TIP SPEE PS3.
STATES I VL. FLOMl 33.
C 0415:3.33 30A 0.HED3I
PRESS RATIO (tfTl 1 3.30 FL a.1 S4
PRESS 24T1O (T1/3 3.33 DIAIMETJ RATIO 9.679
EXIT 1404 Wpom 0.29 IIWAlN1 ON 1.S1E-16
SPEC)FIC SPE 32.s33 SPAT D3•w,"33 132.03
SPECIFIC D:I"ANCE 3.30

' ' , , , n ~~I I



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

ENGINE PERFORMANCIE PARAMETERS

CHAMBER PRESSURE 169&.S
VAC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.2s

DEL. VAC. ISP 480.0
THROAT AREA 4.32

NOZZLE AREA RATIO 1000.0

NOZZLE EXIT DIAMETER 74.21

ENGIIE MIXTURE RATIO 6.00
ETA C- 0.993
CHAMBER COOLANT OP 57l.
CHAMBER COOLANT DT 599.
NOZZLE/CHAMBER 0 10185.

ENGIIE STATION CONDITIONS

- FUEL SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENTHALPY DENSITY

D.P. INLET 18.6 37.4 4.47 -107.5 4.37
D.P. EXIT 100.6 38.5 4.47 -103.0 4.39

PUMP INLET 100.6 38.5 4.47 -103.0 4.39
IST STAGE EXIT 1843.1 64.7 4.47 10.4 4.38
2ND STAGE EXIT 3556.9 89.5 4.47 121.3 4.40

PUMP EXIT 5250.8 113.0 4.47 229.S 4.44
COOL.ANT INLET 5198.3 113.5 4.47 229.S 4.44

COOLANT EXIT 4619.0 712.1 4.47 2508.0 1.06
TI9V INLET 4S72.8 712.4 0.22 2508.0 1.05
TBV EXIT 1898.6 729.1 0.22 2S08.0 0.46

02 TR8 INLET 4577.8 712.4 4.2s 2508.0 i.0S
02 TRB EXIT 4123.2 698.9 4.25 2449.6 0.08
M2 TAB INLET 4123.2 698.9 4.25 2449.6 0.a8
M2 TRB EXIT 7026.9 613.0 4.25 2099.S 0.58

H2 TR8 DIFFUSER 1993.6 613.2 4.2s 2099.5 0.57
H2 DST TRB IN 1973.7 613,2 4.25 2099.5 0.57
M2 BST TRA OUT 1952.9 612,1 4.ZS 2094.8 0.56

NZ DST TRB DIFF 1938.9 612.2 4.25 2094.8 0.56
02 DST TAB IN 1919.5 612.3 4.25 2094.8 0.55

02 EST TRB OUT 1909.6 611.6 4.25 2092.2 0.55
02 IST TRB DIFF 1908.1 611.6 4.25 2092.2 0.55

M2 TAWK PRES 10.6 627.2 0.0058 2113.0 0.0057
GOX HEAT EXCHI IN 1898.6 617.5 4.4i 2113.0 0.54

OX HEAT EXCH OUT 1889.1 617.1 4.46 2111.6 0.54

F3OV INLET 1889.1 £17.1 4.46 2111.6 0.54
FSOV EXIT 1841.8 617.4 4.46 2111.6 0.53
CHAMB•R INJ 1823.! 417.5 4.46 2111.6 0.52

C)HAMBER 1696.5

- OXYGEN SYSTEM CONDITIINS
STATIC" PRESS TEMP FLGO ENTHALPY DENSITY
D.P. INLET 16.0 162.7 26.8 61.1 71.17
B.P. EXIT 135.6 143.2 26.8 61.5 71.20
PUMP INLET 135.6 163.2 26.8 61.5 71.20

P689 EXIT 2747.5 175.9 24.3 70.7 71.63
02 TANK PRESS 16.0 400.0 0.045 a,4.7 0.12

OCV INLET 2720.0 ],6.0 26.8 70.7 71.59
OCV EXIT 8140.0 179.1 24.8 70 7 70.,2
CHAMBER 15. !866.1 179.3 26.8 * 70.26

CHAMBER 1616.5

. VALVE DATA

VALVE DEI.TA P AREA PL 0.
TiR 2674. 0.01 a.2,

FSOV 47. 1.30 4.46

OCV 816. 0.17 26.78

* INJECTOR DATA •

INJECTOR DELTA P AREA PLOW4 VELOCITY
FUEL 127. 0.90 4.46 ITRS.4
LOX 188. 0.37 26.78 149.56
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TABLE 10. - FULL-EXPANDER ENGINE - 15,000 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

II* T8ItAI4IIER PEAFII0A mE DATAII

X77IC IDCY CT/T) 0.746 EFFICIECY 0.7"4
E"IcIDCC CT/S) 0.391 HIS•OWER 29.

SPM (RPmI S0300. SPEED (l*e) $3300.

MEAN DIA (IN) 3. 15 SPEED 10411.

EFF ARA CIM2) 1 .00 HEAD IFF) 2493.
/C I ACTUAL) 0.AS0 IA. (IN) 1.@9

kAx TIP SPED 390. TIP SPEED 419.
STAG" I VOL. FL•W 47.
S1.4 H CCU 0.4S5
PRM RATIO CT/TI 1.0: FLOW C 0.201
PRESS RATIO IT/S) 1. 2
HORZSEPOWER 291.

EXIT PAC HU NDE 0.10

SPECIFIC SEED 34...
SPECIF IC DIAMETER 0.S2

ST7GE ONE STAEGE TIO ST THRE

EFFICIEICY (TIT) 0. 7) EFFICIENCY 0.449 0.651 a. 63

EFl 1ClIECY ITfS) 0.77, HORSEPE 7R7. 17 7. G85.

SPUD CRP") 13303. SPEED (RAiNl 131413. 136415. 13"6.3.
4$SEPO.ER 2103. SS SPaED 9"a7.

WEAN VIA. I IN) 2.33 S SPEED 799. 797. on4.

E" AREA CIN 1 0.19 , EAD (PT) S7278. 52110. 04025.

U/C (ACTUAL) 0.469 DIA. (Ilo) 3.12 5.12 $.12

MAX TIP SM 381. TIP SPED 1859. *09. los9.

STA= 2 W... FLOe .48. 404. A58.S1.40 HEAD CD 0.9 0.S23 0.512

PRESS RATIO IT/IT 2.03 PLom d 0.096

PRESS RA 172 /Si 2-01 DIAMETER RATIO 0.331

MXIT MACH WUNV .1S MrI. 04 0.04
SPECIFIC SPuD 39.50 SHAFT I"AMICER 22.0E
SPECICF I DIAETER 3.66

* IIOII Tle~OIIO IaDZIIII . 3 I0nT P1

E":.... .......... S. 
.... S........

IPICEINCY CT/TI 0.020 EFFICIEDCV 4.764
DWCIECY CT/SI N.7RSEPE Is.

SPEED COP) 14272. SPEED (041) 14272.

MEAN CIA IN) 3.0 5 SPEED 1020.

PF AA CII.) 2.44 HEAD FIt 2 4.

UC A*CTUA. I *.S S 0IA. (IN) 2.11

P TIM SP 23T. TIP SPEED 132.

STAGES I VOL. FLOM 169.

GM048 1.40 HEAD co 0.4so
Prim RATIO CT/TI 1.01 PLOWcap 0 .200

S*RATIO CT/SI 3.01
NORSEMENI• IS.

EXIT PACC IROSER 6.0S
SPECIFIC SPEED 96.92
SPECIFIC DIAMEIER 0.00

ol....... 
.

......

EFFICIECY CT/I) 0.017 EFFICIENCY I.730

EFFICIEMCY CT/S) 0.771 HORSEPOWE 351.
SPM .S;1 ) 7749. SPEED InP") 37)49.
""E r 303. 33 SPED 22303.

PENo DCIA (IN) 2.33 S SPEED 1045.

EP' AREA (lIM2 0.29 WEAD (IT) 70
UC (ACTUAL) 0.523 DIA. (IN) 1.00

MAX 1I SPEED 902. TIP SPEED 44.

STAGES I OW. PLOW 3`8.
C 11.0s HEAD CU 0.420
PI£SS RA1TI0 CT•TI 3.33 FLOW CMP 0.104

tFR . 1S 0ATIO IT/SI 1.32 DIAMETER RATIO 0.4,2
ESIT AC MC 0.00 OAII4G " 4 am 3.48064
SPECIFIC SPEED 40.31 SHAFT DIAMETER 34.00

SPEC IF IC 0 IeTto 1.64
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TABLE 11. - FULL-EXPANDER ENGINE - 25,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGIIE PERF A PARAMES

CHAMBER PRESSURE 1603.4
VAC ENGINE THRUST 25000.

TOTAL ENGINE FLOM RATE 52.08
DEL. VAC. ISP 480.0
THROAT AREA 1.42
NOZZLE AREA RATIO 1000.0

NOZZLE EXIT DIAMETER 96.57
ENGINE MIXTURE RATIO 6.00
ETA C. 0.993

CHAMBER COOLANT DP 495.

CHAMBER COOLANT OT SOS.
NOZZLE/CHAMBER 0 143S6.

ENGIIE STATION CO•DITIONS

- FUE•L SYS•Mq CONDITIGNS

STATION PRESS TEMP FLOM DmS'ALPY DENSITY

D.P. INLET 16.6 37.4 7.45 -107.5 6.37
3.P. EXIT 100.9 3835 7.4S -103.0 4.39
PUMP INLET 100.9 38.5 7.6S -103.0 4.39
IST STAGE EXIT 1058.6 56.9 7.45 -25.S 4.50
2ND STAGE EXIT 2931.9 70.7 7.45 51.8 4.58

PUMP EXIT 42222.3 86.2 7.45 123.6 4.67
COOL.AN4T INLET 4160.6 864.4 7.45 123.6 4.65

COOLANT EXIT 3685.4 591.9 7.45 2055.1 1.02
TRV IhL4ET 3648.s 592.1 0.37 2055.1 1.01
T1V EXIT 1795.5 401.9 0.37 2055.1 0.53

02 TRN INLET 3648.5 592.1 7.00 2055.1 1.01

02 TSO EXIT 3246.7 579.5 7.00 2003.5 0.94
12 TR8 INLE.T 3266.7 579.5 7.06 2001.5 0.4

H2 TRS EXIT 1925.6 539.5 7.08 1757.7 0.64
H2 TR8 DIFFUSER 1888.2 519.6 7.08 1757.7 0.63
M2 BST TR3 IN 1869.3 519.6 7.06 1757.7 0.63
H2 DST TRR OUT 1338.2 518.5 7.00 1753.0 0.62
HM BST TRR D0FF 1834.8 58.* 7.08 1753.0 0.62
02 DST TRD IN 1816.4 518.6 7.08 1753.0 0.61
02 DST TR8 OUT 1806.0 533.0 7.06 1750.4 0.61
02 BST TRZ DIFF 1806.5 518.0 7.06 3750.4 0.61

H2 TAWE PRESS 18.6 529.4 0.0113 1765.6 0.0066
GOX HEAT EXCH IN 1795.5 522.2 7.44 1765.6 0.60
GOX HEAT EXCH OUT 3786.5 521.9 7.4 1764.3 0.60

FSOV INLET 1796.5 521.9 7.44 1764.3 0.66
FSOV EXIT 1741.9 S22.1 7.4 1764.3 0.58
CHAMBER INJ 1724.3 522.2 7."4 1764.3 0.58

CHMB4ER 1603.4

SOXYGEN SYSTEM CONDITI0NS

STATION PRESS TEMP FLOW ENTHIALPY ItESITy
D.P. IM.ET 16.0 362.7 44.7 61.1 71.17
3.P. EXIT 135.6 163.2 44.7 41.5 71.20

PUMP INLET 335.6 163.2 44.7 41.S 71.2e
PUMP EXIT 2596.3 174.6 44.7 70.0 71.49

02 TANK PRESS 16.0 600.0 0.076 204.7 0.12
OCV INLET 2570.9 174.7 44.6 70.0 71.65
OCV EXIT 1799.6 177.6 44.6 70.0 70.45
CHAM9BER INJ 1763.3 177.8 44.6 70.0 70.39

CHAM9BER 1603.4

. VALVE DATA
VALVE DELTA P AREA FLOM % RYPASS

T" 1653. 0.02 0.57 5.00
FSOV 45. 2.10 7.44

OCV 771. 0.28 44.4

INJECTOR DATA •
INJECTOR DELTA P AREA FLOM VELOCITY

FUEL I.I. 1.4S 7.44 i1-l.05

LOX 178. 0.61 44.46 145.27
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TABLE 11. - FULL-EXPANDER ENGINE - 25,000 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

:, * = FwaRaI.R 01*W* *0M* ATA, ý *:
. . .......................

EFFICIEICY (T/7) 0.223 EFFICIENCV 0.765
EFF ICI lECY IT/S) 0.4• HOSEPWE 48.
SPEED (iPm) 41355. SPUD MRP) 413s0.
MEAN 01A (1IN I1.46 S SPEED 304S.
EFF AREA (IIm) 2.82 HEAD IFT) 2703.
U/C (ACTUAL) 0.533 DIA. (IN) 2.43"MAX TIP SPEED 3?3. TIP SPan 40.
STAGE$ I FL.. OM• 762.
6*WA 1.34 HEAD O 0..44
PRESS RATIO (/fT)I 3.63 ' F.203
PRESS RATIO IT/&) 1.62

ORUEPOXi 46.
EXIT MAW UL04M 0.31
SPECIFIC SPEED ISO.0"
SPECIFIC 1*•rPC t 0.S2

- H TURBINE H2 PUM (0P

STA. .GEN STAGE TH0 STITE THREE

EFF ICIENCY (T/TlI 0.661 EFFICI•NCY 0.726 O.?Z2 0.724
EFFICIENCY IT/S) 0.825 M4RS£E3Gt 817. *13. BIG.
SPEED (PI") 12s006. SPEED (am) (2S0O0. 125000. 1250OO.
HORSEPO" 241. 3S SPE IED 11.
MEAN 0(A. (IN) 2.36 S SPS8 126. 1123. 1135.

EPr ARE5A IIQ) 0.3 NEAD (PTI 43749. 43501. 4324.
U/C (ACTUAL) O.S2) DIA. (IN) 3.66 3.04 3.06
MAX TIP SPEED 1416. TIP SPEED (71. 1676. .67,.
STAGES 2 VOL.. R.O 763. 730. 717.
0.,A46 1.34 HEAD 6 O.S04 O.S02 0.4S9
PRESS RATIO IT/7T) 1.76 FPLOW d 0.1
PRESS RATIO 37/2) 1.74 016I1413 RATIO 6.412
EXIT Nh80 NUMBER 0.16 GEARING ,1a l.0•E'04
SPECIFIC SPEE 6.415 SPIAFT DIAMlrVE 24.00
SPECIFIC DIMEE 1.26

- 02 BOOST TURBINE Or BO30ST PUMP
................. ............

E•FICIENCY (7*) 0.077 EP(IC0L4CY 6.74"
EPI CIECY IT/S) 0.7 S 3 24.

SPEED (Rlm) IIs05. SE (RPM) 1155.
ME AN DIA I 'lM) 4.11 1 S E 3026.

ErP AREA (.112 4.. WAD (FT) 242.
U/C (ACTUAL) 6.552 0I(. Ism) 2.72
"MAX TIP SPEED 231. TIP SPE 132.
STAGES VO.. F•OW 262.
CAM944 1.34 HEAD CD 6.346
PRESS RATIO ITTI I.:' PLOW 0.200
PRESS RATIO CT/SI 1 .I

IIRSEPOWER 26.

RXI1 8 IACHUG R.04
SPECIFIC SPEED 96.61
SPECIFIC D14P611R 0.90

E.PICI V 3T/T) 0.665 EPP IC0I PMY 6.747
EFFICIENCY T/SI 0.764 EFFlICIEN 5.

SPEED (RPM1) S461. SP (EE 61) 061.
HORSEPOMEX 5Its 3SPEE 21413.
MEAN DIA I IN) 2.36 3 SPEED I670.
Err An" (AO) 0.54 WEAD (FT) 402
U/C (ACTUAL) 0.414 6IA. (1m) 2.12
MAX TIP SPEED 746. TIP SE 411.
STAGES I VOL. FLOW1 200.

0*194 (.3 1. AD CU0.426
PRESS RATIO IT/TI) 1.12 FLO c 0.156

PRESS3 RATIO 11T0 ) 1.|1 .IDIAMETER RATIO 0.605
EXIT 6604 NUME .12 BEARIN G1O 1.45E06

SpeCIIrC SPEED 47.79 SMA" DIAMETER 22.00

SPECIFIC DIAMETER 1.27

117



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

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1502.9

VAC ENGINE THRUST 37500.

TOTAl. ENGINE FLOW RATE 78.13

DEL. VAC. ISP 480.0
TFROAT AREA 12.19

NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 124.61

ENGINE MIXTURE RATIO 6.00
ETA C- 0.993

CHAMBER COOLANT DP Z47.

CHAMBER COOLANT DT 4'20.
NOZ-ZLE/CHAMBER 0 I8018.

ENGINE STATION CONDITIONS

- FUEL SYSTEM CO•D1IT"INS

STATION PRESS TEMP FLOW ENTHALPY DENSITY
D.P. INLET 18.6 37.4 11.18 -107.5 4.37
B.P. EXIT 100.3 38.5 11.18 -103.0 4.39
PUMP INLET 100.3 38.S 11.18 -103.0 4.39

IST STAGE EXIT 1523.0 . 55.0 11.18 -23.6 4.52

2HO STAGE EXIT 2971.8 70.9 11.13 55.8 4.63
PUMP EXIT 4445.4 86.4 31.18 135.0 4.72

COOLANT INLET 4400.9 86.8 11.18 135.0 4.70
COOLANT EXIT 3153.S 507.0 11.13 17f6.4 1.25

TBV INLET 3914.0 507.2 8.54 17&i'.4 I.Z4

TBV EXIT 1682.1 517.4 8.56 1746.4 0.57

02 TRO INLET 35914.0 507.Z 10.62 1746.4 1.24
02 TRO EXIT 3491.1 495.% 16.62 1697.1 1.14

H2 TRO INLET 3491.1 495.1 10.62 1697.1 1.14
H2 TRB EXIT 1818.3 435.4 10.62 1446.6 0.72
H2 TRO DIFFUSER 1774.3 435.7 10.62 1446.6 0.71
H2 BST TRO IN 1756.6 435.7 18.42 1446.6 0.71

HZ BST TRD OUT 1733.8 434.6 10.62 1441.9 0.69
HZ BST TR8 DIFF 3720.7 434.6 10.62 1441.9 0.69
02 OST TR8 IN 1703.S 434.7 10.62 1441.9 0.68

02 BST TRO OUT 1692.0 434.0 10.62 1439.3 0.68
02 BST TRO DIFF 1690.5 434.0 10.62 1439.3 0.68

HZ TANK PRESS 18.6 442.8 0.0203 1454.7 0.0079

GOX HEAT EXCH IN 1682.1 438.2 11.16 3454.7 0.67
GOX HEAT EXCH OUT 1673.7 437.3 11.16 1453.3 0.67
FSOV INLET 1673.7 437.8 11.16 1453.1 0.67
FSOV EXIT 1631.8 438.0 11.16 1453.3 0.65
CHAMBER 114J 1615.5 438.0 11.16 3453.3 0."

CHAMBER 1502.9

- OXYGEN SYSTEM COZNDITIONS

STATION PRESS TEMP FLON ENTHALPY DENSITY
O.P. INLET 15.0 162.7 67.1 61.1 71.17

D.P. EXIT 135.6 163.2 67.1 61.5 71.20

PUM4P INLET 135.6 163.2 67.1 63.5 71.20

PUMP EXIT 2433.9 173.5 67.1 59.3 71.71

02 TANK PRESS 16.0 400,0 0.113 204.7 0.12
OCV INLET 2409.6 173.6 67.0 69.3 71.47
OCv EXIT 1686.7 176.4. 67.0 69.3 70.,5

CHAMBER INJ 1653.1 176.5 67.0 69.3 70.50
CHAMBER 1502.9

. VALVE DATA •

VALVE DELTA P AREA FLON 2 BYPASS
TOV 2232. 0.02 O.56 5.00

FSOV 42. 3.09 11.16
OCY 723. 0.44 66.97

- INJECTOR DATA I

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 113. !.13 11ý16 1181.21

LOX 167. 0.97 6s.97 140.53

lix



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

* TLRlHA4IER P+meRP,)Wl Gn mlA

= gSIIT TUR!!NE: Boo U 123OT P1
...e• .; 0. .................m a

EFFICIENCY ITTI) 0., EFFICIENCV 0.766
EFF ICI ECY T/) 0.4751 HRSEPOWE 71.
SPEED (iRP) 33637. SPEED IRPI) 33637.
MEAN DIA (IN) 1.78 S SPtEE 305 .
EFF AREA (13121 3.8s WAD IFTI 24 1.
U/C (ACTUAL) 0.537 DIA. Rim) 2.6
MAX TIP SPEED 370. TIP SPEED 438.

STAGES I VL. FL.0W 1143.
GAM4MA 1.42 WEAD COEF 0.450
PRESS RATIO CT/T) 1.01 FLO.W4 COE.201

PRESS RATIO IT/3) 1.02
HORSEIOER 71.

EXIT ACK4 NUMBER 0.11
SPECIFIC SPEED IS0.00
SPECIF IC DIAMETER 0.54

STAGEr OWE STAGE TWO STAGE THREE

EFF ICIENCY (ITI 0.86S F.ICIOCV 0.75 6.736 0.737
EFFICIJECY T1/1) 0.627 HORSEPOWER 1256. 125S. 1255.
SPEED (WWI 107)43. SPEED (RPM) 107141. 107143. 107143.

COASEPOWElt $764. SI SPEED 11947.
MEAN DIA. flu) 2.61 S SPE 1142. 1132. 1124.
EFF AREA (I12) 0.44 HEAD 9FT) 456"0. 455s3. 45391.
U/C 1ACTU.L 1 0.*46 VIA. (IN) 3.S6 3.64 3.64
MAX TIP SPE 1347. TIP SPE 1702. 1702. 1702.
STAGES 2 VOL.. FLOWI 1110. 1065. 1064.

GAMMA 1.42 ME"AD c 0.507 .0.50 0.504
PRESS RATIO ITI 1.92, FLOW C0EF .119
PRESS . RATIO cT/I) 1.91 DIAMETER RATIO 0.417
EXIT MAC NUMBE 0.20 SEARING ON 3.80E.06
SPECIFIC SPEED W6. SHAFT 01DAMTER 23.00

SPECIFIC DIAMETER 1.23

- 02 BOOST TURBINE 02~ BOOST PIPS,9

EFFICIENCY CT/TI 0.087 EFFICIE9Y 9.764
PFF ICIELCY 1Tt1) 0.7n4 IRSEPONEt 3.

SPEED (P) 1 9026. SPEED (Rit) X026.
MEAN 0IA IN) 5.05 S SPEED 1026.
EFF AREA 111 1 5.46 AD (FT) 242.

U/C (ACTUAI) 0.55S DIA. CIIN) .34
MAX TIP SPE 231. TiP SIm 132.
STAGES VOL.. FL 421.

1AM4A 3.42 WEAD 0 41.456
PRESS RATIO IT/T) 1.01 FLOW COP. 9.200

PRESS RATIO CT/S) 1.01

HORSEPOWER 30.
EXIT MACH NUMER 0.04

SPECIFIC SPmEE 93.06
SPECIFIC DIAMETER 0.62

..........

EFFICIENCY CTrT1 l.377 EFFICIENCY 0.760

EFF ICIOENCY IT/I) 0.826 HOSEPOER 740.
SPEED (RPM) S2014. SPEED 1(P") "2014.

HORSEPOWER 7.0. SS SPEED 20904.
MEAN DIA (IN) 2.61 S SPEED 1904.

EFF AREA (lN21 0.68 HEAD 1PT) 4613.
U/C I ACTUAL) 0.s34 0IA. (IN) 2.56
MAX TIP SPE 667. TIP SPED 57.

STAGES 2 V.. VOL.4 420.
GAHM 1.42 EAD CCU 0.431
PRESS RATIO IT/TI 1.12 FP.C4 C6F .15@
PRESS RATIO (T/SI 1.13 DIADETER RATIO 0.604
EXIT MACH NUMER 0.09 ".AIING ON 1..64-06

SPECIFIC SPUD 74.54 SmAFT DIA[T11 70.00
SPEC IFIC CDIAME 1.03
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TABLE 13. - FULL-EXPANDER ENGINE - 50,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1202.6
VAC ENGINE THRUST 50000.

TOTAL ENGINE FLOM RATE 204.18
DEL. VAC. ISP 480.0
THROAT AREA 07.41

NOZZ'LE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 148.90

ENGINE MIXTURE RATIO 6.00

ETA C- 0.593

CHAMBER COOLANT OP 355.
CHAMBER COOLANT DT SO3.

NOZ-LE/CHAMBER Q 21899.

ENGINE STATION CONDITION

FUEL SYSTEM CONDITIONS

STATION PRESS TEMP FLOW EJ4TrALPY DENSITY

B.P. INLET 18.6 37.4 14.91 -107.s 4.37
D.P. EXIT 100.2 38.5 14.91 -103.0 4.19
PUMP INLET 100.2 38.5 14.91 -103.0 4.39

IST STAGE EXIT 1308.4 51.6 14.91 -37.9 4.53
2ND STAGE EXIT 2567.4 64.4 14.91 27.5 4.65
PUMP EXIT 3813.5 76.7 14.91 93.1 4.73
COOLANT INLET 3775.4 77.1 14.91 93.1 4.71
COOLANT EXIT 3420.6 4.59.9 14.91 1561.6 1.20

TBV INLET 3386.4 460.0 0.75 2561.6 1.19

TBV EXIT 1570.3 467.3 0.75 1561.6 0.59
O2 TRB INLET 3386.4 460.0 14.17 1561.6 1.19
02 TRB EXIT 3016.7 449.7 14.17 1516.4 1.10

HZ TR: INLET 3016.7 649.7 14.17 1516.4 1.10
H2 TRB EXIT 1706.6 400.3 14.17 1301.9 0.74
H2 TRB DIFFUSER 1659.7 400.4 14.17 1305.9 0.72

HZ BST TSR IN 1643.1 400.4 14.17 1305.9 0.72

H2 BST TR8 OUT 1620.3 399.3 14.17 1305.2 0.71
HZ BST TRB DIFF 1607.4 399.3 14.17 1305.2 0.70
02 BST TSR IN 1591.3 399.4 14.17 1305.2 0.70
02 BST TR OUT 1575.8 398.7 14.17 1302.6 0.69
02 BST TRB DIFF 1578.2 398.7 14.17 1302.6 0.69

H2 TANK PRESS 18.6 f405.3 0.0296 1305.5 0.0087
GOX MEAT EXCH IN 1570.3 402.1 14.88 1315.5 0.68

DOX HEAT EXCH OUT 1562.5 401.8 14.88 131f.2 0.68
FSOV INLET 2562.5 401.8 14.88 1314.2 0.68

FSOV EXIT 1523.4 401.9 14.88 1314.2 0.66
CHAMBER INJ 1508.2 401.9 24.88 1314.2 0.66

CHAMBER 1402.6

- OXYGEN SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENTHALPY DENSITY
P.P. INLET 16.0 162.7 85.4 63.1 71.17
8.P. EXIT 135.6 163.2 85.4 61.5 71.20
PUMP INLET 135.6 263.2 8f.4 61.5 71.20

PLIMP EXIT 2271.6 172.6 85.4 68.6 71.71
02 TANK PRESS 16.0 400.0 0.15 204.7 0.12

OCV INLET 2218.8 272.7 8S.5 68.6 71.67

OCv EXIT 0574.2 175.3 85.3 68.6 70.62
CHAMBER INJ 1558.4 175.3 89.3 68.6 70.60
CHAMBER 1402.6

VALVE DATA -

VALVE DELTA P AREA FLOWM BYPASS
TBV 1816. 0.03 0.75 5.00
FSOV 39. 4.22 14.89
OCV 675. 0.61 89.25

INJECTOR DATA •

INJECTOR DELTA P AREA FLOM VEIOCITY

FUEL 27.. 2.68 14.88 1131.21

LOX 156. 1.27 89.25 135.69

120



TABLE 13. - FULL-EXPANDER ENGINE - 50,000 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

: T*R I 4,JhMERY PERFMACE* DATA '

ft H2 ,oS TLR E ft 11' BOOST PUMP 4
.............

EFF ICIECY CT/TI 0.861 EFFICIENCY 0.766

EFFICIENCY (T/SI 0.489 HORSEPOWER 95.
SPEED 1RPM) 29123. SPEED (RPM) 21123.

MEAN DNA (IN) 2.04 S SPEED l0os.

EFF AREA Ci#m1 5.09 HEAD IFT) 2682.
U/C IACTUAL) 0.533 DIA. KiN) I.4'.
MAX TIP SPEED 367. TIP SPEED 438.
STAGES I VOL. FLOW Is2S.
GAMM(A 1.41 MEAD COEF 0,450

PRESS RATIO IT/TI 1.01 FLOW COEF 0.201

PRESS RATIO (T/SI 1.02
HORSEPOR 9.

EXIT MACH NUMBE-R 0.11

SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.54

-......
* IM TURUMPE P

STAGE ONE STAGE TiO STAGE THREE

EFFICIENCY CT/Ti 0.989 EF7FICIENCY 0.76' 0.763 0.762
EFF ICIENCY IT/S) 0 83 HORSEPOWER 1375. 11-80. 1184.
SPEED (RPMI .00000. SPEED (RPM) 100000. 100000. 100000.
IHORSEPOWE 4139. SS SPEED 12880.

MEAN DIA. 1IN) 2.83 S SPEED 1391. 1372. 1559.

EFF AREA (11t21 0.71 HEAD IFl) 58744. 38828. 38875.
U/C (ACTUAL , 0..54 DIA. 1IN1 3.68 3.68 3.69
MAX TIP SPEED 1383. TIP SPEED 1609. 1609. 1609.

STAGES 2 VOL. FLOW 14o76. 1441. 141S.

GAMMA 1.41 HEAD COEF 0.481 0.483 0.483

PRESS RATIO (T/T) 1.77 FLOW COEF 0.133

PRESS RATIO CT/S) 1.83 DIAIMETER RATIO 0.472
EXIT MACH NUMBE4_R 0.21 BEARING ON 3.00E-06
SPECIFIC SPEED 73.38 SHAFT DIAMETER 30.00

SPECIFIC DIAMETER 1.12

.. .2.....II.....0 .... ............ U

EFFICIENCY IT/T) 0.896 EFFICIENCY 0.764

EFFICIENCY (It/S 0.762 HCRSEPOWER 51.
SPEED (RPMI 7817. SPEED (RPM) 7817.
MEAN DIA 011.1 5.31 S SPEED 3026.
EFF AREA LINZ)1 7.23 HEAD IFT) 242.

U/C (ACTUAL) 0.553 DIA. LIN) 3.85
MAX TIP SPEED z30. TIP SPEED 132.

STAGES I VO.. FLOW S64.

GAMMA 1.41 HEAD COEF 0.4s0
PRESS RATIO (T/TI 1.01 FLOW. COEF 0.200
PRESS RATIO IT/SI 1.01
HORSEPOWER SI.

EXIT MACH NUMBER 0.04

SPECIFIC SPEED 93.04

SPECIFIC DIAMETER 0.92

•t 02 TURBIlE • 5 05 P1J9q ft

EFFICIENCY IT/TI 0.879 EFFICIENCY 0.749

EFFICIENCY IT/SI 0.822 HORSEPOWER 907.
SPEED (RPMI) 43561. SPEED (RPMI 43561.
H4ORSEPOWER 907. SS SPEED 2021S.

MEAN DIA (IN) 2.83 S SPEED 194S.
EFF AREA (toe) 1.00 MEAD (FTI 4287.

U/C (ACTUAL.) 0.506 D1A. 1IN1 2.96

MAX TIP SPEED 617. TIP SPEED 564.

STAGES 2 VOL. FLON S60.

GAMMA 1.41 WEAD COEF 0.434
PRESS RATIO IT/TI 1.12 FLOW COEF 0.160
PRESS RATIO IT/S) 1.13 DIAMETER RATIO 0.686
EXIT MACH NUMBER 0.10 REARING ON 1.31E*06

SPECIFIC SPEED 77.89 SHAFT DIAMETER 30.00

SPECIFIC DIAMETER 0.99
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TABLE 14. - SPLIT-EXPANDER ENGINE - 7500 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMAFNE PARAMETERS
.em.............mmm.......eu..m..l...

CHAMBER PRESSURE 1329.9

VAC ENGIIE THRUST 7500.

TOTAL EIGIINE FI.OW RATE 15.63

DEL. VAC. ISP 479.9
THROAT AREA 2.75
NAOZZLE AREA RATIO 1000.0

NOZZIE EXIT DIAMETER 59.21

ENGIIE MIXTURE RATIO 6.00

ETA C- 0.993
C0•4BER COOLANT DP 1300.
CHAMBER COOLANT OT 1071.

9GZZLE/O4,AM.8R 0 4397.

EIENIPE STATION COND[TION~S

FIEL. t EM CONDITIONS

STATION "S TEMP FLOW ENTHALPY DENSITY

B.P. INLET 6 37.4 2.23 -107.5 4.$7
B.P. EXIT .3 38.5 2.23 -103.0 f.39

PUMP INL.ET 100.3 38.5 2.23 -103.0 4.39
IST STAGE EXIT 1787.3 66.4 2.23 13.7 4.30

JErV INLET I760.5 66.6 1.12 13.9 4.28s
J8V EXIT 1496.4 f" 6 1.12 13.9 4.09

2ND STAGE EXIT 3473.0 IL..6 1.12 164.0 4.05
PUMP EXIT 4981.0 137.3 1.12 298.4 3.98
COOLANT INLET 4931.2 137.7 1.12 298.4 3.96

COOLANT EXIT 3631.6 1208.7 1.12 423.4.7 0.53
TBV INLET 3595.2 1209.0 0.06 4234.7 0.52

TBV EXIT 1567.0 1223.8 0.06 4234.7 0.23

02 TR9 INLET 3595.2 1209.0 1.06 4234.7 0.52
02 TR8 EXIT 3240.7 1184.9 1.06 4140.6 0.48

H2 TRB INLET 3240.7 1184.9 1.06 414.0.6 0.48

H2 TRB EXIT 1657.5 1040.3 1.06 3595.0 0.29
N2 TR8 DIFFUSSER 1641.7 1040.4 1.06 3595.0 0.218

N2 BST TR9 IN 1625.3 1040.4 1.06 3595.0 0.218

M2 EST TRb OUT 1606.3 1038.0 1.06 3585.5 0.28
12 RST TRB DIFF 1601.4 1038.0 1.06 3585.5 0.28

02 BST TRB IN 1585.4 1038.1 1.06 3585.5 0.21

02 BST TR7 OUT I175.6 1036.7 1.06 3580.4 0.27

02 BST TRO DIFF 1574.8 1036.7 1.06 3580.4 0.27

H2 TAWK PRESS 18.6 1057.3 0.0017 3613.1 0.0033
COX HEAT EXCH IN 1567.0 1046.1 1.12 3613.1 0.27
COX MEAT EXCHI OUT 1559.1 1045.4 1.12 3610.3 0.27

MIXER HOT IN 1559.1 1045.4 1.12 3610.3 0.27

MIXER COLD IN 1496.4 68.6 1.12 13.9 4.09
MIXER OUT 13481.2 535.9 2.23 1830.7 0.49

FSPV INLET 1481.2 535.9 2.23 1810.7 0.49

FSOV EXIT 1444.1 536.1 2.23 1810.7 0.48
CHAMBER IN.) 1429.7 536.2 2.23 1810.7 0.47

CHAMBER 1329.9

* OXYGEN SYSTEM CONDITIONS
STATION PRESS TEMP FLOW ENTHALPY DENSITY

B.P. INLET 16.0 162.7 13.4 61.1 71.17

8.P. EXIT 135.6 163.2 13.4 61.5 71.20
PUMP INLET 335.6 163.2 133. 61.5 71.20

PUMP EXIT 2153.8 173.7 13.4 68.9 71.42

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 EXIT 1492.6 176.2 13.4 68.9 70.348

CHAMBER INJ 1462.9 176.3 13.4 68.9 70.34

CHAMBER 1329.9

VALVE DATA

VALVE DELTA P AREA FL.OW % BYPASS

JBV 264. 0.05 1.12 50.00
TRV 2021. 0.00 0.06 5.00

FSOV 37. 0.77 2.23

OCV 640. 0.09 13.39

INJECTOR DATA

INJECTOR DELTA P AREA FLOW VELOCITY

FUEL 300. 0.53 .•3 12:8.81

LOX 134. 0.23 13.39 132.35
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TABLE 14. - SPLIT-EXPANDER ENGINE - 7500 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

* ~ ~ ~ ~ wo II3AI4YP~CM ATA

Time;;; a •• u@ae

EFFICIENCY CT/T) 9.7`13 EFIPCIENCY 0.766
EFF IC cDmCY (T/SI) 0.504 ,RSEPmER, 14.

SPEED (RPM) /s256. SPEED INA) 712s4.

lEAN DIA (IM) 1.16 S SPEED 30MI.
EFF AREA (IW2) 0.0 "EAD (FT) I 13.

U/C (ACTUAL) I .5$3 DIA. (IN) i.31
MAX TIP SPEED 484. TIP SPEED ISe3.

STAGES I VOL. FLOW :122.
SMA.33 lEAD O 0.s50

PRESS RATIO 1 T/TI) 1.01 FLOWA COEJ .0Z1

PRESS RATIO IT/S) 1.02
HORSEPOWER 16.

EXIT MACH N04" 0.R7
SPECIFIC SPEED 123.86
SPECI F C DIAMETER a."4

• •so... .
i II BIiE W P .

ST• O4E STAGE TWO STAGE THREE

EFFICIENCY (T/T) 0.73 EFFICIENCY 0.417 0.499 0.51?

FFI C IENCY IT/SI 0.75 H RSEP 369. 238. 212.

$PID (RPM) 1 00. WED (ARlq 187103. 307s00. 108710.

HOSEPOE 09. 5* 5 3SPEED 9541.

MEMA DIA. (INS 2.3S S SPEED 795. 1S4. 593.

EFrF AREA 'IWO) I .en HEAD (FPT) 56132. S8"12. s50S4..

U/C (ACTUAL) 1 .3SzS IA. (11) 2.28 2.39 2.39

MAX TIP SPEED 2000. TIP Spm 1344. 19s9. 1959.

STAGS 2 WL. FLOW 233. 124. 124.

S1. AD O •0.20 0.489 0.413

PRESS RATIO (T/ll I.3 FLOM WE :.099

PRESS RATIO (T/S) . DIAMETER WTI0 0.524

EXIT MACH (SPIDER 3.3,, NEARING ON 3.99E-06
SPECIFIC SPEED 21.23 SW DINV[TER 16.00

SPEC IF IC DIAMETER 2.S3

02 BOOST TIUSINE S TPI*

EFIC IEICY (T/3) :.*I, EFFICIENCY 0.74?

EFFICIE ICY IT/SI 1.73. HSEP A .
SPEED (RPM) 20(12. SPEED (Rl") 20132.

MEAN DIA MIN) 1.19 S %PEED 3026.
EFF AREA (I42) 6.9S WAD IFT) 242.

U/C (ACTUAL ) 0.SSS DIA. (IN) (.49

MAX TIP SPEED 07. TIP E 2.
STAGES I VO.. FLOW as.

GAIRI 3.33 HEAD 0f.4s0

PRESS RATIO (TiTl I.31 PG 0.2200
PRESS RATIO IT/SI) I.T

HORSEPOWER3
EXIT H•CH NLP2IBE 0,01
SPECIFIC SPEED 61.64
SPEC IF IC DIAMETER 1.29

......... ........
S (32 IDIl • 02 PL1 *

EFFICIENCY (T/T) 772 EFFICIEICY 0.703

EF IC 10NCY CT/SI 0.743 HORSEPO•ER 14),

SPEED 1RPM) 112I15. SPEED tMAR) 112415.
HORSEPOWER. "3 SPEED 204 1.

MEAN DIA (IN) 2.14 S SPEED Z030.

EFF AREA (IN I 0.3Z 3.2 IE F -P I 45D8.

U/C (ACTUAL) .1.5S DIA. tIN) (.35
MAX TIP SPEED 1201. TIP SPEED 45.

STAGES I VO.. FLO BA.

GAN" OT I.33 HEAD COEF 0.a41

PRESS RATIO ITWl)I 1.31 FLOIW CU 0.161

PRE SS RATI I T/S I . I DIAMETER RkATIO 0.484
E IlT I MAC M WS •D R 0.07 "-, ING DA I .I SE- 06

SPECIFIC SPEED 29.4 SAFT DIAIETER 14.00
SPECIFIC DIAMETER 2.si
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TABLE 15. - SPLIT-EXPANDER ENGINE - 15,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMAHEE PARAM•ETERS

CHIMBER PRESS.URE 1610.6

VAC ENGIHE THRUST I5000.

TOTAL ENGINE FLOW RATE 31.Z5

DEL. VAC. ISP .80.0

THROAT AREA 4.5s

NGZZLE AREA RATIO 1000.0

NOZZL.E EXIT DIAMETER 76.15

ENGINE MIXTURE RATIO 6.00

ETA C- 0.993

CHAMBER COOLANT OP 602.

CHAMBER COOLANT OT 11:1.

NOZZ.LE/CHAMHKR 0 9203.

ENGINE STATION CONDITIONS

SFUEIL SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENJTMHALPY DENS ITY

B.P. INLET i8.6 37.4 '.47 -107.5 6.37

B.P. EXIT 100.3 38.5 4.'7 -103.0 4.39

PUMP INLET 100.3 38.S 4.47 -103.0 4.39

IST STAGE EXIT 2166,6 72.6 4.47 '0.2 6.19

JBV INLET 2132.2 72.9 2.23 '0.2 4.27

JBV EXIT 1i12.3 75.2 2.23 .0.2 4.05

2ND STAGE EXIT 3'76,6 95.3 2.23 136.0 6.25

pUMP EXIT 4736.6 116.' 2.23 227.f. 4.26

COOLANT INLET 4689.2 116.7 2.23 227.4 4.24

CDOO.ANT EXIT '087.5 1237.'. 2.23 4,347.3 0.57

TEV INLET 4046.6 1237.7 0.11 4347.3 0.57

TBV EXIT 1898.0 1253.' 0.11 '347.3 0.27

02 TAB INWET '0'6.6 1237.7 2.12 4347.3 0.57

02 TRE EXIT 3S94.2 1209.6 2.12 4236.6 0.52

H2 TRB INLET 359'..2 .1209.6 2.12 4236.6 0.5Z

HZ TRB EXIT 2004.5 1078.8 2.12 3737.9 0.33

W- TRB DIFFUSER 3935.2 1078.9 2.12 3737.9 0.33

HZ BST TRO IN 1965.4 1078.9 2.12 3737.9 0.33

H2 BST TR8 OUT 1943.1 1076.5 Z.IZ 3728.' 0.32

H2 DST TRE DIFF 1938.9 1076.5 2.12 37-28.6 0.32

02 BST TRB ;M 1919.5 1076.7 2.12 37238. 0.32

02 DST TRB OUT 1908.3 1075.3 2.12 3723.2 0.32

02 BST TRB DIFF 1907.6 107S.3 2.12 3723.2 0.32

H2 TAWK PRESS 18.6 1097.9 0.0033 375'.4 0.0052

GOX HEAT EXCH' IN 1898.0 1084.3 2.23 3754.' 0.32

COX HEAT EXCH OUT 1888.5 1083.6 2.23 3751.7 0.31

"MIXER NOT IN 1888.5 1083.6 2.23 3751.7 0.31

"MIXER COLD IN 1812.3 75.2 2.23 40.2 6.05

MIXER OUT 1794.1 557.6 4.46 1894l. 0.56

FSOV INLET 1794.1 557.6 4.46 1894.6 0.56

FSOV EXIT 1749.3 557.8 4.46 1894.6 0.55

CHAMBER INJ 1731.6 558.0 4.46 1894.6 0.55

CHAMBER 1610.6

- OXYGEN SYSTEM CONDITIONS

STATION PRESS TEJ9 FLOW ENTHALPY DENSITY

O.P. INLET 16.0 162.7 26.8 61.1 71.17

B.P. EXIT 135.6 163.2 26.8 61.5 71.:0

PUMP INLET 135.6 163.2 26.8 61.5 71.20

PUMP EXIT 2608.5 175.2 26.8 70.2 71.61

02 TAWK PRESS 16.0 '00.0 0.045 204.7 0.12

OCv INWET 2582.'. 175.3 26.8 70.2 71.57

DCV EXIT 1807.7 178.2 26.8 70.2 70.36

CHAMBER INJ 1771.7 178.4 26.8 70.2 70.30

CHAMBER 1610.6

* VALVE DATA

VALVE DEL.TA P AREA FLOW S BYPASS

JBV !.,a. 0.09 2.23 50.00

T1V 2149. 0.01 0.11 5.00

F.OV 45. 1.30 .146

OCV 775. 0.17 26.79

INJECTOR DATA

INJECTOR DELTA P AREA FLOW VELOC I TY

FUEL 1:1. 0.90 4.46 1327.74

LOX I7q. 0.38 26.79 115.68
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TABLE 15. - SPLIT-EXPANDER ENGINE - 15,000 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

9(2 ~ ~ ~ ~ "AC "T TI3* Q -TP

7F3ICIIC'r CT/TI 0.E15 FFICIENCY 0.766

.7I1C, EC" IT/S, 0"22 iRSEPOWER 23.

SPEED (RPM) 53223. SEED IRP;) S3238.
OEM DIA (IIN) 1.64 SPEEL s0•4.

UP AREA he)1 .1.13 HEAD FTI 2695.

U/C (ACTUAL) 1.442 DlA. IIN) I.;
MAX TIP SPE 476. TIP SPE 428.

STAGES I VOL.. FLOW 4S?.

G9IA 1.14 HEAD 0.456
PRES RATIO CT/T) 1.1 FLO.W CC 0.201

PRESS RATIO (T/3) 1.01
HORSEPOWEL 23.

EXIT MACHl NmOE I .36
SPEC IFIC ,SPEE • 37.14
SPECIFIC hIAMET 0.71

.............. ......11111

STAGE Ef STAGE TWO STAGE TR'EE

EFFICIENCY CT/TM 0.779 EFFICIENCY 0.431 0.592 0.400

11IF 1C I ENCl IT/S) 0.7?1 SE• 3 •4E 905. 102. 219.

SPEED RPM) 13341 3. SPEED (RPm) 136130. 1363's. 146361.
HORSEPOWER 417. S SPEED 9405.

WEAN DIA. 9IN) 3.24 s SPEED 494. 684. 70s.

EPF AREA (1O ) .15 " HEAD IFT) 48s ". 44229. 42420.

U/C (ACTUAL) 0.5*4 DIA. (IN I. 19 2.82 2.3'2

MAX TiP SPEED 2000. TIP SPEED 2020. 1477. 167?.
STAGES 2 VO.. FLOW 467. 234. 235.
GAPIPA 1.40 MEAD CO0. 0.54? 0.504 0. 4"

PRESS RATIO T/Ti) 1.79 FIL.4 COE 0.089

PRESS RATIO VT/S) 1.32 DIAMETER RATIO 0.304

EXIT MtACt WHIM 3.12 DEMING ON $.80E.06

SPECIFIC SPEED 29.04 " SHT DIAMETER 22.00

SPECIF IC DIAMETER 2.57

EFFICIELCY (TIT) 6.27 EFFICIENCY 0.74"

ICF IC -Y I(/2) Y.7S9 9ORSEPE 15.

SPE (RPM4) 14271. SPEED (RPM) 14271.
MEAN DIA (IN) 4.s8 S SPEE 62024.

EFr AREA (IN28 I."4 or-AD FT) 242.
UC (IACTUAL) 6.SSS DIA. (IN) 2.13

pA TIP SPED 03. TIP 1E 322.
STAGES I VOL. FL93 139.
GAMMA 1.40 MEAD C:EF 0.450

PRESS RATIO C/TI) 1.01 FLE 3 COEF 0.200

PRESS RATIO CT/SI I.03
PERSEP0ER IS.

EXIT KMCN Woo" 1.-02

SPECIFIC SPEED 5.2"R
SPECIF IC DIAMETE 3•.11

- 02 TURDIlE * .2P1
:....... ;*!.. ..

E"FICIENCY IT/T) 0.7E9 -FFICIENCY 0.730

FI C IEJCY CT/SI 6.75 OSVEWElt 332.

SPEED (RPM) 3I77S. SPEED IRPR1 35773.

HORSEPOWER 332. SS SPEED 21301.

NE-m DIA SIN) 3.24 SPE M379.

PFF ARE2A .2 HEAD (FT) 6971.
U/C (ACTUAL) 0.s5I a16. (IN) 3.43

MAX TIP SPEED I3S2. TIP 1EED 417.
STAGES I VOL . FP.00 3,8.

64941.63 HEAD CC 0.420

PRESS RATIO CT/TI 1.13 FLOW CF 0.157

PRESS RATIO CT/SI 1.13 DIAMETER RATIO 0.083

ExIT AC NUMBER 6.37 KARING I• t.317C06

TPECI.IC SPEED 26.93 S.-FYT ODIAMTER 14.00

SPECIFIC ODIMETER 2.64
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TABLE 16. - SPLIT-EXPANDER ENGINE - 25.000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS
.....................................

CHAMBER PRESSURE 1712.8
VAC ENGINE THRUST 25000.

TOTAL. ENGINE FLOW RATE 52.08

DEL. VAC. ISP 480.0
THROAT AREA 7.14

NOZZLE AREA RATIO 1000.0

NOZZLE EXIT DIAMETER 95.35
ENGINE MIXTURE RATIO 6.00

ETA C- 0.993

CHAMBER COOLANT DP 616.
CHAMBER COOLANT DT 1010.
NOZZL.E/CHAMBER 0 11870.

ENGINE STATIO CONDITIONS

FUEL SYSTEM CONDITIONS

STATION PRESS TEMP FLOW EI4TMALPY DEN•ITY
:.P. 1&1ET 18.6 37.4 7.45 -107.5 4.37

*.P. EXIT t01.2 38.5 7.45 -103.0 4.39
PUMP INLET 101.2 38.5 7.45 -103.0 4.39

.ST STAGE EXIT 2301.9 70.0 7.45 16.1 4.42
JRV INLET 2267.4 70.3 3.72 36.1 4..0

J.V EXIT 1927.3 70.0 3.72 16.1 4.17
2ND STAGE EXIT 3708.6 90.5 3.7Z 127.7 4.43

PUMP EXIT 50s1.3 110.0 3.72 216.8 4.47
COOLANT INLET 504e0.4 110.4 3.72 2146. 4.45
COOLANT EXIT e424.2 1119.9 3.72 3042.2 0.67

TRV INLET 4379.0 1120.2 0.19 30,42.2 0.67

TBV EXIT 2019.2 1137.1 0.19 3042.2 0.32

O2 TRB INLET 4379.9 1120.2 3.54 3942.2 0.67

02 TRB EXIT 3864.7 1091.1 3.S. 38,7,0 0.61
HZ TRA INLET 3864.7 1091.1 3.54 38.7.0 0.61

H2 TRB EXIT 2134.2 965.0 3.54 3343.9 0.39

H2 TRD DIFFUSER 2113.7 965.1 5.54 33(.3.9 0.30
H2 82T TRD IN 2002.6 965.1 3.54. 3343.0 0.39
NZ BST TRB OUT Z068.5 062.7 3.54 3334.3 0o.8

H2 5ST T88 DIFF Z063.S 062.7 3.54 3334.1 0.38
02 BDT TR8 IN 2042.9 062.9 3.54 3314.3 0.28

02 DST TR8 OUT 2030.2 9061.5 3.54 3320.2 0.38

02 BST TR DIFF 2029.4 961.5 3.5, 3320.2 0.38
H2 TANK PRESS 18.6 984.3 0.0061 3359.8 0.0036

GOX NEAT EXCH IN 2019.2 970.3 3.72 3359.8 0.37
GOX HEAT EXCH OUT 2009.2 960.6 3.72 3357.1 0.37

MIXER NOT IN 2009.2 969.6 3.72 3357.1 0.37

MHIER COLD IN 1027.3 73.0 3.72 36.1 4.17
MIXER OUT 1908.7 502.4 7.44 1695.3 0.66

FSOV INLET 1008.7 502.4. 7.e44 160S.3 0.66
FSOV EXIT 1861.0 502.6 7.44. 1605.3 0.65

CHAMBER INJ 1842.6 502.7 7.44 1695.3 0.64

CHIAMBER 1712.8

- OXYGEN SYSTEM CONDITIONS *

STATION PRESS TEPU FLON TTiALY ON DENSITY
3.P. INLET 16.0 162.7 4 4.7 61.1 71.17

3.P. EXIT 135.6 163.2 "4.7 61.5 71.20
PLOW INLET 135.6 163.2 44.7 61.5 71.20
PUMP EXIT 2773.0 175.4 e.4.7 70.6 71.73

02 TANK PRESS 16.0 400.0 0.076 204.7 0.12

OCV INLET 2746.2 175.5 44.6 70.6 71.68

OCV EXIT 1922.3 1-8.7 44.6 70.6 70.40
CIAMER INJ 1884.1 178.8 44.6 70.6 70.34

CI4AMMEM 1712.8

VALVE DATA

VALVE DELTA P AREA FLOW S BYASS

JBV 340. 0.14 3.72 53.00
TRV 2361. 0.01 0.19 5.00

FT.OV 48. 1.13 7.44

DCV 8214. 0.217 44.64

INfI TOR DATA ,

INJECTOR DELTA P .AWFA FlON VET.CI TV

FUEL 1.10. 1.43 7.44 127ý4.821

LOX lq0 0.61 44.64 1%0109
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TABLE 16. - SPLIT-EXPANDER ENGINE - 25,000 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

................. Ie ............ .T TWi • I2 OPERFORMANCE DATA

EFFICIENCY Wit1 O.073 EFFICIE0NCY 0.76S

ErF I C IENCY ,T/SI1 27384 4NSPWER 48.
SPEED tPIt 4I14AI . SPED RPM) 4141).
MEAN DIA (IN) 2.12 S SPEED 3042.
Err AREA 3IN21 3.70 NEAD IFt) 2712.
U/C 'ACTUAL) I .IS& DIA. (IN) 2.43
MAX TIP SPEED 47 . TIP SPEED 440.
STAGES I Ax. FLOW 761.

G 1.44. lf..EAD 0 O.4s0
PRESS RATIO IT/TI 1.01 L COE 0.Z00
PRESS RATIO IT/S) 3.01
HORSEPOWER 48.
EXIT CH NBER .04

SPECIF SPED 14..6
SPECIFIC DIAMETER 0.7s

STAGWE SN TARE T40 STAGE t)E4EEr

EFFICIENCY WT/TI .020 EFFICIENCY 1.644 0.642 a. 44
EFF IC ENCY TIT#) 0.012 14D 3445. 403. 470.
SPED tRP") 126000. SPEED (" 12M000. M2OW00. 12S000.
H4RSEPGER 24'. S SPEED 11207.

EAH DNA^. (tIN) 3.3; S SPEED 783. 776. 704.
UP AREA lIN) 0.21 HEAD IFT) 7137. 4S767. .. 733.
U/C (ACTUAL) I a*40 DIA. I1N 1 5.70 3.0; 3.0.
MAX TIP SPEED 3l00. TIP SPEED 2066. 1640. 168.
STAGS 2 VIL. FLOW 16. 317 . sit.

A1.44 HEAD C0F6 4.51 0.517 0.50)
PRESS RATIO IT/TI) 3.01 PLOO CEO .096
PRESS RATIO IT/SI) 1.l DIMEWTI RATIO 0.333
EXIT PIACI IRI 0.2 NmIa W £ OlOi'04
SPECIFIC SPEED 33.40 UGPI DI:IETI 24.00

SPECIFIC DIAMETE 2.10

EFFICIENCY IT/T) 0,64 EFFICIENCY 0. 71
EI C IENC 1T/S .0.0 HORSEPWER 26.
SPEED IRPM) 11045. SPED (WPM) 13066.

NEA D1VA 1I'M 6.02 S SPED 3026.
E AREA a1tl Z.3. HEAD (FT) 242.
U/C (ACTUAL ) a.55S DIA. (IN) 2.2"

%AX TIP SPEED S02 TIP SPD 132.
STAGES i OW.. POLOM ?2.

1 3.44 HEAD CCU 0.:s0
PRESS RATIO IT/I) I.0) PLOW 0 .200
PRESS RATIO 1T/SI 1.0)
IORSUEP 24.
EXIT MAC4 NUMER 0.02

SPECIFIC SPEED 6.64
SPEC IFIC DIAMETER 1.47

02 TIlIl4 * l p1l9 5

EFF IC I ENCY (T/T) 0.00 EFFICIE14CY 0.747
EFFICIENCY IT/SI 0.82S I.RSEPFWER 767.
SPEED IRPM" 47707. SPEED (APU) 67709.
NlOSEP0E 576. 52 SpED 22244.

MEAN DIA 'IN,) 3.1 5 S9 3027.
E" AREA I401 0.20 lEAD (FT) 629).
U/C I &CTUAL I .SS0 DIA. (INi) 2.4
MAX TIP SPEED 904. TIP S'P"D 632.
STAGES 2 OW.. VO.L 5 200.

A1.44 HEAD •TEF 0.,74
PRESS) RATIO IT/TI 13 FLOM C.)F 0.1s5
PRESS RATIO IT/S) 1.*4 DIAWtEI RATIO 0.482

EXIT 17A4 NUMBER 0.07 .EARS A C .O191.A06
SPECIFIC SPEED 42.69 &HAFT DIAMETER 72.00
SPECIFIC DIAMETER I.s3
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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 37500.
TOTAL ENGINE FLOW RATE 78.12

DEL. VAC. ISp 680.0
THROAT AREA 11.40

NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 120.49
ENGINE MIXTURE RATIO 6.00
ETA C. 0.993
CHAMBER COOLANT DP 547.
CHAMBER COOLANT DT 879.
NOZ.LE/CHAMBER 0 18214.

ENGINE STATION CONDITIONS

- FUEL SYSTEM CONDITIONS
STATION PRESS TEMP FLOW E"THALPY DENSITY

B.P INLET 18.6 37., 11.17 -107.5 4.37
B.P. EXIT 100.9 38.5 11.17 -101.0 4.39
PUMP INLET 100.9 38.5 11.17 -103.0 4.39
IST STAGE EXIT 2161.1 65.1 11.17 19.4 4.49

JBV INLET 2128.7 65.4 5.S9 19.S 4.47
.JBV EXIT 1809.4 68.2 5.59 19.5 4.26

,ND STAGE EXIT 3418.3 81.1 5.5R 94.4 4.54

P U"P EXIT 4672.0 96.6 S.59 168.6 4.59
COOLANT INLET 4625.3 97.0 S.59 168.6 4.57
COOLANT EXIT 4078.0 976.7 5.09 3429.6 0.71

TEV INLET e037.2 976.4 0.23 3429.6 0.71
TBV EXIT 1895.0 991.2 0.28 34.9.6 0.34

02 TR8 INLET 4037.2 976.4 5.31 3429.6 0.71
02 TR EXIT 3542.2 949.6 5.31 33122. 0.64
H2 TRB INLET 3542.2 949.6 5.31 3323.8 0.64

HZ TRB EXIT 2012.1 841.7 5.31 2908.9 0.40
H2 TRB DIFFUSER 1988.7 841.8 5.31 2108.9 0.42
HZ HST TRB IN 1968.8 841.8 5.31 2908.9 0.42
H2 OST TRB OUT 1943.3 439.4 5.31 2199.3 0.41
HZ OST TR9 DIFF 1938.3 839.5 5.31 2199.3 0.41
02 DST TRB IN 1918.9 839.6 S.31 2899.3 0.41

02 :ST TR8 OUT 1905.3 838.2 5.31 2194.2 0.41
OZ 8ST TRO DIFF 1904.5 838.2 5.31 2894.2 0.41

HZ TANK PRESS 18.6 857.9 0.010S 2921.0 0.0041
GOX HEAT EXCH IN 1890.0 845.8 S.58 2921.0 0.40

OX HE AT EXCH OUT 1885. 84%5.1 S.58 2918.2 0.40
MIXER HOT IN I885.S 845.1 5.5 2918.Z 0.40

MIXER COLD IN 1809.4 68.2 5.59 19.5 4.26
MIXER OUT 1791.2 '41.3 11.16 1467.5 0.70
FSOV INLET 1791.2 441.3 11.16 1467.S 0.70
FSjV EXIT 1746.5 441.4 11.16 1467.5 0.69

CHAMBER IN 1728.8 441.5 11-.1 1467.s 0.8B
CHAMBER 1608.0

* OXYGEN SYSTEM CONDIITIOIN
STATION PRESS TEMP FLOW ENTHALPY DENSITY
5.P. INlET 26.0 1 .7 67.1 61.1 71.17
E P. EXIT ! ".. : %7.1 61.5 71-.0
P,.P [N.L fT I:.1. 36.2 67.1 61.5 71._0
PUMP EX IT : .,4 . 2 174 .3 ,7.1 "9 .8 71.75

02 TANK PRE�. 16.0 400.0 0.113 20'.? 0.1"
OCV INI.ET ,7".2 174.4 67.0 69.8 71.71

DCV EXIT 804.7 177.3 67.0 69.8 70.51
(•H'•MER INJ loR.R l'7 .4 67.0 69.8 70.45

CHAMBER 1608.0

VALVE DATA
VALVE [,ELTA P AREA FLOW BYPASS
JOY 329 . 7.22 5 .59 50.00

TBV 2107 .32 0.28 5.00

F;OV 4'.. 7.q9 11.14

(EV 771" (01 66.96

IN .t CT:30 3ATA •
INJ'CTnR rILTA f .6 Fk.(d VWTL O( I TV

F. FL L0 .1.16 11nS.76
LOX I T• . 66.96 145.41



TABLE 17. - SPLIT-EXPANDER ENGINE - 37,500 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

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

TURRA II5RY PERFCkMCE DATA

2.................... ".......T... P..

EFFICIE)CY CT/T) 0.084 EFFICIOECY 0.76S

EFFICIEFCV CT/SI 0.701 HORSEPOWER 72.
SPEED (RP") 33773 . SPEED IRpU) 33776.
MEANr DIA (IN) 260 . SPEED 3o44.

EFF AREA (IZ2) 2.39 HEAD (FT) 2704.
U/C 'ACTUAL ) 0.553 DIA. (IN) 2. OR
MAI TIP SPEED 567. TIP SPv 440.
ST•GýS I VOL. FLOW 11`2.

GAMMA 1.41 lEAD CE 0.50

PRESS RATIO (7/TI 1.01 FLOW CCU 0.201
PRESS ATIO (T/0 ) 1 .02
HORSEPOER 72.
EXIT PAC34 NUMBER 0.0?
SPECIFIC SPEED 112.96
SPEC IF IC DIAMETER 0.77

ST*GE 0E STAE TIM STAG TIEE

EFFICIENCY IT/T) 0.801 EFFICIENCY 0.7 0.4646 0.646
E F F IC I E NC Y IT /S ) 0 . 82 t H OR SEP O WER 19 4 . 5 94 . 5IRS.
SPEED (RPM1 101143. SPEED (RPM) 107143. 107143. 107142.
HORSEPO•ER 3115. S SPEED 11070.
MEAN DIA. (IN) 3.70 S SPEED 865. 809. 0RP.
FFF ARE.A 1IW2 0.33 M'AD (FTI 46451. 40014. 39"46.
U/C 'ACTUALI 0.a54 DIA. It") 4.26 5.37 3.37

WAX TIP S 1312. TIP SPEED 1592. 177. 1570.
STAGES 2 VOL. FLOW 1114. 553. 564.
GA)M7A 1.41 WEAD COEF 0.539 I.510 I.SI
PRESS RATIO IT/T) 1.71 FLOW C 0.102

PRESS RATIO IT/S) 1.71 IDIAMETER RATIO 0.357
EXIT HACH , LGIGEM 0.14 SEARING IN S.0OE-06
SPECIFIC SPEED 38.64 SAPFT DIAMETER 28.00
SPECIFIC DIAMETER 1.59

EFF I CIWCY CT/TI 0.:77 F.F IC I ICY 0.764
EF"ICIEOCY IT/SI 0. 12 HRSEPIOWE R.
SPEED I(RP ) 024. SPEED IRPM) 9824.
MEAN DIN (IN) 7.12 S SPEED 3026.
EFF AREA (I.G) 3.30 HE.AD FPT) 242.

U/C (ACTUAL) 0.SS3 DIA. (IN) .354
MAX TIP SP IED 301. TIP SPEED 11.
STAGES I VOL. FLOW .22.

G.AO*IA 1,41 HEAD COEF 0.430
PRlE RATIO WT/TI 1.01 FLO.4 CC[ 0 200
PRESS RATIO (T/SI 1.01"ORSEP0NER 359.

EXIT M•AN bLER 0.03

SPEC IFIC SPEED S4.11
SPECIFIC DIAMETER I.S1

'FF I CIwC'Y IT/T1 0.057 F.FICIENCY 9.760

EFFICIElNCY CT/SI 0.133 HORSEPOWER 795.
SPEED (RPM) 53578. SPEED (PM) SI3570.
9RSPOWCE, 79". SS SPEED 21S2.
MEAN 016 11N) 3.70 S SPEED 1059.

EFF, AREA C10) 0.41 HEAD (F?; 495K2.
U/C (AC EUAL ) 0,5'1 DI. 11t 2.60
WAX TIP SPEED 914. TIP SPEED 600.
STAGES 2 VL.. FLOW 420.
GA04MA 1.41 WEAD COP 0.4 1

PRESS RAYIO (T/TI 1.14 PlOd CGEP 0. 5%
PRESS RATIO 1T/SI 1 .14 DIANETER Y 6NA7 0.10 0
EXIT MACH NIAER 0.0? REARING ON I.Ir*06

SPCFCSPE E '1.71 1/iA? I DI&METER .6.00

SPICIFIC DIANE 1..,

I 2t)



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

ENGINE PERFORK1ACE PMMAMETERS

CHAMIBER PRESSURE 1510.7

VAC 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 143.52
ENGINE MIXTURE RATIO 6.00

ETA C- 0.993
CHAMBER COOLANT DP 487.

CHAMBER COOLANT DT 800.
NOZ--LE/CHAMfRER 0 22180.

ENGINE STATION CONDITIONS

; FUEL SYSTEM CONDITIONS •

STATION PRESs TEMP FLOW ENTHALPY DENSITY
R.P. INLET 18.6 37.4 24.90 -107.5 4.37

O.P. EXIT 101.0 3.s5 14.90 -103.0 4.39
P U8P INLET 101.0 38.5 14.90 -105.0 4.39
IST STAGE EXIT 2030.3 61.4 14.90 6.4 4.54

JOV INLET 1999.8 61.7 7.45 6.4 . 4,52
JOYV EXIT 1699.9 64.5 7.45 6.4 4.32

2ND STAGE EXIT 312s.1 73.9 7.45 67.6 4.60
PUMP EXIT 4227.8 86.1 7.45 128.5 4.67

COOLANT INLET 4185.5 86.5 7.45 128.5 4.65

COOLANT EXIT 369!.9 886.6 7.45 3106.4 0.71
TOV INLET 3662.0 886.9 0.37 3106.4 0.70
TOV EXIT 1780.3 899.3 0.37 3106.4 0.35

02 TRO INLET 3662.0 886.9 7.08 3106.4 0.70
02 TRO EXIT 3201.7 862.2 7.08 3000.4 0.64
MI TRO INLET 3201.7 862.1 7.108 3008.4 0.64
H12 TOR EXIT 1896.7 769.2 7.08 2649.7 0.44
H12 TR9 DIFFUSER 1871.9 769.4 7.08 2649.7 0.43

M2 BST TOO IN 2053.2 760.4 7.00 2649.7 0.43
HZ BROT TOO OUT V827.1 766.9 7.08 2640.1 0.42
1Z ERT TRO DIFF 1822.1 767.0 7.08 2640.1 0.42
02 BST TOO IN 1003.0 767.1 7.08 2640.1 0.42

02 ROT TOO OUT 1700.2 765.7 7.08 2635.0 0.42
0Z RST TRB DIFF 1789.3 765.7 7.08 2635.0 0.42

H02 TANK PRESS 18.6 783.2 0.0153 2618.6 0.0045
0OX PEAT EXCH IN 1780.3 772.4 7.43 2658.6 0.41
COX NEAT EXCN OUT 2771.4 771.7 7.43 2655.8 0.4e

MIXER MaT IN 1772.4 771.7 7.43 2655.8 0.41

MIXER COLD IN 1699.9 64.5 7.65 6.4 4.32
MIXER OUT 1682.8 405.4 14.88 1329.7 0.72

FSOV INLET 2682.8 405.4 14.88 1329.7 0.72

FSOV EXIT 1640.8 405.6 14.88 12329.7 0.70

CHABER INJ 1624.3 405.6 14.88 1329.7 0.70
CHAMKER ISI0.7

- OXYGEN SYSTEM CONDITIONS

STATION PRESS TEW FL ON ENTHALPY DENSITY

B.P. INLET 16.0 16Z.7 89,4 61.1 72.1 7
B-P. EXIT 135.6 163.2 8..4 61.5 72.20
PUMP INLET 135.6 263.2 09.4 62.5 72 .0
PUMP EXIT 2446.6 273.3 80,4 60.2 692.;75

02 ANKI PRESS 16.0 400.0 0.252 204.7 0.2
OCV INLET 2422.2 I273.4 80.3 60.2 71.71
OCV EXIT 1605.5 176.2 80.3 69.2 70.58

CMAMOIR INJ 1662.7 176.3 89,3 69.2 70.53
CHAMBER 1510.7

VALVE DATA

VALVE DELTA P AREA FtL C It BYPASS

JOY 300. 0. .0 7..s5 50.00
TBV 2802. 0.0o 0*.7 5.0 0
FSOV 42. 3 .4 24.88
0CV 727. a.%* 80.19

I,', TOR DATA •

INJEC TOn PLTA P .4'F.A 'I' W Vt OCITY
FUEL 224. 2 ,1 24 1142..70

LOX 106. 2. 1 * a 12.0 86

S . . . .' , . I I Im 10



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

EFFICIELCY (T/T) 0.813P EFFICIENCY D* .65
EFFICIEWC] IT/S) 0.711 R SEP01ER 9I.

SPUED I RPM) 292S9. 5PEED (RPM) 292•9.

MEAN DIA (IN, 3.00 S SPEE5 D 3044.

EFF AREA Ila2) 3."1 HEAD tFTI 2791..

U/C [ACTUAL,) 0.3 DA. flu) S.44

MAX TIP SPEED (.6. TIP SPEE 440.
STAGES I VOL. FLOW ISMS.

GAMMOA 1.40 ME-A COE 0.4S0
PRES RATIO (IT/) 1.01 FLOW COE 0.201

PRESS RAT tIO IT/SI 1.02
IOnSEPI0Elt 9..
EXIT MACH b 5 0.01
SPECIFIC SFEED 112.S1

SPEC IF IC DIA4IMEER 0.77

.... TI...II.I. .I..PU.....

STAGE 04 STAGE TMQ STT THREE

EFFICIENCY (Tf/T 0.E19 EFFICIENCV 0.726 0.723 0.722

FF ICIE)dCv (I/SI 0.01. ORSEPCE 2104. &A5. 6412.
SPEED (cRPM) 100000. SPEED (RPt) 100000. 100000. 110000.
VDS, POWE4 I5'1. 1SPEED (2793.
MEAN DI. 9INM) .1.7 1 SPEED l00. 1065. 1043.

EFF AREA (112) 0..7 MEAD (FT) 1170. 34459. 35230.
U/C (ACTUN. 1 0.5 34 rIA. (IN) 4.44 3.39 3.39
MAX TIP SPED 1700. TIP SPEED 1939. 1479. 1.79.

STAGES 2 'VO.L FLOM 11.72. 726. 116.

GAR" 1.1I lAD CaP 0.529 0.So? 0.50.

PRESS RATIO IT/I) 1.69 FLFLOW COU 0.109

PRESS RATIO IT/S) 1*.72 SIAETER RATIO 0.391
EXIT MACH NUMER 0.0S WARING IN 5..0E016

SPECIFIC SPUD .4.16 %J4FT DIAMETER 30.00

SPECIFIC DIAMETER 1..69

EFFICIENCY CT/T) 0.3 EF'FICIE[Y 0.764

EFIC EI•CY CT/SI 0.819 HIRSEPO3ER S.
SPEED I0PM1 73117. SPUD CRPM) 7)17.

MEAN DIA (INI 0.22 S SPEED 3026.

EFF AREA (1I N .3 I li EAD (PT) 342 .
U/C (ACTUAL) 0 .SS3 DIA. (IN) 3.•05
MAX TIP SP•ED 301. TIP SPUED 132z

STA"ES I VOL. FLO1W S4.
6AMMA 1.40 HEAD CO 0.450

PRESS RATIO CT/TI 1.01 FLOW 0.200

PRESS RAT.O IT/Sl 1.1
HORSEPOWER St1.

E X IT M A C " W p "R 0 .0 1

SPEC IFIC SPEED 53.70
SPECIFIC DIAMETER 1.53

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

EFFICIECY CT/T) 0.051 1F EICIENCY 0.769
EFFICC EMCY CT/SI 0.024 lCRSPOWER "01.

SPEED (RPM) 45004. SPEED IRPI) 45004.

HORSEPOWER "I3. SS SpamD 2009S.

MEAN DIA (IN) 3.7 SPEED 1695.
EUP AREA III) 0.14 lEAD (FT) 46316.

U/C (ACTUAL) 0.1.1. D01. (IN) 2.9"
MAX TIP SPUED 174. TIP SPEED Sol.

STAGES 2 VOL. PF1.3 5.60.

GAMMA 1.10 l4EAD co" 0.434
PRESS RATIO ITI/) 1.14 FLOW co" 0.151
PRESS RATIO (C/Sl 1.15 DIMEIT* RATIO 0.1.05

fXI T A4M~IUM101431 00 EAAl~l ON 1.30. 4

SPECIFIC SPEED 41.7% SH,0T DIAMETER 30.00

SPEC IF IC tIAE•ETER 1.52

.I31



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

E)GI4E PIE]€OIM'A)RE PAXRMTERS

CHAMBER PRESSURE 1371.2

VAC ENGINE THRUST 7S20.
TOTAL ENGINE F1LO8 RATE 15.63

DEL. VAC. ISP 479(.9
THROAT AREA 2.67

NOZZLE AREA RATIO 1000.0

NOZZLE EXIT DIAIATEJR 58.S2

E I ME MIXTURE RATIO 1.00
ETA C. 0.913

CHAMBER COOLANT P 4.29.
CHAMBER COOLANT DT 4,-0.

NOZZLE COOLANT DP 186.
NOZZLE COOLANT DT 564.
CHAMBER 0 (HYDROGEN COLIED) '196.
NOZZLE 0 (OXYGEN COO.LEDI 2574.

EJWITE STATION CONDITIONS

- FUEL SYSTEM CONDITIONS

STATION PRESS TEWP FPLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 2.24 -107.5 4.:7

B.P. EXIT 100.8 58.5 Z.24 -103.0 4.39

PUMP INLET 100.8 38.5 2.24 -103.0 4.59
1ST STAGE EXIT 1703.S 64. . Z.24e S.9 4.33

PUMP EXIT 525.5 88.4 2.24 111.? 4.12
COOLANT INLET 3223.9 88.7 2.24 II1.Z 4.31

COOLANT EXIT 2794.6 578.3 2.24 1988.1 0.82
TBV INLET 2766.7 578.5 0.11 1a.I 0.81
TBV EXIT 1527.4 584.5 0.11 1 8.I 0,.46

H2 TR8 INLET 2766,7 578.5 2.12 1988.1 0,81
H2 TRB EXIT 1607.8 522.2 2.12 1712.7 0.54

H2 7RB DIFFUSER SS78.5 52.3 2.12 1762.7 0.53
H2 EST T R IN 1562.0 522.3 2.12 1762.7 0.53

HZ EST TR9 OUT 1542.2 521.2 2.12 1757.9 0.5Ž

HZ EST TOO 1IFF 1527.4 511.2 2.12 1757.9 0.52

H2 TANK P IESS 18." 5!3.5 0.0034 1709.4 0.0066
FSOV INLET 1527.*4 S24 .4 2.20 1769.4 0.SI
FsOV EXIT 1489.2 524.5 2.23 17.1.4 0.50

CHAMBE• INkJ 1]474.3 524.6 2.23 1769.4 0.50

CHAMBER 1171 .2

* OXYGEN SYSTEM CO(NITIONdS
STATION PRESS TEMP FLO]W ENTMA(PY DENSITY

B.P. INLET 16.0 142.7 13.4 61.1 71.17
B.P. EXIT 125.6 163.2 .3.4 61.5 71.20
PUIMP INLET 135.6 163.2 13.4 61.5 71.20

PUMP EXIT 4864.9 188.4 13.4 79. 3 71.57

COOLANT INLET 48816.2 188.6 13.6e 79.1 71.50

COOLAANT EXIT 4130. 0 7S2.7 13.4 271.0 1'.91
OTRV INLET 6430.0 752.7 0.6 271.0 16.91
OTDv EXIT 2313.4 75.0 0.4 271.0 9. 1 9

02 TRB INLET 4610.0 752.7 11.5 271.0 16.91
02 TRB EXIT 2516.1 66s.3 11.5 250.4 11.38
02 TRB DIFFUSER 2313.4 653.9 11.5 250.4 10.54

02 RST TR0 IN 4610.0 752.7 1.3 271.0 16.91

02 :ST TRB OUT 45".2 737. 4 1.3 267.0 17.22
02 EST TRB DIFF 4596.8 717.4 1.3 2.7.0 17.21

OBTV INLET 4596.8 737.4 1.3 z.7.0 17.21
OBTV EXIT 2-13.4 718.8 1.3 2.7.0 9.43

MIXER 2211S.4 (66.9 1 3 25 4 S3.0 10.36

02 TANK PRESS 146.0 619.8 0.015 253.0 0.08
0CV INLET 2197.7 462.3 13.4 253.0 9.88

OCV EXIT 1538a.4 452.8 13.4 25S.0 7.09

CHAMBER INJ is23.0 451.I 13.4 e 53.0 7.02
CHAMBER 1371.2

VALVE DATA

VALVE DELTA P AREA FLOWT d XepASS

OTRV 2217. 0.01 0,.0 5.00
TRV 1239. 0.0 0. 'I I 5.00

FSOV 18. 0.74 2.22
OBTV 2283 . 0.01 1.34

nCV sq5. 02.Is 13.3'

INJECTOR1 3ATA •

IN.JECTOO DEL0TA P .7PA FLOW4 Vfl-CETY

OF T. 0 4 7 _.3 1:"A 1

L Ch IS,2. C .1 1,-.!9 42, 'l
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TABLE 19. - DUAL-EXPANDER ENGINE - 7500 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

..........Ja , BIm ......................

Y TURBOMACH:.,ERY PERFORMANCE DATA •
............................ 

::::: ..........el

SH2 BOOST TURBIH * H BOOST PUMP 9

E.FFICIEN.C /TIT 0.702 EFFICIENGY 0.76S

EFF ICIENCY IT/S) 0.356 HORSEPOWER 14.

SPEED 1RPH) 75466. SPEED tRP") 7SA.66.
MEAN DIA (IN1 0.8Ž t. SPEED 3045.
EFF AREA (IN2) 0.94 HfAD IFT) 2701.

U/C (ACTUAL ) 0,S lSlA. .14 .3.1
MAX TIP SPEED !94. TiP SPEED '39.
"STAGES I VOL. FLOW 229.

GAJ4A 1.39 HEAD COEP 0.450

PRESS RATIO (T/TI) 1.01 F.LOW COPF 0.201
PRESS RATIO T/SI 1.0D
HMRSEP06CR 14.

EXIT MACH NUMBER 0.11

SPECIFIC SPEED 143.67
SPECIFIC DIAMETER 0.51

.. l=••ll~tl..P 
....ll'l~

• H* TURBINE * M' PUMP

STAGE ONE STAGE TWO

EFFICIENCY IT/T) 0.786 EFFICIENCY 0.627 0.631

EFFICIENCY IT/SI 0.7S4 HORSEPOWER 34. 1sS.
SPEED IRPKI 187500. SPEED IRPM) 187500. 187000.

H(.SEPO.,ER 677. SS SPEED 9304.
MEAN DIA. (IN) 2.11 S SPEED 816. 813.

EFF AREA (IN2) 0.11 HEAD (FT) 53103. S1704.
U/C (ACTUAL) 0.SI1 DIA. (IN) 2.22 2.Z2

MAX TIP SPEED 1800. TIP SPEED 18g. IS18.
STAGES I vOL. FLOW 212. 212.

GAA 1.19 HEAD COEF 0.S[1 0.s03
PRESS RATIO IT/T) 1.72 FLOW COEF 0.098
PRESS RATIO IT/S) 1.76 DIAMETER RATIO 0.332
EXIT MACH NUMBER 0.16 BEARING DN 3.00E.06

SPECIFIC SPEED 34.00 SHAFT IIAMETER 16.00

SPECIFIC DIAMETER 2.10

1.G2 BOOST TURBIME • 02 OOST PUMP •

EFFICIENCY (T/TI 0.798 EFFICIEOiY 0.764
EFFICIENCY IT/S) 0.752 HORSEPOWE 8.
SPEED 1RPM) 20189. SPEED (RPM) 20189.

MEAN DIA (IN) 2.83 S SPEED 3026.
EFF AREA I1N2) 0.08 HEAD IFT) 242.

U/Q (ACTUAL) 0.053 DIA. tiN) 1..9

MAX TIP SPEED 263. TIP SPEED 132.
STAGES I VOL. FLOW 80.
GAMMA 1.60 HEAD COEF 0.400

PRESS RATIO IT/T) 1.01 FLOW COEF 0.200
PRESS RATIO IT/SI 1.01

HORSEPOW.R S.

EXIT MACH NUMBER 0.02

SPECIFIC SPEED 41.74

SPECIFIC DIAMETER 1.80

0 2 TURBINE * 02 PUMP

EFFICIENCY IT/TI 0.811 EFFICIENCY 0.6913

EFFICIENCY IT/S) 0.697 HORSEP•I•R 33S.
SPEED (RPM) 1S63145. SPEED (RPM) 15634S.
HORSEPOW.ER 133. SS SPEED 28091.
MEAN DIA (IN) 0.8Z S SPEED 1488.
EFF AREA (1"") 0.12 MEAD (FTI 91&4.

U/C (ACTUAL) 0.153 DIA. (IN) 1.22

MAX TIP SPEED 648. TIP SPEED 830.
STAGES I VOL. FLOW 84.

GAMMA I .60 HEAD COEP 0.439
PRESS RATIO (T/T) 1.84 FLOW4 COEF 0.11•

PRESS RATIOT/SI 2.06 DIAMETER RATIO 0.669

EXIT MACH NUMBER 0.33 BEARING ON 1.56E.06
SPECIFIC SPEED 80.10 SHAFT DIAMETER 10.00

SPECIFIC DIAMET•ER 0.96
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TABLE 20. DUAL-EXPANDER ENGINE - 15,000 LBF THRUST (COPPER

TUBE CHAMBER)

FNGI.E PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1218.5
VLC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.26

DEL. VAC. ISP 479.)
THROAT AREA 6.01

WCý_._E AREA R.'.10 (ICo.
NOZZLE EXIT DIAMETER 87.46
ENGINE MIXTURE RATIO 6.00

ETA C- 0.993
CHAMBER COOLANT OP 399.
CHAMBER COOLANT OT 394.

NaZZLE COOLANT OP 212.
NOZZLE COOLANT OT 439.

CIHAMBER Q (HYOROGEN COOLED) 6797.
NOZZLE 0 (OXYGEN COOLED) 4210.

ENGINE STATION CONDITIONS

FUEL SYSTEM CONDITIONS
STATION PRESS TEMP FLON ENTHALPY DENSITY
H.P. INLET 18.6 37.4 e..47 -107.5 4.37

D.P. EXIT 100.8 38.5 4.,47 -103.0 4.39
PU4P INLET 100.8 38.S 4,47 -103.0 4.39
IST STAG EXIT 1459.8 56.9 4.47 -20.2 4.44
PUMP EXIT 2814.1 74.4 4.47 51.5 f.49

COOLANT INLET 2785.0 74.8 4.47 61.5 4.47
COOLANT EXIT 2385.6 469.3 4.47 1580.9 0.84

TBV INLET 2362.7 469.4 0.22 1580.9 0.85
TBV EXIT 1357.6 473.2 0.22 1580.9 1.51

K2 TRO INLET 23562.7 469.4 4.25 1580.9 9.95

H2 TR8 EXIT 1440.9 426.3 4.25 1407.8 0.59
H12 TR8 DIFFUSErR 1407.1 426.4 4.25 1407.8 0.58

H2 DST TR8 IN 1393.0 426.4 4.25 1407.8 0.58
142 •ST TR8 OUT 1371.8 4ZS.2 4.25 1403.0 0.57
12 EST TR8 DIFF 1357.6 425.2 4.25 1403.0 0.55

142 TAMK PRESS 18.6 431.1 0.0083 1411.9 0.0081
FSOV INLET 1357.5 427.6 4.47 1411.9 0.55
FSOV EXIT 1323.7 427.7 4.47 1411.9 0.85
CHAMBER INJ 1310.5 427.8 4.47 1411.9 0.S4
CHAMBER 1218.5

- OXYGEN SYSTEM CONDITIONS
STATION PRESS TEMP FLOW ENTHALPY DENSITY

D.P. INLET 16.0 162.7 26.8 61.1 71.17
B.P. EXIT 135.6 163.2 26.8 61.5 71.20

PUMP INLET 135.6 163.2 26.8 61.5 71.20
PUMP EXIT 5031.7 187.5 26.8 79.0 71.84
COOLANT INLET 4981.3 187.7 26.8 79.0 71.75

COOLANT EXIT 4769.4 626.4. 24.8 235.9 21.59
OT8V INLET 4769.4 626.4 1.2 235.9 21.59
OTBV EXIT 2055.5 594.0 1.2 235.9 10.60

02 TR8 INLET 4769.4 526.4 22.9 235.9 23.59

02 TRO EXIT 2248.6 523.0 22.9 215.4 13.93
02 TR8 DIFFUSER 2056.5 538.3 22.9 215.4. 12.77
02 DST O9B IN 4769.4 625.4 2.7 235.9 21.59
02 BST TR8 OUT 4730.5 611.8 2.7 231.9 Ž2.07

02 BST TR8 D1FF 4728.9 611.8 2.7 2C1.9 :2.07
OBTV INLET 4728.9 511.8 2.7 231.9 2:07
OBTV EXIT 2056.5 578.5 2.7 211.9 10.0.

MIXER 2155.5 527.4 25.8 6.8.0 1_.45
02 TANK PRESS 16.0 460.5 0.039 218.0 0.10

OCV INLET 1953.6 S25.I 24.8 218.0 11.89
OCV EXIT 1367.5 510.0 25.8 218.0 8.55
CHAMBER IJ 1353.9 509.6 26.8 218.0 8.47
CHAMBER 1218.5

VALVE DATA *

VALVE DELTA P AREA FLOW % BYPASS
OTBV 2713. 0.01 1.21 5.00
TBV 1005. 0.01 0.22 S.00

FSDOV 34. 1.51 4.47
ODTV 2572. 0.02 2.68
OCV 585. 0.48 25.79

- INJECTOR DATA

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 92. 0.96 4.47 1159.15
LOX 135. 1.18 26.79 356.80
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TABLE 20. DUAL-EXPANDER ENGINE - 15,000 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

...................... ... m ......

. TURSOPIACHIHERY PERFORMANCE DATA

................ : ... :.........
O* PQ BOOST PUMP -

•................

EFFICIENCY IT/T) 0.740 EFFICIENCY 0.765

EFFICIENCY I T/SI 0.391 NORSEPOWER 29.

SPEED IRPM) 53342. SPEED (RPM) S3342.

MEAN DIA (IN) 1.16 S SPEED 30"'

EFF AREA (IN2) 1.77 HEAD I FT) 2700.

U/C (ACTUAL) 0.s51 DfA. IN) 1.89

MAX TIP SPEED 390. TIP SPEED 439.

STA•ES I VOL. FLOW 457.
S1.40 HEAD COEF 0.450

PRESS RATIO (T/TI) 1.02 FLOW COEF 0.201

PRESS RATIO CT/S• 1.03

HMSEPWOER 29.

EXIT MACH NUMBER 0.12

SPECIFIC SPEED 147.46

SPECF IC DIAMETER 0.52

STAGE ONE STAGE TWO

EFFICIENCY (T/TI) 0.812 EFFICIENCY 0.684 0.687

EFF ICIENCY CT/S) 0.767 HORSEPO•ER 524. 517.

SPEED (RPM) 136363. SPEED (RPM) 136363. 136363.

HORSEPOWER 1041. SS SPEED 9574.

MEAN DIA. (IN) 2.74 S SPEED 9SI. 9S5.

EFF AREA (IN2) 0.28 HEAD (FT) 44223. 436S4.

U/C (ACTUAL) 0.553 DIA. (IN) 2.7) 2.79

MAX TIP SPEED 1713. TIP SPEED 1659. 1659.

STAGES I VOL. FLO4 452. 447.

GAMMA 1.40 HEAD COEF 0.517 0.sll

PRESS RATIO (T/.7 1.64 FLOW COEF 0.107

PRESS RATIO T/SI) 1.69 DIAMETER RATIO 0.371

EXIT 4C>4 NUMBER 0.19 BEARING DM 3-.OE-06

SPECIFIC SPEED 41.25 SHAFT DIAMETER 22.00

SPECIFIC DIAJ•ETER 1.89

02boosTTBIE.*0 BOOST UPW

EFFICIENCY T/TI) 0.807 EFFICIENCY 0.764

EFFICIENCY CT/SI 0.76S HORSEPOWER IS.

SPEED (RPM) 14272. SPEED (RPM) 14272.

MEAN DIA (IN) 4.01 S SPEED 3026.

EFF AREA (I(421 0.14 HEAD (FT) 242.

U/C (ACTUAL) 0.5S3 DIA. (IN) 2.11

MAX TIP SPEED 261. TIP SPEED 132.

STAGES I VO.. FLOW 169.

GMMA 1.73 HEAD CCEF 0.4A0

PRESS RATIO IT/T) 1.01 FLOW COEF 0.200

PRESS RATIO (T/SI 1.01
HORS.•EPOWER 

I S.
EXIT MACH NUMBER 0.07

SPECIFIC SPEED 38.01

SPECIFIC DIAMETER 2.04

* 02 TUrBIHE * . 02 pUMP .

EFFIC IENYC(T/TI 0.830 EFFICIENCY 0.717

EFFICIENCY CT/S) 0.722 NORSEPOUER 667.

SPEED (RPM) 110421. SPEED 1RP") 110421.

HORSEPOWER 667. SS SPEED 28065.

MEAN DIA (IN) 1.16 S SPEED 1450.

EFF AREA (121 0.20 HEAD (FTI 9811.

U/C (ACTUALI 0,553 DIA. (IN) 1.73

N" TIP SPEED 640. TIP SPEED 834.

STAGES I VOL. FLOW 16.3.

GMMA 1.73 HEAD COEF 0.4s4

PRESS RATIO IT/T) 2.10 FLOW COEF 0.136

PRESS RATIO NT/SI) 2.40 DIAMETER RATIO 0.669

EXIT MACN NUMBER 0.35 BEARING ON 1,5SE-06

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)

ENGlINE PERFORMANCE PARAME TERS

CHAUBER PRESSUIRE 118.7

VAC ENOGINE TH.RUST 25000.

TOTAL ENGINE FLOW RATE 52.10
DEL.* VAC. ISP 479.9
THROAT AREA 10.sZ

NOZZLE AREA RATIO 1000.0

I.J•a..E EXIT UIA6-.14 15.7b

ENGINE MIXTURE RATIO 6.00
ETA C- 0.993
CHAMBER COOLANT OP 335.

CiAM" COOLANTI DT .47.
NOZZLE COOLANT UP 253.

NOZZLE COOLANT OT 373.
CHAM161BER 0 (IHYDOGEN COO.ED) 9968.

NOZZLE 0 IOXYGE• COOLED) 6236.

ENGINE STATION CONDITIONS

* FUEl SYS•T1J CONDITIONS

STATION pRETS "4P9 FLOWd ENTHALPY DENSITY
D.P. INLET 28.6 37.4 7.46 -107.5 16.S7
D.P. EXIT 100.5 38.5 7.46 -103.0 4.39
PUMP INLET 100.5 385 7.46 -103.0 4.341

IST STAGE EXIT 1276.3 52.3 7.46 -37.0 4.50
PUMP EXIT Z470.. 65.7 7.46 29.0 4.5$

COOLANT INLET 2445.7 66.0 7.46 21.0 4.57

COOL.ANT EXIT 2110.5 413.4 7.46 1365.6 0.87
7RV INLET 2Z09.4 413.5 0.37 165.6 0.(.6

TRV EXIT 1291.4 415.? 0.07 1365.6 0.55
H2 TRB INLET 2,069.4 413.5 7.09 1365.6 0.(6
H2 TRU EXIT 1377.3 0795.6 7.09 12226.6 0. 64
H12 TRB DIFFUSER 1338.S 079.7 7.09 1226.6 0.6Z

712 BST TRB IN 1325.1 079.7 7.09 1226.6 0.62

KZ2 BOT T"B OUT 1304.8 378.5 7.09 1221.8 0.61

NZ2 DST TRD I)1FF 1291.4 373.5 7.09 1221.8 0.60
K.2 TANK PRESS 12.6 382.2 0.0157 1225.0 0.0092

FSOV INLET 12411.4 310.4 7.44 1225.0 0.6O

FS0V EXIT 12S9.1 380.4 7.44 1229.0 0.55
CHAMBER INJ 1244.5 380.5 7.44 1229.0 0.58

CHAMR IS.7

0 89G0614 SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENTHALPY DENSITY

BP. INLET 14.0 16,..7 44.7 62.1 71.17
B.P. EXIT 135.6 163.2 44.? 61A. 71.20

PUMP INLET 135.6 163.2 44.1 4I.5 73.20

PUM9P EXIT 4749.6 184.9 44.7 77.5 71.9"

COOLANT INLET 4702.1 105.1 44.7 77.5 71.91

COOLANT EXIT 4469.5 558.1 44.7 216A. 23.75
OThV INLET 4469.5 558.1 2.0 216.5 23.75

OTyV EXIT 295s.0 519.9 2.0 216.5 12.07
02 TRB INLET 4469.S 5S58.1 38.2 216.5 2S.7%

02 TR3 EXIT 2'156.0 460.9 38.2 197.7 16.13

02 TRB OIFFUSER 15"5.0 4,5.3 38.2 1517.7 14.0,
02 DST TRB IN 4465.5 SS8.1 4.5 216.5 23.71

02 DST TRO OUT (4430.6 564.S 4.5 212.4 24.41
02 UST TRB DIFF 4429.0 S44.5 4.5 212.4 24.4,1

0OTN INLET 4429.0 544.5 4.s 212.4 24.41
OBTV EXIT 3555.0 s5s.s 4.5 212.4 12.S7

IIXER 1555.0 462.5 44.? 200.0 34.46

02 TANK PRESS 16.0 378.4 0.080 200.0 0.13

OC'Y INLET 1057.3 059.7 44.7 200.0 13.02
0CV EXIT 1300.1 441.4 44.7 200.0 10.00
CHAMBER INJ 1217.1 440.9 44.7 200.0 9.91

CHAMBER Ilse.7

VALVE DATA

VALVE DELTA P AREA FLON % BYPASS
OTBV 2514. 0.32 2.01 S.00

TOV 790. 0.03 0.37 S.00

FSOV 32. 2.49 7.44

OBTV 2474. 0.04 4.47

OCV 557. 0.76 44.65

- INJECTOR DATA •

INJECTOR DELTA P ARE.A FLOW VELOCITY
FUEL se. 1.58 7.44 1093.!.3

LOX 125. 1.87 44.6. 330.17
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TABLE 21. - DUAL-EXPANDER ENGINE - 25,000 LBF THRUST (COPPER

TUBE CHAMBER) (CONTINUED)

ST1RB0ACHIHERY PERFORMAJD4CE DATA.:

* HZ BOOST TURBINE * . 142 •3T PUMP3

EFFICIENCY (Till 0.824 EFFICIENCY 0.764

EFFICIENCY IT/S) 0.436 HORSEPOWER 48.

SPEED (RPM) 41240. SPEED (RPM) 41260.

MEAN DIA (IN) 1.45 $ SPEED 30s.9.

EFF AREA (IN2) 2.93 HEADJ (F'T 2690.

U/C (ACTUAL) 0.534 VIA. 41m) 2.4 4

MAX TIP SPEED 376. TIP SPEED 439.

STAGES I VOL_. FLOW 765.

aAAVIA 1.41 HEAD COEF 0.450
PRESS RATIO (T/T1 1.02 FLOW COEF 0.201
PRESS RATIO 1 T/SI 1.03

HOKEP04ER 48.

EXIT MACH NIMBER 0.13
SPECIF IC SPEED 150.00
SPECIFIC DIAMETER 0.•'r

: HZ TURBINE * • H PUM *

STAGE ON STAZr TWO

EFFICIENCY (T/T) 0.870 EFFICIENCY 0.738 0.736
EFFICIENCY CT/SI 0.801 HORSEPOW.ER 697. 696.
SPEED (RPM) 125000. SPEED (RPM) 125000. 125000.
OSEPOWER 1393. SS SPEED 11361.

ME&4 DIA. (IN) 2.67 S SPEED 12s5. 124S.

EFF AREA (IH2) 0.51 MWAD (FT) 37909. 37811.

U/C (ACTUALY 0.553 DIA. (IN) 2.89 2.89

(AX TIP SPEED 1577. TIP SPEED 1578. 1577.

STAGES 1 VIOL. FLO4 744. 730.
GAM.,A 1.41 HEAD Co(E 0.490 0.,89
PRESS RATIO (T/TIT I.2 FL.OW CO. F u.i;

PRESS RATIO IT/S) 1.58 DIAMETER RATIO 0.436

EXIT MACH NUMBER 0.22 BEARING N4 3.00E-06
SPECIFIC SPEED 57.47 SHAFT DIAMETER 24.00

SPECIFIC DIAMETER 1.42

T ..... .. : .76:
•02 BOO)ST TUMBIIE -•2BOTP8

EFFICIENCY IT/TI 0.847 EFFICIENCY 0.7*;

EFFICIENCY (T/S)I 0.803 HORSEPOWER 26.

SPEED (RPM) 110S3. SPEED (RPM) 11053.

MEAN DIA (IN) 5.17 S SPEED 3026.

EFF AREA (1H2) 0.22 HEAD (FT) 242.
U/C (ACTUAL.) 0.553 DIA. (IN) 2.72
MAX TIP SPEED 261. TIP SPEED 132.
STAGES I VOL. FLOW 282.

GARA 1.85 HEAD COEF 0.4SO

PRESS RATIO IT/TI 1.01 FLOW COEF 0.-200

PRESS RATIO (T/SI 1.01
HORSEPOWER 26.
EXIT MACH NUMBER 0.02

SPECIFIC SPEED 58.43

SPECIFIC DIAMETER 2.06

* 02 TUA8INE * 02 PUMP *

EFFICIENCY (T/T) 0.877 EFFICIENCY 0.73)

EFFICIENCY (T/S) 0.764 HORSEPOIER 1013.
SPEED (RPM) 82933. SPEED 1RPM) 92933.

HORSEPOWER 1018. SS SPEED 27218.

MEAN DIA (IN) 1.48 5 SPEED 1471.

EFF AREA (IN2) 0.33 HEAD (FTI 9227.

U/C fACTUALI 0.553 VIA. (IN) 2.22

KAX TIP SPEED 412. TIP SPEED 40'.
SIAGES I VO.. FLOW 279.

GAMMIA 1.85 EAD COEF 0.459
PRESS RATIO iT/T) 2.07 FLOW COEF 0.137

PRESS RATIO (T/SI) 2.37 DIAMETER RATIO 0.671

EXIT MACH NUMBER 0.3s BEARING ON 1.49E-06
SPECIFIC SPEED 83.68 SHAFT DIAM4ETER 18.00

SPECIFIC DIAMETER 1.01
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TABLE 22. - DUAL-EXPANDER ENGINE - 37,500 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORM••CE PARAMETERS

CHAMBER PRESSURE 1075.8

VAC ENGINE THRUST 37s00o.
TOTAL ENGINE FLON RATE 78.15

DEL. VAC. ISP 479.9
THROAT AREA 16.99

NOZZLE AREA RATIO 1000.0

NOZZLE EXIT DIAMETER 147.09

ENGINE MIXTURE RATIO 6.00

ETA C- 0.993

COIAMSER COOLANT OP 279.

CHAMBER COO.ANT OT 317.

NOZZLE COOLANT OP Z40.
NOZZLE COOLANT DT 324.
CHAMBER 0 (HYDO1GEN COOLED) 13588.

NOZZLE 0 (OXYGEN COOLED) 8378.

ENOIFIE STATION CONDITIONS

FUEL SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENTHALPY DENSITY

D.P. INLET 18.6 37.r 11.19 -107.5 4.37

"S.P. EXIT 100.3 38.5 11.19 -103.0 4.39

PUMP INLET 100.3 38.5 11.18 -103.0 4.39

IST STAGE EXIT 1139.0 S0.0 11.19 -46.S 4.51

PUMP EXIT 2200.4 61.Z 11.19 10.2 4.61

COO.LANT INLET 2178.4 61.4 11.18 10.2 4.59

COOLANT EXIT 1899.3 378.0 11.19 1224.6 0.86
TRV INLET 1880.3 378.0 0.S6 1224.6 0.85

TBV EXIT 1197.8 379.6 0.S6 1224.6 0.56

H2 TRB INLET 1880.3 378.0 10.63 1224.6 0.85

H2 TRB EXIT 1284.1 349.2 10.63 1105.4 0.65

H2 TR8 DIFFUSER 1243.7 349.2 10.63 1105.4 0.63

H2 DST TRB IN 1231.3 349.2 10.63 1105.4 0.63
H2 BST TRB OUT 1211.1 348.1 10.63 1100.6 0.62

H2 EST TRB DIFF 1197.8 348.1 10.63 1100.6 0.61

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 EXIT 1167.9 349.7 11.16 1106.8 0.59

CHAMBER fNJ 1156.2 34f.7 11.16 1106.8 0.59

CHAMBER 1075.9

SOXYGEN SYSTEM CO•ITOTION

STATION PRESS TEMP FLOW ENTHALPY DENSITY

8.P. INLET 16.0 162.7 67.1 61.1 71.17

1.P. EXIT 135.6 163.2 67.1 61.5 71.20

PUM.P INLET 135.6 163.2 67.1 61.5 71.20

PUMP EXIT 4640.2 183.6 67.1 76.9 72.08
COOLANT INLET 45.938 183.8 67.1 76.9 72.01

COOLANT EXIT 4S53.9 588.5 67.1 201.7 26.47

OT8V INLET 4353.9 509.5 3.0 201.7 26.47

OTBV EXIT 1815.9 464.2 3.0 201.7 13.30

02 TRW INLET 4353.9 s08.S 57.4 201.7 26.47

02 TRW EXIT 2016.1 416.3 S7.4 183.6 18.20

02 TRO DIFFUSER I185.9 409.8 57.4 183.6 16.70

02 SST TRO IN 4353.9 509.5 6.7 201.7 26.4?

02 DST TRB OUT 4312.6 496.8 6.7 197.6 27.23
02 &ST TRB DIFF 4310.9 496.8 6.7 197.4. 27.22

OBTV INLET 4310.9 496.8 6.7 197.6 27.22

OBTV EXIT 1815.9 450.9 6.7 197.6 13.93
MIXER 1815.9 415.8 67.0 185.- 16.19

02 TAWK PRESS 16.0 313.7 0.144 18S.9 0.15
OCV INLET 1725.1 412.6 67.0 185.9 IS.49

OCV EXIT 1207.6 398.5 67.0 185.9 11.27

CHAMBER INJ 1195.5 390.9 67.0 185.9 11.1?
CHAMBER 1075.9

* VAL.VE DATA *

VALVE DELTA P AREA FLOW It BYPASS

OTBV 2538. 0.03 3.02 5.00
TBV 683. 0.04 0.56 S.00

FSOV 30. 3.86 11.16

OBTV 248. 0.06 6.71

OCV 58II.31.2 66.88

INJECTOR DATA •

INJECTOR DELTA P AREA FLOW VELOD I TY
FUEL 80. 11.46 -1.16 1034.q0

LOX 110. 2.74 66.98 300.13
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TABLE 22. - DUAL-EXPANDER ENGINE - 37,500 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

- TURBOmACRIHERY PERFOR8 W-E DATA *

H 2 BOOST TURBINC E HZ BOOST PUOP

EFFICIENCY CT/T) 0.836 EFFtICIENCY 0.766
EFFICIENCY IT/S1 0.443 HORSEPOWER 71.

SPEED (RPM) 33632. SPEED (RPMI 33632.
MEAN DIA IN i1 1.76 S SPEED 3051.

EFF AREA (1R2) 4.39 MEAP (FT) 2684.

U/C (ACTUAL) 0.530 DIA. (INI 2.98
MAX TIP SPEED 373. TIP SPEED 438.

STAGES I VIOL. FLOM 1144.
GAMMA 1.37 HE".D COEF 0.450
PRESS RATIO (T/T) 1.02 FLON COEF 0.201
PRESS RATIO (T/SI 1.03

HORSEPOWER 71.

EXIT MACH NUMBER 0.13

SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.52

. H2 TURBIMNE f HZ PUMP a

STAGE ONE STAGE TWO

EFFFCIEN.Y CT/TI 0.884 EFFICIENCY 0.760 0.759

EFFFICIENCY CT/SI 0.799 HORSEPO•E• 895. 898.

SPEED (RPM) 107143. SPEED (ItPf) 107143. 107143.
HORSEPOWER 1793. 5S SPEED 11%9.

MEAN DIA. (IN) 2.89 S SPEED 1446. 1429.

EFF AREA IN21) 0.83 IWAD (FTI 33431. 33485.

U/C (ACTUAL) 0.553 OIA. (IN) 3.22 3.22
MAX TIP SPEED 1488. TIP SPEED 1508. 1508.
STAGES 1 VOL. FLOW 1113. 1090.

GAMMA 1.37 WEAD COEF 0.473 0.474

PRESS RATIO IT/TI 1.46 FLOW COET 0.136

PRESS RATIO CT/S) 1.53 DIAMETER RATIO 0.471

EXIT MACH NUMBER 0.23 BEARING ON 3.040E06
SPECIFIC SPEED 67.54 SHAFT DIAMETER 28.00

SPECIFIC DIAMETER 1.23

.................... .. .......•,u

- 02 BOOST TURBINE 02 BOOST FLMP f

EFFICIENCY (T/TI 0.853 EFFICIENCY 0.764

EFFICIENCY IT/S) 0.810 HOSEPOER 39.
SPEED (RPMI 9023. SPEED IRPM) 9023.
MEAN DIA (INI 6.34 S SPEED 3026.

EFF AREA (IN21 0.31 HEAD (FT) 242.
U/C (ACTUAL) 0.553 DIA. CNN) 3.34

MAX TIP SPEED 260. TIP SPEED 132.
STAGES 1 VOL. FLOW 423.

GAMMA 1.95 HEAD COEF 0.450
PRESS RATIO (T/TI) 1.01 FLOW COEF 0.200
PRESS RATIO (T/SI 1.01

HORSEPOWER 39.
EXIT MACN NUMBER 0.02
SPECIFIC SPEED 37.44

SPECIFIC DIAMETER 2.12

* 02 TURBINE 0. 0" PUMP -

EFFICIENCY (T/TI 0.887 EFFICIENCY 0.751

EFFICIENCY (T/S) 0.774 HORSEPOWER 1463.

SPEED (RPM) 66685. SEED (RPMI 66685.
MORSEP064ER 1463. SS SPEED 26810.
MEAN DIA . (IN) 1.80 S SPEED 1476.

EFF AREA (INZ) 0.48 HEAD (FT) 8996.
U/C (ACTUAL) 0.553 DIA. [IH) 2.71

MAX TIP SPEED 598. TIP SPE 790.
STAGES I WIL., FILOW 418.
GAMMA 1.95 HEAD COEF 0.464
PRESS RATIO IT/TI 2.16 FLOW COEF 0.138

PRESS RATIO CT/S)I 2.49 DIAMETER RATIO 0.672

EXIT MACH NUMBER 0.36 SEARING ON 1.47E-06
SPECIFIC SPEED 83.50 SHAFT DIAMETER 22.00

SPECIFIC DIAMETER 1.02
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TABLE 23. - DUAL-EXPANDER ENGINE - 50,000 LBF THRUST (COPPER
TUBE CHAMBER)

ENGINE PERFORNCE PARAIETERS
... im.l................mlllemlllll...

CHAMBER PRESSURE 1012.6

VAC ENGINE THRUST 50000.

TOTAL ENGINE FLOW RATE 104.20
DEL. VAC. ISP 479.8

THROAT AREA 23.37

NOZZLE AREA RATIO 1000.0

NOZZLE EXIT DIAMETER 172.52

ENGINE MIXTURE RATIO 6.00

ETA C- 0.993
CHAMB8ER COOLANT OR 24S.

CHAMRER COXLANT OT 296.

NOZZLE COOLANT OP 2S3.

NOZZLE COOLANT DT 306.

CHtAMBRER 0 (•YDROGEN COIOLED) 1868.

NOZZLE 0 (OXYGEN COOLED) 1050C.

ENGIME STATION CONDITIONS
.i..m................wv =......lml

- FUEL SYSTEM CONDITIONS•

STATION PRESS TEMP FLOW ENTHALPY DENSITY

8.P. INLET 18.6 37.4 14.92 -107.5 4.37

R.P. EXIT 100.8 38.5 14.92 -103.0 4.39

PUMP INLET 100.8 38.5 14.92 -103.0 4.S9

IST STAGE EXIT 1093.9 49.2 14.92 -49.8 4.52

-PUMP EXIT 2113.5 59.6 14.92 3.8 4.62

COOLANT INLET 2092.4 59.8 14.92 3.8 4.61

COOLANT EXIT 1849.0 355.5 14.92 1134.2 0.89

TOY INLET 1830.5 355.5 0.75 1134.2 0.88
TRY EXIT 1162.0 356.6 0.75 1134.2 a.S8

SZ TAB INLET 1830.5 355.S 14.18 1134.2 0.88

H2 TR8 EXIT 1252.7 328.3 14.18 1021.8 0.67

H2 TRB DIFFUSER 1307.8 3Z8.3 14.18 1021.8 0.65

NZ8BST TRA IN 1195.7 328.3 14.18 1021.8 0.65

M2 BST TRB OUT 1175.1 :27.2 14.18 1017.0 0.64

PC BST TA8 DIFF 1162.0 327.2 14.18 1017.0 0.63

N2 TANK PRESS 18.6 328.6 0.0344 1022.9 0.0107

F.SOV INLET 1162.0 328.6 14.89 1022.8 0.63

FSOV EXIT 1133.0 328.7 14.89 1032.9 0.61

CIHAMBER IlNJ 1121.6 328.7 14.89 1022.9 0.61

OIMAIB 1042.6

. OXYGE4 SYSTEM CONDITIONS

STAT ION PRESS TEM9P FLOW ENTNALPY DENSITY

B.P. INLLET 16.0 162.7 89.5 61.1 71.17

D.P. EXIT 135.6 163.2 89.5 41.5 71.20

pU1,P INLET 135.6 163.2 89.5 61.5 71.20

P189 EXIT 4813.6 183.9 88.5 77.3 72.17

COOLANT INLET 4765.5 184.2 89.s 77.3 72.10
COOAMT EXIT 4502.3 489.7 89.5 18.6 28.170

OT"V INLET 4502.3 489.7 4.0 194.6 28.70

OTIV EXIT 1758.3 439.8 4.0 18".6 14.02

02 TR8 INLET 7 5.02.3 489.7 76.5s 19.6 28.70

02 TA8 EXIT 1964.3 394.8 76.5 176.1 19.87

02 TR8 DIFFUSER 1759.3 387.8 16.5 176.1 10.21

02 BST TA8 IN 4502.3 489.7 9.8 a 94.6 28.70

02 DS T78 TBOUT 4458.1 477.3 9.0 190.5 29.58

02 33T TAB DIFF 4456.4 477.3 9.0 190.5 29.57

ORTV INLET 4.456.4 477.3 9.0 190.S 29.57

OSTV EXIT 1759.3 427.3 9.0 390.5 14.78

MIXER 1759.3 3193.8 89.3 178.4 17.59

02 TAWK PRESS 16.0 279.6 0.217 178.4 0.17

OC'V INLET 1671.4 390.5 89.3 178.4 16.85

OCv EXIT 1149.9 348.2 89.3 178.4 12.33

CHAMBER INJ 1158.2 367.6 89.3 178.4 12.22

CHAMER 1042.6

VALVE DATA

VALVE DELTA P AREA FPLOW BYPASS

0T8v 2743. 0.01 4.03 5.00

TSV 668. 0.06 0.75 5.00

FSOV 29. S.14 14.89

OBTV 2697. 0.07 8.9s

OCV 501. 1.45 E9.31

INJECTOR DATA •

INJECTOR DELTA P AREA FLIm VELOCITY

FUEL 79. 3.24 16.81. 1012.37

LOX 116. 3.56 89.31 '82.01
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TABLE 23. - DUAL-EXPANDER ENGINE - 50,000 LBF THRUST (COPPER
TUBE CHAMBER) (CONTINUED)

.............................
- TURBOMACINERY PERFORMANCE DATA
......................................

* 14 I(XT TU8DIIE " Z311TP3

...........

EFFICIENCY IT/T) 0.849 EFFICI E;ar 0.745

EFF IC IENCY (T/ )S 0.se8 HORSEPOWER 96.

SPEEn (RPot 29205. SPEED IRPM) 29203.

MEAN DIA (IN, 2.02 S SPEED 304S .

EFF AREA (10) S.49 HEAD (FT) 2700.

U/C IATUAL ) 0.52f DIA. (SI) 3.45
MAX TIP SPEED 370. TIP SPEED 439.

STAGES I VOL. FLOM 1526.

GA•MA 1,40 HEAD COEF 0.4s0

PRESS RATIO IT/T) 1.02 FLOW COEF 0.201

PRESS RATIO T/IS) 1.03

HORSEP04ER 96.

EXIT MACH NUpW'R 0.13

SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.a2

............. .,.......... =

. H2 TURBIHE *

STAGE ONE STAGE TWO

EFFICIENCY IT/T) 0.893 EFFICIENCY 0.771 0.770

EFFICIENCY IT/SI 0.796 HORSEPOWER 1123. 1131.

SPEED (RP•I 100000. SPEED (RPM) 100000. 100000.

HORSEPOWER 2254. SS SPEED 1282S.

MEAN DIA. (IN) 3.00 5 SPEED 1412. 1588.

EFý REA t 1(42) 1.10 HEAD (FT) 31936. 32103.

U/C (ACTUAL) 0.S53 DIA. (IN) 3.44 3.44

MAX TIP SPEED 146A. TIP SPEED 1501. 3501.

STAGES I VOL. FLOW 1483. 14s0.

GAMMA 1.40 HEAD COEF 0.045 0.458

PRESS RATIO (T/T) 1.44 FLOW COEF 0.144

PRESS RATIO (T/SI 1.53 DIAMETER RATIO 0.505

EXIT MACH NUMBE 0.25 REARING )14 3.00E.04

SPECIFIC SPEED 74.45 SHAFT DIAMETER 30.00

SPECIFIC DIAMETER 1.13

..........................
.a2 BOOST TURBINE A 02 BOOST PUMP

................... 
.... .6

EFFICIENCY (T/T) 0.857 EFFICIENCY 0.74

EFFICIENCY IT/S 0.8is HORSEPOIWR S2.

SPEED (RPM 7813. SPEED (RPM) 7813.

MEAN DIA (IN) 7.32 S SPEED 3026.

EFF AREA (IN21 0.39 HEAD (FT) 242.

U/C (ACTUALI 0.Ia 3 DIA. (IN) 3.85

MAX TIP SPEED 260. TIP SPEED 132.

STAGES I VOL. FLOW S44.

GAMMA 1."6 HEAD COEF 0.450

PRESS RATIO (T/T) 1.01 FLOW COOP 0.200

PRESS RATIO IT/SI 1.01
HORSEPOWER 52.

EXIT MACH N4UKBER 0.02

SPECIFIC SPEED 36.25

SPECIFIC DIAMETER 2.19

. 02 TURBINE • 02 PUIW
.. m............• . .......

EFFICIENCY kT/T) 0.895 EFFICIENCY 0.758

EFFICIENCY IT/S) 0.794 HORSEPOWER 2003.

SPEED (RPF) S8290• SPEED (RPM) 58298.

HORSEPOWER 2003. SS SPEED 27067.

MEAN DIA 11m) 2.09 S SPEED 1449.

EFF AREA (I142) 0.460 HEAD (FT) 9330.

U/C (ACTUAL) 0.553 DIA. tIN) 3.14

MAX TIP SPEED 403. TIP SPEED 799.

STAGES I VOL. FLOW 557.

GAMMA 1.98 HEAD COEF 0.470

PRESS RATIO (T/T) 2.29 FLOW COEF 0.136

PRESS RATIO (T/S) 2.66 DIAMETER RATIO 0.671

EXIT MACH NUMBER 0.36 BEARING DR 1.40E*06

SPECIFIC SPEED 111.67 SHAFT DIAMETER 24.00

SPECIFIC DIAMETER 1.04
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TABLE 24. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
7500 LBF THRUST (COPPER TUBE CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1941.3

VAC ENGINE THRUST 7500.

TOTAL ENGINE FLOW RATE 15.62
DEL. VAC. 13P '80.1

THROAT AREA 1.89

NOZZLE AREA RATIO 1000.0

NOZZLE EXIT DIAMETER 49.07
ENGINE NIXTURE RATIO 6.00

ETA C- 0.993
CHAMBER COOLANT OP 1386.

CHAMBER COOLANT DT 796.
NaZZLC_/CHAMSER 0 6383.

ENGINE STATION CONDITIONS

SFUEL. SYSTEM C31DITIONS

STATION PRESS TEMP FLO EN4THALPY .E-tTY

B.P. INLET 18.6 37.4 Z.Z3 -107.5 4.37
-.P. EXIT 100.6 38.S 2.23 -103.0 4.39

PUIP INLET 100.6 38.S 2.23 -103.0 4.39
IST STAGE EXIT 2202.9 73.4 2.23 s8.1 4.15
2ND STAGE EXIT 4183.0 114.8 2.23 210.1 4.11
PUMP EXIT 6085.8 107.1 2.Z3 354.6 4.15
COLD REGEN IN 6024.8 147.8 2.23 354.8 4.13

COLD REGDEN EX 5984.5 369.0 2.23 1247.9 2.24
COO.ANT INLET 5994.5 369.0 2.23 1247.9 2.24

COOLANT EXIT 4573.7 1165., 2.23 4105.7 0.67
TIN INLET 4532.9 lif5.6 0.11 1305.7 0.67
TOV EXIT 2241.0 1182.1 0.11 4105.7 0.34

02 T78 INLET 45s2-.9 1165.6 2.12 4105.7 0.67
02 TR8 EXIT 8200.2 14".1 2.12 4035.8 0.63
1K2 TR8 INLET 4200.2 148.1 2.12 4035.8 0.63

H2 TR8 EXIT 2311.2 1023.6 Z.IZ 3553.8 0.41

H2 TR8 DIFFUSE.R 2335.7 1023.1 2.12 3553.8 0.41
H2 BST TRB IN 2312.4 1023.8 2.12 3553.8 0.41
H2 3T T78 3OUT 2290.6 1022.7 2.12 3549.0 0.40

H2 EST TR: DIFF 22123.7 1022.3 2.12 3549.0 0.40
02 BST TR3 IN 2260.8 3023.8 Z.3Z 3549.0 0.39

02 85T TR8 OUT 2253.6 1022.$ 2.12 3546.5 0.39
02 3ST TRS DIFF 225S2.2 102r2.3 2.12 3546.5 0.39

H2 TANK PPESS 18.6 1046.2 0.0017 3574.4 0.0033
008 HEAT EXCH IN 2241.0 1038.4 2.23 3574.4, 0.39

GOX HEAT CXCH OUT 2229.3 1030.1 2.23 3573.1 0.39

lOT REGEN IN 2229.8 1038.1 2.23 3573.1 0.39
HOT REGEN EX 2162.9 77S.9 2.23 2679.1 0.49

FP30 INLET 2162.9 77S.9 2.23 2679.1 0.49
FP0U EXIT 2108.8 778.2 2.23 2879.1 0.48

CHAMteR I1.1 2086.8 778.4 2.23 2679.1 0.4 7
CHJA1R 1941.3

* OXYGEN SYSTEM CORCITI08S

STAT I0N PRESS TEMP FL04 ENTHAL PY DENSITY

B.P. INLET 16.0 162.7 13. 4 81.1 71.17
B.P. EXIT 13.86 163.2 13.4 61.5 71.20

PUMP INLET 135.6 163.2 13.4 61.5 71.20
PUMP EXIT 3133.9 178.8 13.4 72.5 71.53

02 TAWK PRESS 16.0 400.8 0.023 204.7 0.12
oCV INLET 3112.5 179.0 13.4 72.S 71.48
OCV EXIT 2173.7 182.6 13.4 72.5 70.04.

CHAMBER 1I8. 2135.4 182.8 13.4 72.5 69.97

CHAMBER 1941.3

' VA.LWE DATA

VAL VE DELTA P AREA FLOW % BYPASS

T7v 2292. 0.83 0.13 5.00

FSOV 5... 0."4 2.z3
OCV 934. 0.1 13.39

INJ.C7CR DATA •
It4JECT06 DELTA P AREA FLOW8 VelOCJt T '

FuEL 146. 0.44 2.23 I,%8.Z'

LOX 716. 0.1? 13.30 1460.3,

142



TABLE 24. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR

- 7500 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

• .................................

* UUCS5301T *U| * .? IOUST P1IW

FF I CIEL.V IyT/T 0.7@9 .I CIOCV 0.764
ICIDCY IT/S) :.3I2 HORS(EOER 14.

3mb 10RN) 70594. SPEED 11"I) 75304.
M DI A I3 M) 0.01 S SPmD I644.
mV A. 111) 1 .2 4AD I'l) 2691.
U6C 1A4TLM4L4) 0.045 •IA. IlK) 3.3I

MAX TIP SPm 40. TIP S• 39.

STAGE$ Z. P.6 2
P85. A TIK C/T I.1s MEA .36W ..PRESS RATIO IT S I FLcw Co 0.1.0

K4[l"GMd1t 14.

E X IT A OC " " 0 . -1
SPECIFIC PEED 1$0.00

SecCIFIC DOIAT•TR 0.48

* P0 T*10148 * 90 P1.0

ST; 131[ STAGE TWO STAG( T""U

1VICIDC' (T/ll 0.797 EfVICIEW"C 0.I73 083 0.$*9
IC I Y IS /S I 0 .7 7 9 1H O R S E P O WE R $0 9 . 4 8 1 . 4 "7 .

SPED IRPAI) 107500. SPEED 1SP) 107s00. 1I7.88, 30708.
IOSO 1447. SS SPEED 9319.
WAR4 OlA. (imp 1.77 S SPAM 464. ?vs7. 74.

CV A (11101 0.12 _A*0 (IF1) 1 2I. 9470. 44.T71.WeC I.CTUI.I 1.4lJ 016. 11..1 2.4S Z.0S Z.00
m" Sip SPEED 1.4. TIP SPU[3D m8293. 27092. 2002.
STAGE S $ VOL. FLM 242. 2"4. 741.

64004 I.Ss EA 4840 a A.n2 *.sm 0 6.4
PRESS RATIO IT/T) 1.7 FLO.M CE 6. My
pass RATIO IT/%S) 1.0 DIANET[ RATIO 1.219

EXIT MACH NLINIIE 4.03 KAR] 36 311*48SPECIFIC SPEED 49.64 SHAFT D."ETut W:.06

SPEC IF IC VfIANET1, 1.46

0U UiOST TU86IIN 02 11 1T p6II9

EVICIDICT IT/?11 6.00 EPPUICIOT 0.4
WVIC OMCV IT/3 0..33 1tS"PO.0..
SPUD ItpOSI 20164. sPU (WWI Z#014.

4846 004 14 116) .20 3 SPD 211:6.
E" ARA Q,10 1.04 HEAD IF,71 "2.UIC IACTU". 0.053 DIA. 1111 1.41
PAX TIP SPED ;43 TIP SPUN .2.
STAGES I V0.. P'M Irs.
61PINA I..% 'WA Coo65
PUESS RATIO IT/lI 1.00 P.O36W 0.CU4
PRESS RATIO ITI$) 1.00

EXIT 0• 180 6.03

SPECIFIC SPUD 800.43

SPECIF IC CVIAITER 0.74

,"ICIOCY IT/SI 0.0011 EFV ICIOC 11f0.703
c I CI E wC IT/S ) 0.49 MRS EP• 211.

SPEED 1.1P ) 112977. SPEED 0l41 132077.

MMSEPOMM 2.0. 55 SPETO 21899.
MEAN DIA 1101 1.771 S SPED I???.
I" AREA 1 .121 0.21 " 1"1 I .Ol50.
U/C IACTU.L I6.S04 0., I'll 1.19
NA0 TiP SPEYD 1107. TIP SPU[, 49.

STAGS I VOL. FLe 94.
4000m 1.35 A cap1 S. 431
PUESS RATIO IT/SI 1.01 P0.6 CCUl ".112
PUSS RATIO (T/$0 1.09 I ofTD RATIO .0 609
E XIT "A"54 96(0 0.00 64 80 0 |.46 01.

SPECIFIC SPED f 2.60 .T 5~1 1.r11. 12.0O
S1PECI11FC D1IUI[TTIER 1.40

COLD 5ID MOT SI0M
S60.20 4.6991.T 221 .44 -704.05
C0.16 0.40

FIL03 2.21 2,20

wITU 0.416(4000 0.67

CRIN 70
4810 3910.1 3
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TABLE 25. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
- 15,000 LBF THRUST (COPPER TUBE CHAMBER)

EIGIE PEPFOMA&NCE PAR'*TERS

CHAMBR PRESSURE 186`.7
VAC ENGINE THRUST 15000.
TOTAL ENGINE FLOW RATE 31.25
DEL. VAC. 1SP 480.1
THROAT AREA 3.16

NOZZL.E AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 71.18
ENGINE MIXTUIE RATIO 6.00
ETA C- 0.993
CHAMBER COOLANT DP 901.
CHAN" COOLANT DT S99.
NIOZZLE/CE Al4E 0 997S.

ENGINE STATION CONDITIONS

- FUIE SYSTEM CONDITIONS
STATION PRESS TEP, FLON W ENTHALPY D 1ENSITY
R.P. INLET 18.6 37.6 4.`;7 -117.5 4.37
8.9. EXIT 100.8 38.S 4.47 -103.0 4.39
PUMP INLET 100.8 38.5 6.47 -103.0 4.39
IST STAGE EXIT 2021.3 68.9 4.67 26.5 4.33
2ND STAGE EXIT 3897.6 97.5 4.47 IS2..6 4.35
PUMP EXIT 57;4.8 124.6 4.47 274.9 4.40
COLD REGEN IN 5407.3 124.8 4.47 z77.59 6.38
COLD REGEN EX 5430.4 :as8.0 .47 '02.1 2.60
COOLANT IMNLET 630.4 288.0 4.47 1902.1 2.60
COOLANT EXIT 6729.4 887.5 4.47 3134.4 0.89

TSV I'ET 4482.1 887.8 0.22 3134.6 0.88
TRV EXIT 2328.1 905.0 0.22 3134.4 0.42

02 TR8 INLET 4682.1 887.8 4.26 3134.4 0.88
02 TRR EXIT 6278.6 872.5 6.24 3070.6 0.82
H2 TR8 INLET 4278.6 872.5 4.24 3070.6 0.82
H42 2R8 EXIT Z258.7 773.5 4.24 2672.8 0.SI
M2 TR8 DIFFUSER 2226.4 773.7 4.24 2672.8 0.51
F2 35 TRS IN 2204.1 773.7 6.24 2672.8 0.51
142 DST TRB OUT 2185.4 772.6 6.26 2448.0 0.50
H2 DST T7R DIFF 2170.8 772.7 4.26 268.0 0.50
02 DST TR IN 2169.1 772.8 4.26 2668.0 0.49
02 BST TRB OUT 2160.3 772.2 6.26 2665.4 0.49
02 DST TR DIFF 213,8.8 772.2 4.26 2665.4 0.69
HZ TANK PRESS 18.6 791.8 0.0045 2688.9 0.0046

GO) HEAT EXCH IN 2128.1 778.9 4.f6 2648.9 0.6.8
0OX HEIAT EXCH OUT 2117.5 7?8.6 4.46 2687.S 0.48
HOT REGEN IN 2117.5 778.6 6.66 2687.S 0.48
HOT R-UEN EX 2054.0 601.9 6.66 2059.7 0.60
FSOY INLET 2054.0 601.9 6.46 2059.7 0.60
FSOV EXIT 2002.6 602.1 6.46 2059.7 0.58
CHABAER INJ 1982.? 602.2 4.46 2059.7 0.58
C4,N6ER 1864.7

* 01GE0N SYSTEM CONDITIONS *
STATION PRESS TEMP FLPOW ENTHWALPY DENSITY
D.P. INLET 16.0 162.7 26.8 41.1 71.17
8.P. EXIT 135.6 163.2 24.8 61.5 71.20
PUMP INLET 135.6 163.2 26.8 61.5 71.20
PUMP EXIT 2907.5 177.0 26.8 71.6 71.67

02 TAWK PRESS 16.0 400.0 0.045 206.7 0.12
OCY INLET 257. 7 177.2 26.0 ?1.6 71.42
OCV EXIT 2070.4 180.6 26.8 71.6 70.25
CHAIABER INJ 2029.2 180.8 26.8 71.4 70.18
CHAM•4ER 10,44.7

- VALVE DATA •
VALVE DELTA P AREA FLOW % RYPASS
TRV 2S54. 0.01 0.22 5.00
FSOV SI. 1.18 4.46
OCV 887. 0.1 26.76

INJECTOI DATA -

INJECTOR DELTA P AREA FLON VELOCITY
FUEL 138. 0.82 4.46 137.91
LOX 205. 0.35 24.78 154.•0
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TABLE 25. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR

- 15,000 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

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

.........................
* 420002 1041)4 34 hi m1 P1

•PiClE)4 CT/T1 ".2S6 F.FIC|IOC 0.144

EFFPICIENCY I/S) ".549 M 5EM 2,.

SPEED IOPp) 43374. SPEED t?") S3IX4.

ME41d4 O I (IN, 3.16 S SP" seas.

W AREA (CIA1 2.02 MEAD OFT) 2 M04.

U/C (ACTUALI 0.S43 DIA. 114I 1.9

VAN TIP SPEED 397. TIP SPm 459.

S1T.G1 VOL4 II.I15,

PRESS WAD30 1/1 1.0" 1 04 so.21

PFU=S 4ATI0 11/$1 1.02
oSt"•E •1E 29.
EXIT MAC" U"IER 0.10
SPECIFIC SPEED I'1?4S

SPECIFIC DIAM•TER 0.1si

......... . . . . . . .S=,G(OI4[ST"W Im STAGE THRM

EFFICIENCY (T/TI 0.794 XFICJOCY .1.31 6.41, 0.&11
EXPIC IIJCY (T/S) 0.773 4M1EPOMER 1318. I97. 714.

SPEED 0tRP) 13633. Spun (If") 33461. 133S414 136343.

tmGR:OE 2309 5S SPEED 1400.

Mr)3 VIA. 11) 2.44 SPEED 731. 143. 742.

EF AREA N2) 0.21 MEAD itry 4113,. 41239. 7431.
U (€ I4CTUA•I 0.444 014. (I1J 3.2? 5.2) 3.37

M" TIP SPEED 1S44. TIP SPE 3I94. 1t49;. 349.

STAGES 2 VOL. FLOM3 441. 4"3. Ass.

GAMMA 1.41 WAD c 0.919 0.42? @31S

PRESS 04710 IT/Il1 3.09 PL0" COE *.at.

PRESSA •041 I31) I.9S DIAMETE RATIO .3S1

EXIT I 1•4130CR 0.16 WARING1 •0 W 1.t .0

SPECIFIC SPEED 30 .4! SAHOT DIAMrETE 22.90

SPECIFIC DIAIETEU 1.69

EFFICIENCYY 1T/1) 0.824 14ICIDL€f 0.64-

5S,.J llPIS, 01,Z'*• Ilm 1 IS:

PEED 1. 443 .1 2. SPE 300 34212

MAN1 VIlA £143 1.3I, S 3pm 5226

EFP AREA 16421 2.97 WAD IfOT) 242.

U/C IOUTUAL) 0.4st VI*. 1in) 2.31

MAR TIP SPEED 25S7 TIP WP 332.

STGE(S i VOL. rum 369.

GAO, 1.41 W44A COI 0.-•
PRESS RATIO (T/T I 1.00 PLOM CC" .. Zee

PRESS RATIO 1T/1) 1.03
LIMIT + 34.5

EXIT PM04 o43*0( 0.01
SPECIFIC SPEED 101.42
SPECIf C DIAM4TER 0.32

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

.....

EF•P';IT,3': 1':'9.20 EFFICIENY 0.

EFFIC:IEIyC ITISI 0. I P6 3 3EPOIR sl.

SPIED IEC I Rp) 91208. SPED 10P") t1029.

40E$(10C 33. 5, . PU. 23134.

44.4D 1. 3243 2.44 S SPEED 1792.

EFF AREdA 1421) 0.2O W4.AD cFr) 429.
U/C G.C1U44..I 0.447 lb. 0341 M .4?

I"* TIP SPEED 1043. TIP 266r l3.

STAGES I , ... F LOM 138.

GA. 1.41 HEAD C 0.420

PRESS 0R13O (T/T) 3.04 cap4 * I.3S

PRESS 04T1O IT/S) I.1.. DIAMETER RATO1 0.00
EXIT MAC" M113x 0.04 UE 4I NG4 341.06466

SPECIFIC SPEED A4.37 I.1411 DIAMETER 16.04

SPEC IFIC CDIAM4(TER 1.63

OlEGE[ E0A I T DATA

COLD 21S MOT $330
DEP 4.0 0 .42
OU.1 134 16 -170,.4
04E4 0.14 1.19

FLOW 4.4? 4.40

EIIECTIIrESES 0.27
30ru 0.30

C*AIO 0.92
341N I3s.46
KO•f ) 2002.&4
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TABLE 26. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
- 25,000 LBF THRUST (COPPER TUBE CHAMBER)

E,.II.E PERPORM,.E PAR,,,TERS

O4AM4BER PRESSURE 1786.4

VAC EIG I WE THRUST 25000.

TOTAL ENGINE FLOW RATE 52.08

DEL. VAC. ISP '80.0
THROAT AREA 6.85

NOZZLE AREA RATIO 1000.0

NOZZLE EXIT DIAMETER 93.38

ENGINE MIXTURE RATIO 6.00
ETA C- 0.993

CHA•BSER C0OLANAT OP 831.

CHAMBER COOLANT DT 480.

NOZZLE/O•AAMBER 0 13641.

ESNGINE STATION CONDITIONS

UELI SYSTEM CONDITIONS

STATIONI PRESS TEMP FLOW ENTHALPY DENSITY

B.P. INLET 18.6 37.4 7.45 -107.5 4.37
B.P. EXIT 101.2 38.S 7.45 -]03.0 4.39

PUMP INLET 103.2 38.5 7.45 -103.0 4.39

IST STAGE EXIT 1817.1 60.7 7.45 -1.1 4.48

2ND STAGE EXIT 3543.3 81.9 7.45 100.0 4.56

PUMP EXIT 5281.9 302.4 7.45 200.0 4.64
COLD REGEN IN 5229.1 102.9 7.45 200.0 4.62

COLD REGEN EX 5176.8 253.0 7.45 745.0 2.71
COOLANT INLET 5176.8 253.0 7.45 745.0 2.71

COOLANT EXIT 4346.0 733. 1 7.45 2576.3 0.98

TBV INLET 4302.6 733.4 0.37 2576.3 0.97

TBV EXIT 2062.2 747.5 0.37 2576.5 0.49

02 T78 INLET 4302.6 733.4 7.08 2576.3 0.97
02 TR8 EXIT 3897.1 719.1 7.08 2516.2 0.91

H2 TRO INLET 3897.1 739.3 7.01 2516.2 0.91

H2 TRS EXIT 2196.4 639.3 7.08 2197.4 0.60

H2 TR8 DIFFUSER 2159.S 639.5 7.08 2197.4 0.59

NZ BST TR7 IN 2137.9 639.S 7.08 2197.4 0.S9

H2 DST T R OUT 2138.2 438.4 7.08 2192.6 0.58

H2 BST TR9 DIFF 2104.8 638.4 7.00 2192.6 0.58

02 RST TRB IN 2083.8 638.6 7.08 2192.6 0.57
02 BST TR8 OUT 2074.1 637.9 7.o8 2190.0 0.57

02 BST TR8 DIFF 2072.6 637.9 7.08 2190.0 0.57

HZ TANK PRESS 38.6 654.5 0.0091 2209.4 0.0053
0OX HEAT EX04 IN 2062.2 643.4 7.44 2209.4 0.56

GOX MEAT EXCH OUT 2 051.9 643.1 7.44 2209.0 0.6S

NOT REGEN IN 2053.9 643.1 7.4" 2208.0 0.56
NOT REGEN EX 1990.4 493.1 7.44 3662.4 0.70

FOV INtLET 1990.4 493.1 7.44 1662.4 0.70

FSOV EXIT 1940.6 493.3 7.44 1662.4 0.68
CHAMBER INJ 1921.0 493.3 7.44 1662.4 0.68

CHAMBER 1784.4

OXYGEN SYSTEM CONO1TIOIdS

STAT ION PSRs, TEMP FLOM ENTHALPY DENSITY
BSP. INLET 16.2 162".7 44.7 61.1 71.17

BUP. EXIT 113.b 163.2 44.7 bI.5 71.20

PUMP INLET 135.. 163.2 44.7 61.5 71.210

PUMP EXIT Q8_ .0 176.0 44.7 71.0 71.75

02 TANK PRESS 16.0 400.0 0.076 204.7 0.12
OCV INLET 2064.1 176.1 44.6 71.0 71.70

OCV EXIT 2004.9 179.4 44.6 71.0 70.37

CHAMBER INJ 1965.0 179.6 44.6 7).0 70.-1

CHAMBER 1786.4

* VALVE DATA

VALVE DELTA P AREA FLOW t WYPASS

TSV 2240. 0.02 0.37 5.00
FSOV 50. 1.84 7.44

OCV 859. 0.27 44.64

- INJECTOR DATA *

INJECTOR DELTA P AREA FLOW VELOCITY

FUEL Is3. 1.26 7.44 3266.93

LOX 198. 0.60 44.64 353.42
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TABLE 26. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
-25,000 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

EFPICIDNCV TTI 0 123 EFFICIENCY 6.76s
",FICIJE I :TIT T.431 HORSEPOWE 48.SPEED I R4333 41423. SPEED go"l 43423.
'CAN DIA (303 3.44 S, SINAI043
Er P AREA 13.21 1.82 HEAD I", 2T.1.
U/C (CAT UALI S.2 S IV"A. (IN 2.4S
m" TIP SPEED 377. 1IP SPEED 440.
STAGEE I VOL. FLOMI 362.
GAMMA4 1.44 HEAD~ COD0

a5 :ATIOIT)T 3.01 FLOW 8.20
P05RAEIO ITS 3.3 .02
HORSEPOWE4R
EXIT 6403 03*131 0.10
SPEC IFIC SPEED 330.00f

PEC I FI C DIAJE Tell .3

=... .......

EOPICIOJCT CT/I) 0.300 EPFICIEICY 0.7"4 0.499 .3

EFFICIENCY t 7/S) 0.84 HORSEPOWER 3 I3 34 04
SPEED 1093 120000. SPEED (mr 204. 100. 200

HORSEPOWER 3333.1 5 SPEED 3323?.
MCAM II14. (am) 2.03 S. SPEED 040. 041. 342.

EOP AREA (I30 02) .33s MEAS IF) 03470. 34303. Sa3s&:

nIC (OCTUOL 1 .30 S 3O . 310il) 3.39 S.30 3.39
A" TIP SPEED I3343. TIP SPUD 34. 00 104.
STAGES 2 00.. FLOM 12. 23 10

C81 3"".44 04AD COW 009 .3

RATIO fl101/7) 1.77 P1W C.C0
PRESS RATIO VT/S) 3.0 DIMETl RATI0 41.173

SPECIFIC SPEED 33." SIOAFT DIAMETER 24.404
SPECIFIC DIAMETER 3.63

LFIIE3CY (1/13 0.17? WIICIDNCI 0. 7"
EPF91 n CV ~t/SI :.729 30.
SAEE top333 31000. SPt (091 '3000.
MAN VIA CIVY 4.11 S'P 024.
EFP AREA I1N23 4.30 WAD IPT) 202.

"'3C (ACTUAL3 1 .0 04 SsO* 4111) 23.73

A" TIP SPUD 224. "1P SpinD 33.
STAGES VOL. FLOW NT
#8391 3.4! HEAD0 0.40
PRESS &Alto (1.'?) 3.00 #1.33 CC6.200
PRESS RATIO (T/S) 1-01
HORSEPOER 20.
EXIT MACK WINIIER 0.0
SPECIFIC SPEED ::.,I
SPECIF it DIAMETER 60.8

EFI",CI EmE C1/TI 0S64 EFP3C1E3E a 7.14?

EPPCIDEY IT/lI m.n34 ;&zPI00.

MGEE" or")3 69646. SPEED 3093) 03040.
I~U0U 02. S5 SPEED 22000.

MEAN 014 VI") 2.03 2 SPU1306

ElP ""E V101 8.0 MEAD 397) 333.,
IAC .,CUAL, 0.34S 034. tin) 21

VAM TIP SPEED 033. TIP SPEE 440.

STAGES I OU. PLO" 30

gamg1 3.4MEAD CCU .7.2
PRESS RATIO IT'TI 3.10 IP=.33 $.IS$

PRESST RATIO (7/53I l OfAW7T11 RATIO 0.081
EXIT m&MA'0*1 0.03 Ralms IN0 3 31.04
SPEC IFIC SPEED 481.03 9lP DI84ET 29.00
Spec If3C DIAMETER 1.-4

CO.D SIME NO1 SIME

13 I0.12 -330.00O
AREA 0.0 * 3.40'
PF3.W 7,4S 7.A4

CFPECTIIAIESS 3.23
SITU 040

REGEN 0 4033.52
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TABLE 27. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
3- 7,500 LBF THRUST (COPPER TUBE CHAMBER)

ENGZNE PERFIX1MAE PARAMTERS

CHAMBER PRESSURE 1673.2

VAC ENGINE THRUST 37500.
TOTAL ENGINE FLOIW RATE 78.12
DEL. VAC. ISP 480.0

THROAT AREA 10.96
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 118.14
ENGINE MIXTURE RATIO 6.00
ETA C- 0.913
CHAMBER COOLANT OP 757.
CHAMBER COOLANT DT 4 03.
NOZZLE/CHAMBER 0 17580.

ENGINE STATION CONDITIONS

- FUEL SYSTEM 138QITIOS
STATION PRESS TEM4P FLOW ENTHALPY DENSITY
a.P. INLET 18.6 37.4 11.18 -107.5 4.37
B.P. EXIT 100.8 38.5 11.18 -103.0 4.39
PUMP INLET 100.8 38.5 11.18 -103.0 4.39
IST STAGE EXIT 1768.9 s8.6 11.18 -7.8 4.52
2ND STAGE EXIT 3463.0 77.9 11.18 87.1 4.62
PUMP EXIT 5182.8 96.7 11.18 181.6 4.72
COLD REGEN IN 5130. 1 87.2 11.18 181.6 4.70
COLD REGEN EX 5079.6 228.0 11.18 628.8 2.90
COOLANT INLET 5079.6 228.0 11.18 638.8 2.90
COOLANT EXIT 4327.2 630.5 11.18 2211.8 1.11

TBV INLET 4283.8 630.8 0.56 2211.8 1.10
TBV EXIT 1830.3 644.8 0.56 2211.8 0.53

02 TRB INLET 4283.9 630.8 10.62 2211.8 1.10
02 TRB EXIT 3867.8 618.4 10.62 2156.7 1.03
M42 TRB INLET 3867.8 638.4 '0.62 2156.7 1.03
H2 TR8 EXIT 2072.2 54.6.1 10.62 1857.1 0.66
"2 TRO DIFFUSER 2026.3 546.3 10.62 1857.1 0.64"N2 BST TRB IN 2006.0 546.3 10.62 1857.1 0.64
ND BST TR8 OUT 1984.9 545.1 10.62 1852.3 0.63

N2 8ST TRB DIFF 1971.7 545.2 10.62 1852.3 0.63
02 &ST TRB IN 1952.0 545.3 10.62 1852.3 0.62
02 BST TR9 OUT 1841.5 54G.6 10.62 1848.7 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 IN 1930.3 549.7 11.16 1867.8 0.61
GOX HEAT EXCH OUT 1920.6 549.3 11.16 1866.5 0.61

HOT REGEN IN 1920.6 549.3 11.16 1866.5 0.61
NOT REGEN EX 1863.0 425.3 11.16 1408.6 0.75
FSOV INLET 1863.0 425.1 11.16 1408.6 0.7s
FSOV EXIT 181.4 425.6 31.16 1408.6 0.774

CHAMBER INJ 1788.4 428.5 11.16 1408.6 0.73
CHAMBER 1673.2

- OXYGEN SYSTEM CONDITIONS
STATION PRESS TEMP FLON ENTHALPY DENSITY
B.P. INLET 16.0 162.7 67.1 61.1 71.17
8.P. EXIT 13S.6 163.2 67.1 6 1.5 71.20
PUMP INLET 135.6 163.2 67.1 61.5 71.20
P LIMP EXIT 2709.7 174.8 67.1 70.2 71.7?

02 TANK PRESS 16.0 400.0 0.113 204.7 0.12
GCV INLET 2682.6 174.9 67.0 70.2 71.73

OCV EXIT 1877.8 177.9 67.0 70.2 70.48
CHAMBER INJ 1840.5 378.0 67.0 70.2 70.42

CHAMBER 1673.2

' VALVE DATA

VALVE DELTA P AREA FLOW X BYPASS
TBV 23.4. 0.02 0.56 5.00

FSOV 47. 2.73 11 .16
OCV 805. 0.42 66.86

* INJECTOR DATA .
INJECTOR DELTA P AREA FL.1OW VELOCI TY
FUEL 115. 1.89 11.16 1177."0

LOX 186. 0.92 66.96 148.316
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TABLE 27. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
-37,500 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

................................. 1.

17VICI36CY (1UT 0.439 E(Jutic 072.

SPEED I "1 .3242 SPEED (3PM) 31907

IMA 024 (193 3.I SPEED 3044
EFF W11A 33(Q) 4.39 (AD (PT) 2499

941I lip SPEED III. lip Spam 039.

CMOSA M.E AD COE .4s4
9991RATI 410 7)fl 3.41 FLOWCc S.293
PRES RA 4130 11Us I 13.02

mats~OWER 72.

SPECIFIC Spam 390::.0
SMOCFIC DIAMET[ER .

17:;; 330 SIWA 1) STIPE 19R

EFPIC31my £1/1 t.39 ICIE)CY 0.2 0.722 0.721
CP wv00 in/2 0.939I wS[PC.U 3909. 3903. 3499.

SPEED 'am,3 "07I'1 SPfD (4P) 30714S. 307143. 3117143.
4903.PWE Its SPEED 13492,

MCAN 04. I3IN) 3.72 3 SPEED 3033 l0ow304
EF RA time 3 0.49 MEAD IF"' 95404. 9'3534. U3NI3.

33/C VAIA. 044 . I3N3 .09 3.39 2.34
"AD1 ?3F SPEED 3397. TIP SPEED leis. 3035. 3i33
S1AGM 2 VOL.. FLOW 330 1941116 42

DM35A .3.1 HCAD COEU G.2 .439 41434
PRE1 &ATIo (TIT) 3.0. 9333 LCN 0.33
FUSS3 44130 (1/3) 3.92 VI0IMCYr RAT0IO 29
EXIT OV34 HS0.0 9.39 REAPING0 ON 01.6m41
SPECIFIC SPUED 94.04 SMaPI 03411CETR 211.600
SPECIF IC DIAMETE 3.2

D3334 (1/1) 0.90 EPP3C300PY 0.7"4
IPIIDY (/Sl 0.744 HOSEPOWER 3

SPEED (10,11 9024. SPEED (94) 9=64.
NEAR 034 (3N) 9.04 s SPEED 3914

Epp ARA 33) S.99 or-AD CPT) m42
4/C IAC;IUM.3) 0.991 034. (3IN) .3.4
pm1 Tip SPEED 232. TIP SPEED 3

SIWA ~ ~WA Coo. 394 42

39.
(SIT ~IPAC" 0Lw ."
SPECIFIC spin 949
SMEIFIC DIAMETER 0.09

(FPCICY 1/3 .ppo0 EP3C30 0.744

SPEED (943 11416. SPEED 3940) 94
3ERSV0U 04. SS SPEED 29
MCAN VIA 311 2.12 S SPEED 3ess.
C"P ARA (1IM2 3.73 (AD (PT) 9341
113/C .,A 41W 0.99 034D. (IN4) 2.43
MAX0 Tip SPEED 7126. TIP SPEED 621.
SIAM 2 VOL . FLOM 439.

CMOSA 3.34 HEAD 0.4))3
PRESS PATIO IT/TI 3.33 1.94N CC 0.399
PRESS DAVI0 WIT3 3.33 DIAMTERRA 4430 0. 403
EXIT RIC U90W" 0.0 O(N33 W .121.04

S"11CII SPU :7.1 SnAF1 DICIEN 24.00
SPECII.Cc D01AIME07 3..9

COLD SIDE HOT SIDE

DE.T 330.111 -37 .04
ARA 0 .74 2.74

EUP!CIS3OSI 0.29
WIN0 0.42

CN4110 0.t
REGEN S 3.946
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TABLE 28. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
- 50,000 LBF THRUST (COPPER TUBE CHAMBER)

... II, PERFOP4ANCE PARAMETERS

. .. . . .. . .. . .. . . . . . . . . . . . . . . . . . . . . . .R. . . . . .

CHANBER PRESSURE 1557.9
VAC ENGINE TIHUST 50000.
TOTAL ENGINE FLOWd RATE 104.1?

DIE.. VAC. ISP
THROAT AREA 15.4,
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 141.34
ENGINE MIXTURE RATIO 6.00
ETA C. 0.393
CHAMBER COOLANT OP 672.
CHAMBER COOLANT OT 358.
NOZZLE/CHAMBER 0 21099.

ENGINE STATI0 CONDITIONS

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

* FUEL SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENTHALPY DENSITY
8.P. INLET 18.6 37.4 14.91 -107.5 4.37
8.P. EXIT 100.9 38.S 14.91 -103.0 46.39
PUMP INLET 100.9 38.5 14.91 -103.0 4.39
IST STAGE EXIT 1612.6 5s.5 14.91 -20.1 4.55
2ND STAGE EXIT 3160.0 71.8 14.91 63.0 4.66
PUMP EXIT 4741.5 87.7 14.91 144.2 4.77
COLD REGEN IN 4694.1 88.2 14.91 146.2 4.75
COLD REGOE4 EX 4647.1 204.0 14.91 534.3 2.98
COOLANT INLET 4647.1 204.0 14.91 534.3 2.98
COOLANT EXIT 3975.6 561.9 14.91 1941P.9 1.14

TBV INLE.T 393S.8 562.1 0.75 1949.91 1.13
TBy EXIT 1797.6 572.8 0.75 1949.9 0.55

02 TR8 INLET 3935.8 562.1 14.16 1343.9 1.13
02 TR8 EXIT 3542.5 550.4 14.16 1899.3 1.06
H2 TRB INLET 3542.5 550.4 14.16 1899.3 1.06
H2 TRO EXIT 1937.7 '86.3 14.16 1637.1 0.69
M42 TR8 DIFFUSER 1891.0 484.S 14.16 1637.1 0.47
H2 BST TRB IN 1872.0 486.5 14.14 1637.1 0.67
K2 BST TR8 OUT 1850.4 485.4 14.16 1632.3 0.66
H2 BST 758 0IFF 1837.4 485.4 14.16 1632.3 0.66

8 ST TR8 IN 1819.1 485.5 14.16 1632.3 0.45
02 BST TPR OUT 1808.2 484.8 14.14 1429.8 0.65
02 BST T75 DIFF 1806.7 484.8 14.16 1629.8 0.4i5

H2 TANK8 PRESS 18.6 435.7 0.0242 1645.8 0.0071
GOX HEAT EXCH IN 1797.6 481.3 14.88 1645.8 0.64
GOX HEAT EXCH OUT 1788.7 4-8.9 14.88 1644.4 0.44
HOT REGEN IN 1788.7 488.9 14.88 1444.4 0.64
NOT REGEM EX 1735.0 386.3 14.88 125S.6 0.78
FPSV 1NLET 1735.0 386.3 14.88 1255.6 0.78
FSOV EXIT 1691.6 384.4 14.88 1255.6 0.76
CHAMBER INJ 1675.1 384.4 14.88 1255.6 0.1s
CH4MBER 1557.9

* OXYGEN SYSTEM CO4DITION4S
STAT ION PRESS TEP FLO. ENTHALPY DENSITY
8.P. INLET 16.0 142.7 83.4 4l.1 71.17
8.p. EXIT 1 '5.4 163.2 83.4 e1.5 71.20
PUMP INI.ET 135.6 143.2 83.4 61.5 71.20
PUMP EXIT 2523.0 173.7 83.4 69.s 71.77

02 TANK PRESS 14.0 400.0 0.151 204.7 0.12
OCV INLET 2417.8 173.8 89.3 69.5 71.73
OCV EXIT 174a8.4 176.6 83.3 69.5 70.54
CHAMBER IlJ 1713.6 176.8 83.3 69.5 70.51
CHAMBER 1557.9

' VALVE DATA •
VALVE DELTA P AREA F1.L14 1 BYPASS
TRV 2138. 0.03 0.75 S.00
F$OV 43. 3.73 14, .88
OCV 743. 0.58 83.29

"* INJECTOR DATA

INJECTOR DELTA P AREA FLOW V'EIOCITY
FUEL 117. 2.58 14.88 1117."1
.03 173. 1.:?7 89.29 143.07
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TABLE 28. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
- 50,000 LBF THRUST (COPPER TUBE CHAMBER) (CONTINUED)

* Tt9R•O1t'V 9 •AC DATAm***m*•eotgD* m

* e • TtI*•****q •o *t 4t5 0• Te PW

EFrIC I F l IT/T R.094 W[tC|O• 0.76S
1MFICII3CV ITnIS .40 0 DE@• 94.
SPIEED 10903 2"51 . SW (A0991 29211.
MEM D0IA ICluj 2.03 S Spam 1049.
EFF AREA (SIS 9 S.19 HEAD (Fir) 2702.
UtC (ACTUALI 0. S• ASA. (IN) 144
PAR TIP Spam1 S69I TIP 440.
STAGES 3 00. FLOW Is24.
GAMMA WA.D • O.EP
PRESS RATIO ITfT) .01 '. FLOW 0.20m
90112 RATIO IS/IS 1.42
MMSEP0E0 96.
E X IT " C " M E' 0*.1
SPECIFIC SPEE9D 0.
SPECifC DI DIAMETER 0.5s

:........... .i........* Q Tt~l*3tS9 *iel ha P10

ST=. =9 2TG Tt STA 14519

EFFICIENCY (T/TI 0.076 80ICtC4cy 0.7?0 0.740 0.146
EPtF IC ItACV IT/Il 0.05 @ER0 1749. 1715. M7S1.
SPEED 10,01 100,00. p (0 IF" 1s0000. 1000". 100000.

tSS9P0ER 9294. EW 1201.
MEiAN D14. ISM) 2.92 S SPEES; 1176. 1162. Ilse.
EFF ARE, (thI 0.47 tEAl (iT) I5171. 440311. 452?7.
U/C (AC.TU;L 0'.'7 094. (IN) 4.02 4.042 0.02
MA TIP SPEED 1411. Tip 17 9SS. I371. I7S4.
STAGES 2 VOL. FLOW 1472. 1459. 1404.
GADO IA.' tE A FS 0.00S 0.506 0.0S9
P RES S RAT IO IT/T I F.OW CO U "I. 21
PRESS RATIO T/S , I*9 lM 91T13 RATItSO 0S32
EXIT MAC" " a.2" JERIMS Of S. J0O0.06
SPECIFIC SPE 42.21 so" DIAMET 10.00
SPECIF IC DIAMETIE 1.10

*umuuuo[ E •I 1I. *e~ o•o•• •mmei5T P309g

EFFIC IE•CY (/fTI ' .00 EFFICIENCY 0.704
EFPICI1CV UnITI .9 n1G00.
... (Ta9) I T. M is") 77.
MEAN OIA I0 N S.03 S u m1026.
E[F AREA 1142) 7.0 • (PI) 242.
U/C (ACTUAL) #.S0• DIA. (IX) 2.09
MAX TIP PED 212. TIP SPE 132.
STAGES I l1. F•W1.4 964.
GAMM .42 EAD 0 .4so
PRESS RATIO (1/TI) 1.1 FLOW C .200
PRESS RATIO IT/&) 1.01

EXlT MAC4 Muma 0.0
SPECiPIC SPE .
PCIF PiC DIAMETR 41 .•0

EFFiCIE• T (1/TI 0.I0 EFFPICIECY 0.769
EPIC EICY (IT/lt 0.2•4 14 IPUEr (03.

SPIEtD lAIS) 99439. •I£$ SPEED0, 441.

ME AN D I A cl u l 2 . 9 2 S PE D ' o ".
EFF A0.A IlIa) 0.0 "EAD ifT) 4700.
UIC (ACTUAL) 9.314 014. 9IM) 2. 9
MAX TIP SPEED 641. TIP SPEED 99.
51,01 2r,( 0.. 1t.014 999.

049694 .42 WAD00 043

PRESS RATIO fT/TI 1. 1) PL.O" C 0.1
PRESS RATIO IT(/) I.. DIAMETER RATIO 0*.04
CXIT MACH Mumma 0.O9 SEARS1 0 I.'100"
SPECIFIC SPE 77.10 IttFT DIAMETER so."
SPEC IIC D I DIAMETER 3.12

COLD DffE ATh DsTA

V9 44.94 93.06
OUT IIS.-0 -192.
AREA I.l * IS.
PLO" K. 91 14.11
EFFICTIV1NES3 I.2"

CXIATIO 0.0
C... 49.940•1400 1970.l9
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TABLE 29. - FULL-EXPANDER ENGINE - 7500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGIIF PERFON4AJCE PARAMETERS

CHAM•ER PRESSURE 1751.2
VAC ENGINE THRUST 7500.

TOTAL ENGINE FLO4 RATE 15.62

DEL. VAC. ISP 480.0
THROAT AREA 2. I 0

NOZZLE AREA RATIO 1000.0

NOZZLE EXIT DIA4ETER 51.67

ENGIME MI XTURE RATIO 6.00

ETA C- 0.993

CHAMBER COOLANT OP 731.

CHAMBER COOLANT DT 710.

NOZZLE/CHI4ABER Q 5975.

ENGINE STATION CONDITIONS

- FUEL SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENTIALPY DENSITY

8.P. INLET 18.6 37.4 2.23 -107.s 4.37
-.P. EXIT 100.3 38.5 2.23 -103.0 4.39

PUMP INLET 100.3 38.S 2.23 -103.0 4.39

IST STAGE EXIT 1804.9 66.9 2.23 15.5 4.30
2ND STAGE EXIT 3447.1 93.2 2.23 129.3 4.21

PUMP EXIT 5043.4 117.8 2.23 239.0 e.32

COOLANT INLET 4993.0 118.2 2.23 239.0 4.30

COOLANT EXIT 4262.4 828.3 2.23 2913.2 0.86
TBV INLET ,219.8 828.6 0.11 2913.2 0.85

TBV EXIT 3959.7 843.2 0.11 2913.2 0.41

02 Ti8 INLET 4219.8 828.6 2.12 2913.2 0.85

02 TR8 EXIT 3828.5 813.6 2.12 2850.5 0.80

H2 TOM INLET 3829.5 813.6 2.12 2850.5 0.80
M2 TRB EXIT 2082.2 723.0 2.12 2g90.3 0.51

H2 TR9 DIFFUSER 2053.7 723.1 2.12 2490.3 0.50
H2 BST 19B IN 2033.1 723.1 2.12 2490.3 0.50

H2 IST TRB OUT 2015.3 722.0 2.12 2485.6 0.49

H2 RST TR8 DIFF 1999.9 722.1 2.12 2485.6 0.49

02 BUS TRB IN 1979.9 722.2 2.12 2485.6 0.49

02 BST 1R9 OUT 3971.0 721.5 2.12 2G83.0 0.48

02 DST TRB DIFF 1969.5 721.6 2.12 2683.0 0.4.8

H2 TANK PRESS 18.6 739.1 0.0024 2504.5 0.0047

GOX FEAT EXCH IN 1959.7 727.7 2.23 2504.5 0.48

GOX HEAT EXCH OUT 1949.9 727.4 2.23 2503.2 0.48

FSOV INLET 1949.9 727.4 2.23 2S03.2 0.4.8

FSOV EXIT 1901.1 727.7 2.23 2503.2 0.46

CHAMBER INJ 1862.3 727.9 2.23 2503.2 0.45
CHANRE 1750.2

* OXYGEN SYSTEM CONDITIONS
STATION PRESS TEMP FLOW ENTHALPV DENSITY

P.F. INLET 16.0 162.7 13.4 61.1 71.17

-.P. EXIT 135.6 163.2 13.4 61.5 7.10
PUMP ].LET 135.6 163.2 13.4 61.5 71.20

PUMP EXIT 2834.S 177.2 13.4 71.4 71.50

02 TANW PRESS 16.0 400.0 0.023 204.7 0-12

OCV INLET 2806.2 177.3 13.4 71.4 71.46

OCV EXIT 1964.3 180.6 13.4. 71.4 70.15
CHAMBER INJ 1925.2 180.7 13.4 71.4 70.09
CHAMBER 1750.2

VALVE DATA •

VALVE DELTA P AREA FLOW % BYPASS

ToV 2260. 0.01 0.1I 5.00

FSOV 49. 0.68 2.23
OCV 842. 0.08 13.39

INJECTOR DATA -

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 132. 0.47 2.23 1504.14

LOX 194. 0.18 13.39 152.10
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TABLE 29. - FULL-EXPANDER ENGINE - 7500 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

................... l.....i........•

- TURIQKACHINERY PERFORMANCE DATA.. .................. :...... ...............
* H2 BOOST T....I.... ....OT P .4

EFFICIENCY (T/T) 0.758 FFFICI;ECY 0.766

EFF ICIENCY T/I 0.350 (7/)ORSEPOWER 14.

SPEED (RPM) 75279. SPEED 4kPM) 75279.

MEAN DIA (IN, 0.83 s SPEED 3050.

EFF AREA 1N2) 1.04I HEAD IFT) 2685.

U/C (ACTUAL) 0.562 DIA. (IN) 1.33
MAX TIP SPEED 400. TIP SPEED 438.

STAGES I VOL. FLOWl 228.

GAMMA 1:.4 MEAD COEF 0.450

PRESS RATIO (T/T) I.03 FLa CIEF 0.201

PRESS RATIO (T/SI 1.02

HORSEPOER 14.

EXIT MACH NUMBER 0.10
SPECIFIC SPEED 146.08

SPECIF IC DIAMETER 0.51

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

- H2 TURBINE - H2 pUMP
S......... . . ;S.

STAGE NE STAGE TWO STAGE THREE
.......... ......... ...........

EFFICIENCY (T/TI 0.808 EFFICIENCY 0.61S 0.621 0.626

EFFICIENCY (T/S) 0.787 HORSEPOIER 375. 360. 347.

SPEED (RPM) 187500. SPEED (RPM) 187500. 187500. 187500.

HORSEPOWER 1082. SS SPEED 9340.

MEAN DIA. (IN) 1.65 S SPEED 779. 797. 813.

EFF AREA (1142) 0.11 HEAD (FT) 56759. 55094. 53385.

U/C (ACTUAL) 0.549 0IA. ((NI 2.29 2.29 2.29

MAX TIP SPEED 14,56. TIP SPEED 1874. 1874. 1873.

STAGES 3 VOL. FLOI4 233. 234. 232.

GAMMA 1.44 HEAD COEF 0.S20 0.505 0.489

PRESS RATIO IT/T) 1.894 FLOW COEF 0.095

PRESS RATIO CT/S) ].87 DIAMETER RATIO 0.322

EXIT MACH NUMER 0.14 BEARING ON 3.00CE06

SPECIFIC SPEED 54.79 SHAFT DIAMETER 16.00

SPECIFIC DIAMETER 1.42

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

- 02 BOOST TURBINE 02 BOOST PUMP

EFFICIENCY (T/TI 0.80S EFFICIENCY 0.764

EFFICIENCY (T/S) 0.658 HORSEPOWER 8.

SPEED (RPM) 20183. SPEED (RPM] 20183.

MEAN DIA (IN) 2.25 S SPEED 3026.

EFF AREA (IN2) 1.49 WEAD (FT) 242.

U/C (ACTUAL) 0.553 DIA. (IN) 1.49

MAX TIP SPEED 237. TIP SPEED 132.

STAGES I VOL. FLOW 85.

GAMM4A 1.44 HEAD COEF 0.450

PRESS RATIO (T/T) 1.00 FLOW C14 F 0.200

PRESS RATIO (T/S• 1.0)

HORSEPOIER 8.

EXIT MACN NUMBER 0.03

SPECIFIC SPEED 100.36

SPECIFIC DIAMETER 0.82

- 02 TURBINE • . 02 PUMP '

EFFICIENCY (T/TI 0.804 EFFICIENCY 0.703

EFFICIENCY IT/S) 0.754 HORSEPOER 388.

SPEED (RPM) 127128. SPEED (RPM) 127128.

HORSEPOWER Is. SS SPEED 22848.

MEAN DIA (IN) i.65 S SPEED 1843.

EFF AREA (1N2) 0.17 HECAD (FT) 544.

U/C (ACTUAL) 0.SIS OA. (IN) 1.18
MAX TIP SPEED "1. TIP SPEED 653.

STAGES I VOL. FLOM 84.

GAMMA 3.44 WAD C 0.410

PRESS RATIO (T/TI 1.10 FLOW Ca F 0.15s

PRESS RATIO IT/S) 1.3 DIAMETER RATIO 0.681

EXIT MACH NUMBER 0.09 BEARING ON I.SE'06

SPECIFIC SPEED 48.50 SHAFT DIAMETER 12.00

SPECIFIC DIAMETER 3.52
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TABLE 30. - FULL-EXPANDER ENGINE - 15,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERF( PARADETERS

CHAMBER PRESSURE 15S6.2

VAC ENGINE THRUST 15000.

TOTAL EWINE FLOW RATE 31.25
DEL. VA.& I"P G80.0

THROAT AREA 4.71

NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 77.46

ENGINE MIXTURE RATIO 6.00

ETA C- 0.993

C•A•IBER COOLANT DP 523.

CHAMBER COOLANT DT 535.

NOZZLE/CHAMBER Q 9138.

ENGINE STATIIO C NDITI..

FUEL. SYSTEM COBNDITIONS

STATION PRESS TEMP FLOM 4 ETHALPY DEWN S TY

:.P. INLET 18.6 37.4 4.47 -107.5 4.37

.P. EXIT 100.5 34.5 4.47 -103.0 4.39

PUMP INLET 100.5 38.5 4.47 -103.0 4.39

IST STAGE EXIT 1526.5 58.2 4.47 -15.2 4.43

2ND STAGE EXIT 2944.9 77.0 4.47 71.3 4.48

PUMP EXIT 4356.9 95.0 4.47 156.4 . 4.53

COOLANT INLET 4313.3 95.4 4.47 156.4 4.51

COOLANT EXIT 3789.8 630.7 4.47 2200.2 0.99
TBV INLET 3751.9 630.9 0.22 2200.2 0.6

TRY EXIT 1742.3 642.6 0.22 2200.2 0.48

02 ITR INLET 3751.9 630.9 4.25 2200.2 0.96

02 TR EXIT 3374.2 618.6 4.25 2146.9 0.91

4 ERR INLET 3374.2 618.6 4.25 2146.9 0.91

H2 TSB EXIT 1866.0 551.6 4.25 1873.8 0.59

H2 TRO DIFFUlSER 1834.4 551.7 4.25 1873.8 0.58
W2 2T TRO IN 1816.1 551.7 4.25 1873.8 0.58

E2 EST TR8 OUT 1794.8 550.6 4.25 1849.1 0.57

W1 DST TR DIFF 1780.4 550.7 4.25 1869.1 0.51

02 •ST ToR IN 1762.6 550.7 4.25 1869.1 0.56

02 8ST TR OUT 1752.6 550.1 4.25 1846.5 0.56

02 BSI TRB DIFF 1751.1 550.1 4.25 1864.5 8.56

fe TAW PRESS 18.6 562.4 0.0064 1893.2 0.0062

GOX HEAT EXCI IN 1742.3 554.7 4.46 1883.2 0.55

G NX HEAT EXCH OUT 1733.6 554.4 4.46 1881.8 0.55

FSOV INLET 1733.6 554.4 4.44 1881.8 0.55

FSOV EXIT 1690.2 554.6 4.46 1881.8 0.54

CHAMR INJ 1655.8 554.7 4.46 1881.8 0.53

C3 556.2

• OXYGEN SySTEM CONDITIONS C3 •

STATIN PRESS TEM9P FLOW A DENSI•Y

8.P. INLET 16.0 142.7 26.8 61.1 71.11

B.P. EXIT 135.6 163.2 26.8 61.5 71.20

PUMP• NLET 135.6 163.2 26.8 61.5 71.20

PUMP EXIT 2520.3 174.8 26.8 69.9 71.59

02 TA4K PRESS 16.0 400.0 0.045 204.7 0.12

OCV IL.E•7 2495.1 174.9 26.8 69.9 71.55

OCX EXIT 1746.6 177.7 26.8 69.9 70.38

C4IAMBER IN.J 1711.8 177.8 26.8 69.9 70.33

CHAMBER 1556.2

VALVE DATA

VALVE DELTA P AREA FLOW % BYPASS

ISV 2010. 0.01 0.22 5.00

FSOV 43. 1.34 4.46

OCy ?49. 0.17 26.79

INJECTCR DATA •

INJECTOR DELTA P AREA FLOd VELOCITY

FUEL .317. 0.92 4.46 1321.67

LOX 173. 0.38 26.79 14S.17
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TABLE 30. - FULL-EXPANDER ENGINE - 15,000 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

- TURBOMACHINERY PERFORMA••E DATA

2 BOOST TURBINE * Ht2 BOOST PUMP •

EFFICIENCY CT/TI 0.7*2 EFFICIENCY 0.766

EFFICIENCY CT/SI 0.390 HORSEPOWRPB 29.

SPEED (RPP) S3252. SPEED (RPMI 5325z.

MEAI DIA (IN) 1.16 S SPEED 30.49.

EFF AREA 11() 1.76 HEAD IFT) 2689.

U/C (ACTUALI 0.)5a s1s. (6IN 1.89
MAX TIP SPEED 389. TIP SPEED 438.

STAGES I VOL. FLOW 457.

GAMMA 1.37 WEAD COEF 0.450
PRESS RATIO tl/T) 1.01 FLOW COEF 0.201

PRESS RATIO IT/S) 1.02

HORSEPOWER 29.

EXIT MACH N6188C 0.11

SPECIFIC SPEED 14I6.s5

SPECIFIC DIAMETER 0.52

,H"2 .. TURBIlE • • 1H2 PUMP •

STAGE ONE STAG TO40 STAGE THR

EFFICIENCY CT/T) 0.818 EFFICIENCY 0.680 .6.81 0."81
EFF IC IENCY tT/SI 0.790 HORSEPO•ER 556. 547. 538.

SPEED IRPMI 136363. SPEED (IRPI 136363. 136363. 136363.

HORSEPOWER 16G1. SS SPEED 9599.
MEAN DIA. (IN) 2.42 S SPEED 917. 922. 927.

EFF AREA (I1,) 0.23 HEAD (FTT) 46464. 45825. 45101.
U/C (ACTUAL 1 0.-60 IA. (IN) 2.85 2.89 2.8S

MAX TIP SPEED 1536. TIP SPEED 1694. 169S. 144.

STAGES 2 VOL. FLOW8 453. 448. 443.

GAMMA 1.37 HEAD COEF 0.521 0.sI3 0.so5
PRESS RATIO (T/T) 1.81 FLOW COEF 0.105
PRESS RATIO CT/SI 1.8s DIAMETER RATIO 0.363

EXIT MACH NUMBIER 0.17 BEARING D1 3.OOE.06

SPECIFIC SPEED 48.65 SHAFT DIAMETER 22.00

SPECIFIC DIAMETER 1.61

•02 BOOST TURBINE U * 02 BOOST PUMP

EFFICIENCY (T/TJ 0.826 EFFICIENCY 0.764

EFFICIENCY IT/S) 0.689 HORSEPO•ER 15.
SPEED (RPM) 14271. SPEED (RPM) 142?1.

WEAN DIA (IN) 3.18 S SPEED 3026.
EFF AREA (IN21 2.59 HEAD (FTI 242.
U/C (ACTUAL) 0.553 DIA. (IN) 2.11

MAX TIP SPEED 234. TIP SPEED 132.

STAGES I VOL. FLOW 169.
GAMMA 1.37 HEAD COEF 0.150

PRESS RATIO (T/TI 1.01 FLOW COEF 0.200
PRESS RATIO IT/S) 1.01

HORSEPOWER IS.
EXIT MACH NUMBER 0.04
SPECIFIC SPEED 96.18

SPECIFIC DIAMETER 0.86

•02 TURBINE * C," PUMP •

FF ICCENCY CT/TI 0.821 EFFICIENCY 0.730
EFFICIENCY (T/SI 0.767 HORSEPOWER 321.
SPEED MRPH) 84487. SPEED (RPM) 84487.

HORSEPOWER 321. SS SPEED 2147S.
MEAN VIA (IN) 2.42 S SPEED 1902.
EFF AREA (IlG2 0.33 HEAD (FT) 6795.

U/C (ACTUAL) 0.54S DIA. (IN) 1.64
MAX TIP SPEED 952. TIP SPEED 606.

STAGES I VOL. FLOW 168.

GAMMA 1.37 HEAD COEF 0.420

PRESS RATIO IT/T) 1.11 FLOW COEF 0.158

PRESS RATIO CT/S) 1.12 DIAMETER RATIO 0.683
EXIT MAC" NUMBER 0.10 BEARING CM 1.52E-06

SPECIFIC SPEED 48.S- SHAFT DIAMETER 1C.00

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

ENIGINE PERFORMANCE PARAMETERS

CHIAMMER PRESSURE 91. .7

VAC EN4GIME THRUST 25000.

TOTAL ENGINE FLOW RATE 52.19
DEL. VAC. ISP -80.0
THROAT AREA 8.15

NOZý'LE AREA RATIO 1000.0

NOIZLE FXIT DIAMETER 102.12

ENGIME MIXTURE RATIO 6.00

ETA C. 0.993
CHAMBER COOLANT IP 473.
CHAMBER COOLANT OT 498.

NOZZLE/CHAMBER 0 12774.

ENGINE STATION CONDITIONS
.......... me......w.eu.......m...

FUEL SYSTEM CONDITIONS

STATION PRESS TEME FLOW ENTHALPY DENSITY

:.P. INLET 18.6 37.4 7.As -107.S 4.37
B.P. EXIT 100.6 38.5 7.45 -103.0 4.39

PUMP INLET 100.6 38.5 7.4S -103.0 4.39
IST STAGE EXIT 1433.1 54.5 7.4S -27.1 4.SO
200 STAGE EXIT 2782.0 70.0 7.45 4.8.6 .s8

PUMP EXIT 4147.2 85.1 7.4s 123.9 4.76
COOLANT INLET 4105.7 85.5 7.45 123.9 4.65
COOLANT EXIT 3632.S 533.3 7.45 1837.8 1.11

T8V INLET 396.2 533.5 0.37 1837.8 1.10

TRY EXIT 1670.3 542.6 0.37 1837.8 0.S4

02 TRB INLET 3516.2 533.5 7.08 1837.8 1.10

02 TRO EXIT 3211.3 521.9 7.08 17M8.0 1.02
H2 TRO INLET 3211.3 S21.9 7.08 1788.0 1.02
H2 TRB EXIT 1799.8 463.1 7.08 1541.3 0.68
H2 TRB DIFFUSER 1760.7 463.3 7.08 1549.3 0.66

H2 BST TRB IN 1743.1 464.3 7.08 1549.3 0.66
H-2 BST TRB OUT 1721.4 462.1 7.08 1544.5 0.65

H2 BST TRU DIFF 1708.1 462.2 7.08 1544.5 0.64

02 BST TRB IN 1691.0 462.3 7.08 15.44.S 0.64
02 8ST TRU OUT 1680.2 461.6 7.08 1542.0 0.64

02 B5T TRB DIFF 1678.7 461.6 7.08 1542.0 0.64

H2 TAWK PRESS 18.6 471.0 0.0127 1556.8 0.0074
IX HEAT EXCH IN 1670.3 465.6 7.44 1556.8 0.63

OX HEAT EXCH OUT 1661.9 465.3 7.44 IS55.4 0.62
FSOV INLET 1661.9 465.3 7.44 1050.4 0.62

FSOV EXIT 1620.4 465.4 7.44 I.5'4 0.61

CHAMBER INJ 1587.3 465.5 7.44 153.5.4 0.60

CHAMBER 1491.7

- OXYGEN SYSTEM CONDITIONS
STATION PRETSS TEMP FLOW ENTHALPY DENSITY

B.P. INLET 16.0 162.7 44.7 61.1 71.17

B.P. EXIT 135.6 163.2 44,7 61.5 71.20

PUMP INLET 135.6 163.2 44.7 61.5 71.20
PUMP EXIT 1..15.8 73.8 44.7 69.3 71.65

02 TANK PRESS 16.0 400.0 0.076 204.7 0.12
OCV INLET 2391.7 173.9 44.6 61.3 71.61

OCV EXIT 1674.2 176.6 44.6 61.3 70.50
CHAMBqER INJ 1640.9 176.7 44.6 46.3 70.44

CHAMBER 1491.7

* VALVE DATA •

VALVE Da TA P AREA FLOWS BYPAS.S
TBY 1926. 0.02 0.37 5.00

FSOV 42. 2.14 7.44
or, 718. 0.29 44.64

INJECTOR DATA •

INJECTOR DELTA P AREA FLOW V-LOC I TY

FUEIL 112. 1.47 7.44 1218.70

LOK 166. 0.65 44.64 140.06
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TABLE 31. - FULL-EXPANDER ENGINE - 25,000 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

............................
- TURBOIAO41,ERV PERFORMANCE DATA

* t2 BST TURBIN~E •, BO OST PUMP .

EFF! C IE9V CT/T) 0.8'. EFFICIENCY 0.166

EFFICIENCY (T/SI 0.4a58 HORSEPOWER 43.

SPEED (RPM) 41277. SPEED C1"91 41217.

MAN DIA (IN) I..5 ..S SPEED 30I8.

EFF AREA 11(621 2.72 HEAD (FTI 2694.

U/C ,ACTUAL 0 .i36 IA. (1N1 2 43

"MAX TIP SPEED 74. TIP SPEED 439.

STAGES I VOL. FLOW 762.

GAMMA 1.3 HEAD COEP 0.4.0

PRESS RATIO iT/T) 1.01 FLOW COE] 0.281

PRESS RATIO (T/SI 1.02

HORSEPOWER 48.
EXIT M4AC " N(M BER 0.11

SPECIFIC SPEED 150.0I 0

SPECIFIC DIAMETER 0.53

............
M 02 PUIvv,

STAGE 0E STAGE TWO STAGE THREE

EFFICIENCY CT/T) 0.868 EFFICIENCY 0.727 0.726 0.725

EFFICIENCY (T/S) 0.850 (ORSEPOER 800. 797. 7%4.

SPEED (RPM) 125000. SPEED (RPM? I2so00. 125464. 15000.

MORSEPOME 2391. SS SPEED 11347.

MEAN DIA. (IN) 2.46 S SPEE 1142. 1136. 3151.

EFF AREA SIN2) 0.36 HEAD (FTi 42"54. ,2739. 42491.

U/C (ACTUAL) 0.550 VIA. (IN) 3.04 3.04 3.04

MAX TIP SPEED 1465. TIP SPEED 1658. (664. 1658.

STAGES 2 VOL. FLOW 744. 730. 717.
GAMMA 1.39 HEAD COEF 0.503 0.500 0.497

PRESS RATIO (T/T) !.11; FLOW COEF 0.119
PRESS RATIO (T/Sl 1.84 OIMETER RATIO 0.4is

EXIT MACH NUMBER 0.19 BEARIIN ON 3.O00-06

SPECIFIC SPEED 61.19 SHAFT DIAMETER 24.00

SPECIFIC DIAMETER 1.33

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

02 BOOST TUCBIH S . 02 BOOST PUIe •

EFFICIE.CY CT/TI 0.877 EFFIC.IENCY 0.7"8

EFFICIENCY (T/S1 0.740 H9ORSEPOER 26.
SPEED (RPMI 11054. SPEED (R11.) 11054.

MEAN DIA (IX) 4.11 S SPEED 3024.

EFF AREA (IN2) 3.8" HEAD (FT) 242.

U/C (ACTUAL) 0.553 OIA. (IN) 2. 72

MAX TIP SPEED 232. TIP SPEED IS2.

STAGES I VOL. FLOW 282.

GAMMA 1.S9 HEAD COEF 0.45.0

PRESS RATIO (T/TI 1.01 FLOW COE1 0.200

PRESS RATIO CT/S) 1.01

HOREPOWER 26.
EXIT MACH NUMIBER 0.04

SPECIFIC S•EED 94.185

SPECIFIC DIAMETER 0.10

•02 TURBINE * 02 PUWP

EFFICIENClY CT/TI 0.8s0 EFF [CEN:Y 0.747

EFFICIENCY CT/S) 0.782 HORSEPOW.ER 4"4.

SPEED (RPM) 6B006. SPEED (CR") 63M.

HORSEPOWER 486. SS SPEED 20957.
MEAN OIA ([NI 2.46 5 SPEED 1918.

EFF AREA (IN2) 0.51 HEAD (FT) 6581.

U/C (ACTUAL 0.41S VIA. (IN) 2.11

MAX TIP SPEED 7'9. TIP SPEED 5O.
STAGES I VOL. FLOW 280.

GAMA 1.•39 HEAD COU 0.426

PRESS RATIO (T/T) 1.12 FLOW COEF 0.|,q

PRESS RATIO (T/S) 1.11 DIAMETER RATIO 0.6"4

FXIT MACH WI.IBFR 0.11 BEARI9tcW ON 1.10.06

SPfCIFIC S•PED e7.66 SHAFT DIAMETER .2.00

WPTCIFIC OIAJETFR 1.14
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TABLE 32. -FULL-EXPANDER ENGINE - 37,500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINEC PERFO>RMANCE PARAMETERS
........................

CHIAMBER PRESSURE 3334.0

VAC ENGINE THRUST Moo0.

TOTAL ENINEII FLOW RATE 78.14
DEL . VAC. ISP 479.0
THROAT AREA 13. 72
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 112.16
ENGIN9E MI XTURE RATIO 6.00

ETA C- 0.9:1
CHAMBER COOLANJT EIP 386.

CHAMBER COOLANT DT 376.
1E3ZZLE/CHAMqRER Q 1612S.

ENINIIE STATION CONDITIONS
.......................

-FUEL SYSTEM CONDITIONS
STATION PRESS TEMP FLOW ENTI4ALPY DENSITY
3. P. INLET 15.6 37.4 11.19 -101.5 4.37
aB.P. EXIT 100.7 38.5 11.19 -103.0 6.39
PUPIE INL.ET 100.7 38.5 11.18 -103.0 4.39
IST STAGE EXIT 1267.6 51.6 11.18 -39.0 4.S2
2941 STAG EXIT 2460.2 64.3 11.19 25.0 4.62
PUMP EXIT 3673.3 76.6 11.18 89.2 4.69
tDOULMT INLET 3636.6 77.0 11.18 89.2 6.68
COOLANT EXIT 3250.7 452.5 11.18 1530.9 1.17
TRY INL.ET 3218.2 452.7 0.56 1500.0 1.16
TRY EXIT 1696.5 650.3 0.56 153o9. 0.57

02 TSR INL.ET 3218.2 452.7 10.63 1510.0 1.16
02 TAB EXIT 2875.6 6642.7 10.63 1487.4 1.07
H2 TRS INLET 2875.6 662.7 10.63 1697.4 1.07
H2 TSR EXIT 1623.9 396.1 10.63 128S.1 0.72

M0 TR8 DIFFUSER 1581.6 396.2 10.63 1285.1 0.70
M2 RST TSR IN 1565.8 396.2 10.61 1285.1 0.70
M2 8ST TSR OUT 1563.3 393.1 10.63 1250.3 0.69
H2 BST tRR 111FF 1530.1 393.1 10.63 1280.3 0.69
02 EXT TSR IN I15.8 301.2 10.61 1280.3 0.67
02 BST TSR OUT 1503.5 392.5 10.61 1277.8 0.67

012 BST TRS 111FF 1502.0 392.5 10.63 1277.8 0.67
M2 TAME PRESS 10.6 398.6 0.0225 1290.4 0.0095

G25 HEAT EXtCl IN 1494.5 305.8 11.16 1200.4 0.66
(531 HELAT EXa4 OUT 1687.0 305.5 11.16 1259.0 0.66
P34W INLET1 1487.0 305.5 11.16 1289.0 0.66
FSOV EXIT 1669.9 305.6 11.16 1289.0 0.64
O4AMISER INJ 1620.3 305.6 11.16 1281.0 0.63
CH6AMBRE 1334.9

-OXYGEN SYSTEM CONDITIONIS
STATION PRESS TEMP FLOW ENTHALPY DENSITY
D.P. INLET 16.0 162.7 67.1 41.1 71.17
D.P. EXIT 135.6 163.2 67.1 61.5 71.20
PU14 1I4.ET 135.6 163.2 67.1 61.5 71.20
PUMP EXIT 2162.0 172.3 67.1 68.3 71.65

02 TAWE PRESS 16.0 600.0 0.114 704.7 0.12
Ocv INLET1 2160.6 172.4 67.0 69.3 71.62
OCV EXIT 168. 3 174.9 67.0 68.3 70.61
CHAMI" IN.J 1668.4 175.0 67.0 69.3 70.57
CHAMBER 1334.9

'VALVE 
DATA

VALVE DELTA P AREA FLOWI % BYPASS
TFY 1726. 0.03 0.56 5.00
FSOV 37. 3.30 11.16
CCV 662. 0.6.7 66.97

INJECTOR DATA

INJECTOR DELTA P AREA FLOW V1ELOITY
FUEL l00. 2.29 11.16 1117-92

LOX 148. 1.03 66.0? 1321.38
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TABLE 32. - FULL-EXPANDER ENGINE - 37,500 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

a m...............mi amam Rlem.I........

- TUR!I'I8ACINERY PERFORMANCE DATA -

* 2BOOST TLIRBM * H2 BOOST PU1W

EFFICIENCY (T/T} 0.847 EFFICIENCY 0.765

EFFICIENCY IT/S) 0.475 HORSEPOWER 72.

SPEED (RPM) 33715. SPEED (RPM) 33715.

MEAN DIA (IN) 1.78 S SPEED 3047.

EFF AREA (IN2) 3.90 HEAD (FT) 2697.
U/C (ACTUAL) 0.536 DIA. (IN) Z.98

MAX TIP SPEED 372. TIP SPEED 439.
STAGES I VOL. FLON lIAt.

GAM.A 11 HEAD COEF 0.4s0

PRESS RATIO (T/TI 1.01 FLOW COEF 0.203

PRESS RATIO IT/S) 1.03

HORSEPOWER 72.
EXIT MACH NUMBER 0.12

SPECIFIC SPEED 150.00
SPECIFIC DIAMETER 0.54

m•,.• m , •l,.l,., m...........

"• N2 TUR8INE * . 1I PUMP *

STAGE ONE STAGE 1TW STAGE THEE

EFFICIENCY (T/TI) 0.881 EFFICIENCY 0.?S4 0.7S2 0.752
EFFICIENCY IT/S) 0.834 HORSEPOWER 1012. IIS. lo0S.

SPEED (RPM) 107143. SPEED (RPM) 107143. 107143. 107143.

HOERSPDWER 3042. SS SPEED 11905.
MEAN DIA. (IN) 2.85 S SPEED 1325. I10. 1300.

EFF AREA (1N2) 0.55 HEAD (FT) 37518. 37553. 37495.

U/C (ACTUAL) 0.550 DIA. (IN) 3.37 3.37 3.37

MAX TIP SPEED 1373. TIP SPEED 1575. 1575. 1575.

STAGES 2 VOL. FLOW 111]. 3187. 1089.

GAMMA 1.41 HEAD COEF 0.487 0.487 0.486

PRESS RATIO (T/TI) 1.77 FLOW COEF 0.130

PRESS RATIO [T/Sl 1.83 DIAMETER RATIO 0.451

EXIT MACH NLM4BER 0.21 B.ARING DN 3.00E.06

SPECIFIC SPEED 70.25 SHAFT DIAMETER 28.00

SPECIFIC DIAMETER 1.18

•02 BOOST TUIRBINE - 02 ROO5T PU1. •

EFFICIENCY ITI 0.887 EFFICIENCY 0.7"4
EFFICIENCY (T/SI 0.7S2 HORSEPOWER 359.

SPEED (RPM) 9026. SPEED (RPM) 902:.
MEAN DIA fIN) 5.03 S SPEED 3028.

EFF AREA 11N2) 5.58 HEAD (FT) 242.

U/C (ACTUAL) 0.553 DIA. (IN 3.3"
MAX TIP SPEED 231. TIP SPEED 132.

STAGES I VOL. FLOW 423.

GAMMA 1.41 HEAD COEF 0.45a

PRESS RATIO (T/TI 1.01 FLOW COEF 0.200

PRESS RATIO IT/S) 1.01

HORSEPOW4IER 39.
EXIT MACH NUIMBER 0.04

SPECIFIC SPEED 93.77

SPECIFIC DIAM4ETER 0.91

- 02 TIEBIH . . 0 P1WUMP

EFFICIENCY IT/TI 0.880 EFFICIENCY 0.780
EFFICIENCY (T/S) 0.823 -ORSEPWIER 685.

SPEED (RPM) 49369. SPEED (RPM)I 40369.
HORSEPOWER 6s3. SS SPEED 1'42.

MEAN DIA (IN) 2.6 5 S SPEED 1986.

EFF AREA (IN2) 0.79 HEAD (FT) 4071.

U/C (ACTUAL) 0.%46 DIA. (IN) 2.56

MAX TIP SPEED 647. TIP SPEED 552.

S T A-" S2 VOL. FLOW 4.10.

GAMMA 1.41 HEAD COEF 0.441

PRESS RATIO (T/TIl 1.1i FOW COLF 0.16.

PErSS RATIO IT/SI) .13 DIAMETFR RATIO 0.646

fXIT MACH NIB.RIR 0.10 BEARIN, ON I.SRF-0O

SPFCIFIC SPEED 80.41 SHAFT DIAMETER ^8.00
SPECIFIC DIAMFTFR 1.03
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TABLE 33. - FULL-EXPANDER ENGINE - 50,000 LBF THRUST (COPPER
GROOVED CHAMBER)

f'Mr•!M FWRFORMAJNCF PARAWTERS

CHAMBER PRESSUIE 1342.3
VAC ENGINE THRUST 50000.

TOTAL EIGINE FLOW RATE 104.18

DEL. VAC. ISP 479.9
THROAT AREA 18.19

NOZZLE AREA RATIO 1000.0

NOZZLE EX.IT DIAMETER 152.19

ENGINE MIXTURE RATIO 6.00

ETA C- 0.993

CHAM4BER COOLANT IP 361.

CHAMBER COOLANT OT 365.
NOZZLE/CHAMBER 0 20902.

ENGINE STATION CONDITION

FUEL SYSTEM( CONDITIONS

STATION PRESS TEMP FLON ENTHALPY DENSITY

B.P. INLET 18.6 37.4 14.91 -107.5 4.37
B.P. EXIT 100.7 38.5 14.91 -103.0 4.39

PUMP INLET 100.7 38.5 14.91 -103.0 4.39
IST STAGE EXIT 1260.0 51.0 14.91 -40.6 4.53

2ND STAGE EXIT 24;9.2 63.2 14.91 22.0 4.64

PUMP EXIT 3666.8 75.1 14.9! 84.8 4.74

COOLANT INLET 3630.1 75.4 14.91 84.8 4.72

COOLANT EXIT 3268.8 440.8 14.91 1486.4 1.20

TBV INLET 3236.1 440.9 0.75 1486.4 1.19

TBV EXIT 1502.6 447.3 0.75 1486.4 0.59

02 TR8 INLET 3236.1 460.9 14.17 1486.4 1.19

02 TRe EXIT 2884.1 431.0 14.17 1443.2 1.10

H2 TRB INLET 2884. 1 431.0 14.17 1443.2 1.10

M2 TRB EXIT 1637.4 383.9 14.17 1245.3 0.74

K2 TRO DIFFUSER 1590.4 384.0 14.17 1245.3 0.72

H2 BST TRE IN 1574.5 384.0 14.17 1245.3 0.72

W2 BST TRB OUT 15SI.5 382.8 14.17 1240.6 0.71

'2 BST TRB DIFF 1538.6 382.9 14.17 1240.6 0.70
02 8ST TRB IN 1523.2 382.9 14.17 1240.6 0.69

02 BST TRB OUT 1511.7 382.3 14.17 1238.0 0.69

02 8ST TRE DIFF 1500.1 382.3 14.17 1238.0 0.69

HZ TANK PRESS 18.6 387.9 t'.0309 1250.4 0.0090

GOX HEAT EXCN IN 1502.6 385.5 14.88 1250.4 0.68

COX NEAT EXCH OUT 1495.1 335.1 14.88 1249.0 0.68

FSOV INLET 1495.1 385.1 14.88 1249.0 0.68

FSOV EXIT 1457.7 385.2 14.88 12e9.0 0.66

CHAMBER INJ 1428.0 38S.3 14.88 1249.0 0.65

CHAMBER 1342.3

- OXYGEN SYSTEM CO•DITIONS
STATION PRESS TEMP FLON ENTHALPY DENSITY

B.P. INLET 16.0 162.7 89.4 61.1 71.17

B.P. EXIT 135.6 163.2 89.4 61.5 71.20

PUMP INLET 135.6 163.2 89.4 61.5 71.20

PUMP EXIT 2173.9 172.2 089.4 68.3 71.69

02 TAWO PRESS 16.0 400.0 0.151 104.7 0.12
OCv INLET 2152.2 172.3 89.3 68.3 71.6S

OCV EXIT 1506.5 174.7 89.3 68.3 70.64

CHAMBER INJ 1476.5 174.8 89.3 68.3 70.60

CHAMBER 1342.3

. VALVE DATA *

VALVE DELTA P AREA FLOW 5 BYPASS

TBV 1733. 0.03 0.75 5.00
FSOV 37. 4.32 14.88

O•V 646. 0.62 89.30

INJECTOR DATA -

INJECTOR DELTA P AREA FL_.OW VELOCITY
FUEL 101. 2.98 14.88 I104.05

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 -

im~l~e~ mal..nle~uli~.l..........

1"42. OOST TURBINE * •M2 BOOST PFL W

EFFICIENCY (T/T) 0.861 EFFICIENCY 0.765

EFFICIENCY tT/S) 0.489 HORSEPOWER 96.

SPEED (RPM) 29193. SPEED (RPM) 29193.
MEAN DIA (IN1 2.04 S SPEED 3047.

EFF AREA (IN2) 6.08 HEAD (FT) 2696.
U/C (ACTUAL ) 0.533 DIA. IN) 3.I-,"

MAX TIP SPEED 368. TIP SPEED 439.
STAGES I VOL. FLOW 152S.

GAMMA 1.39 HEAD COEF 0.450

PRESS RATIO CT/T) 1.01 FLOM COEF 0.201

PRESS RATIO (T/•) 1.03
HORSEPOER 96.
EXIT MACH NUMBER 0.12

SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.54

N 1"42 TURBINE N N I• PU1W N

STAGE ONE STAGE TW STAGE THREE

EFFICIENCY (T/TI 0.890 EFFICIENCY 0.766 0.765 0.764

EFFICIENCY (T/SI 0.837 HORSEPOWIR 1317. 132S. 1326.
SPEED (RPHI 100000. SPEED (RPM) 100000. 100000. 100000.

HORSEPOWER 3966. SS SPEED 12833.

WEAN DIA. ((NI 2.81 S SPEED 1435. 1415. 1399.
EFF AREA 11N2) 0.73 HEAD CFT) 37200. 31299. 37155.
U/C (ACTUAL) 0.550 DIA. (IN) 3.63 3.63 3.63
MAAX TIP SPEED 1373. TIP SPEED 1585, I58. 1585.

STAGES 2 VOL. FLOM 1478. 1443. 1412.

GAMMA 1.39 HEAD COEF 0.476 0.418 0.4.9
PRESS RATIO (T/T) 1.76 FLOW COEF 0.136

PRESS RATIO (T/S) 1.83 DIAMETER RATIO 0.479
EXIT MACH NUMBER 0.22 BEARING ON 3.60E-06

SPECIFIC SPEED 75.88 SHAFT DIAMETER 30.00

SPECIFIC DIAMETER 1.10

•02 ROOT TURBINE N . 02 BOOST PU1W

EFFICIENCY (T/T) 0.896 EFFICIENCY 0.764

EFFICIENCY CT/S) 0.761 HORSEP•W•R S5.

SPEED (RPM) 7816. SPEED (RPM) 7816.
MEAN DIA (IN) S.81 S SPEED 3026.

EFF AREA (IN21 7.24 HEAD (FTI 242.
U/C (ACTUAL) 0.553 DIA. (IN) 3.85
MAX TIP SPEED 230. TIP SPEED 132.

STAGES I VOL. FLON 564.

GAHMA 1.39 HEAD Coff 0.4s0
PRESS RATIO (T/T) 1.01 FLOW COu 0.200

PRESS RATIO (T/SI 1.01

HORSEPOWER 5t.

EXIT MACH NUIMBER 0.04

SPECIFIC SPEED 93.13

SPECIFIC DIAMETER 0.9z

•02 TURBINE N 02 F P1 •

EFF.ICIENY IT/TI 0.878 EFFICIENCY 0.769

EFFICIENCY (T/S) 0.819 HORPSEPOWER 866.
SPEED (RPM) 42723. SPEED (RPM) 42723.
HORSEPOWER 866. SS SPEED 19"27.

MEAN 01A ((NI 2.81 S SPEED 1976.
EFF AREA (IN2) 1.02 HELAD (FT) 4093.

U/C (ACTUAL) 0.503 DIA. (IN) 2.i1,

MAX TIP SPEED 601. TIP SPEED 551.
STAGES VIOL. FLOIM 560.

GAMMA 1*3q MEAD COCE 0.4•4

PRESS RATIO IT/T) 1.12 FLOW COEF 0.161
PRESS RATIO IT/S) 1.13 DIAMETER RATIO 0.686

EXIT MACH NUMBER 0.10 BEARING 1ON I2Re.Z 06

SPECIFIC SPEED 78.94 SHAFT DIAMETER 30.00

SPfCIFIC DIAMETER 0.98

1(61



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

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1247.9
VAC ENGINE THRUST 7500.

TOTAL ENGINE FLOW RATE 15.63

DE1.. VAC. ISP 479.9
THROAT AREA 2.9s

NOZZLE AREA RATIO 1000.0

NOZZLE EXIT DIAIETER 61.12

ENGINE MIXTURE RATIO 6.00
ETA C- 0.993

CHAMBER COOLANT OP 1112.

CHAMBER COOLANT DT 993.

NOZ2LE/CkIABER Q 4087.

ENGINE STATION CON1DITIONS

. FUEL SYSTEM CONIDITIONS
STATION PRESS TEIW 0 FLOW ENTHALPY DENSITY

P.P. INLET 18.6 37.4 2.23 -107.5 4.37
B.P. EXIT 100.7 38.5 2.23 -103.0 4.39

PUMP IILET 300.7 38.5 2.23 -103.0 4.39
IST STAGE EXIT 1756.6 65.6 2.23 10.7 4.31

JIV INLET 1721.5 6S.9 1.12 10.9 4.29
J8V EXIT 1463.2 67.8 1.12 10.9 4.09

2ND STAGE EXIT £105.7 92.3 1.12 119.1 6.18

PUNP EXIT 4354.6 116.4 1.12 218.8 4.14

COOLANT INLET 4311.0 114.7 1.12 218.8 4.12
COOLANT EXIT 3198.8 11I0.0 1.12 3876.7 0.50

TYBV INLET 3166.8 1110.2 0.06 3876.7 0.50

TOV EXIT 1470.1 112z.3 0.06 3876.7 0.24
02 TRD INLET 3166.8 1110.2 1.06 3876.7 0.50
02 TRO EXIT 2"85.0 1087.4 1.06 3788.8 0.46

M2 TR8 INLET 2851.0 1087.4 1.06 3788.8 0.46

"2 TR8 EXIT IS60.2 964.9 1.06 3329.9 0.29

M2 TRB DIFFUSER 3542.9 965.0 1.06 3329.9 0.29

":4 BST TAX IN 1527.5 96S.0 1.06 3329.9 0.29
M2 BST TRB OUT 1508.2 962.5 1.06 3320.4 0.28
T2 EST TRB 0IFF 1503.2 962.5 1.06 3320.4 0.28

02 BST TAB IN 1488.1 962.6 1.06 3320.4 0.28
02 BST Tib OUT 1478.2 961.2 1.06 3315.2 0.2"8

02 8ST TR' DIFF 1477.5 961.2 1.06 3315.2 0.28

342 TANK PRESS 18.6 979.S 0.0018 3343.3 0.0036
G0X HEAT EXCH IN 1470.1 969.3 1.12 3343.3 0.27
GOX HEAT EXCH OUT 1462.8 968.6 1.12 334,0.5 0.27
MIXER HOT IN 1462.8 968.6 3.12 3340.5 0.27

MIXER COLD IN 1463.2 67.8 1.12 10.9 4.09
MIXER OUT 1389.6 498.7 2.23 1674.4 0.49

FSOV INLET 1389.6 498.7 2.23 1674.4 0.49

FSOV EXIT 1354.9 498.9 2.23 1674.4 0.48

CHAMBER INJ 1341.3 49.9 2.23 1674.4. 0.48

CHAMBER 1247.9

- OXYGEN SYSTEM CONDITIONS

STATION PRESS TEMP FLOM 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 71.20
PUMP INLET 135.6 163.2 13.4 63.S 71.20

PUMP EXIT 2020.9 173.0 13.4 68.4 71.41

02 TANK PRESS 16.0 400.0 0.023 204.7 0.12

OCV INLET 2000.7 173.1 33.; 6R.4 71.38

OCV EXIT 1400.S 375.4 1., 68.4 70.43
CHAMBER INJ 1386.5 175.4 13.4 68.4 70.41

CHAMBER 1247.9

VALVE DATA

VALVE DELTA P AREA FLOW % RYPASS

JoV 2S8. 0.05 I. 1 50.00
T&V 1697. 0.00 0.06 5.00
FSOV 35. 0.79 2.23

OCV 600. 0.10 13.40

* INJECTOR DATA •

INJECTOR DELTA P AREA FLOW VELOCITY

FUEL 93. 0.51 2.23 1238.05
LOX 139. 0.20 13.40 128.16
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TABLE 34. - SPLIT-EXPANDER ENGINE - 7500 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

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

STUIBOACAINERY PERFORMANCE DATA •

SR OOST TURBINE. * Q2 BOOST PUMP •

EFFICIENCY IT/T) 0.789 EFFICIENEY 0.765
EFFICIENCY (T/S) 0.587 1OR SEPOWER 14.

SPEED (RPM) 7S439. SPEED (RPM) 75439.
MEAN DIA (IN) 1.16 S SPEED 3046.
EFF AREA (IN2 0.67 HEAD (FT) 2697.
li/C (ACTUAL) 0.553 DIA. (IN) 1.33
MAX TIP SPEED (,84. TIP SPEED C,39.

STAGES I VOL. FLOW 228.

GAMMA 1.42 HEAD COEF 0.450
PRESS RATIO (T/TI) 1 .01 FLP. COEF 0.20,

PRESS RATIO IT/SI .02

HORSEPO WER 1,.

EXIT MACH NUM4BER 0.07
SPECIFIC SPEED 120.28

SPECIFIC DIAMETER 0.68

l H TURBINE * l2 P~f'

STAGE ONE STAGIE TWO STAGE THREE

EFFICIENCY IT/TI 0.776 EFFICIENCY 0.621 0.563 0.557

EFFICIENCY (T/SI 0.759 HOSEPOWER 360. 171. 158.

SPEED (RPM) 187500. SPEED (RPM) 187500. 187500. 187500.
HORSEPOWER 689. SS SPEED 9310.
MEAN DIA. (0N) 2.28 S SPEED 796. 656. 688.

EFF AREA (]M213 0.09 HEAD (FTI 55008. 46817. 4323e.

U/C (ACTUAL) 0.550 DIA. (IN) 2.26 2.13 2.13
MA TIP SPEED 1933. TIP SPEED 1847. 1743. 1743.
STAGES 2 VOL. FLfM 233. 120. 121.
GAMMA 1.42 HEAD COEF 0.s19 0.48s 0_.58
PRESS RATIO (T/T) 1.83 FLOW COEF 0.097

PRESS RATIO IT/S) 1.85 DIAMETER RATIO 0.327

EXIT MACH NUM4BE-R 0.13 BEARING ON 3.00E.06

SPECIFIC SPEED 31.97 SHAFT DIAE-TER 16.00

SPrC IF IC DIAMETER 2.34

02 BOOS;lT TUBIE *0 OS

EFFICIE•lY IT/TI 0.011 E1ICIElNCY 0.764
EFFICIENCY IT/SI 0.739 HORSEPOWER 8.

SPEED (RPM) 20181. SPEED (RPM] 20181.
HEAN DIA (IN) 3.19 S SPEED 3026.
EFF AREA (IN2. 0.94 HEAD (FT) 242.

4- ACTUAL) 0.553 DIA. (IN) 1.69

MAX TIP SPEED 307. TIP SPEED 132.

STAGES 1 VOL. FLOM 85.
GAHIMA 1.62 HEAD 0OIEF 0.450

PRESS RATIO (T/TI 1.01 FLOW COEF 0.200

PRESS RATIO IT/SI 1.01

HORSEPOWER 8.
EXIT MACH NUMBER 0.03

SPECIFIC SPEED 61.32
SPECIFIC DIAMETER 1.30

0 (2 TUR•BINE . . 02_ PUMP

EFF IC IEN(EY IT/TI 0.778 EFF1C IECY 0.702
EFFICIENCY IT/SI 0.750 HORSEPOWER 132.
SPEED IRPM) 109465. SPEED (RPM) 109465.

HORSEPOWER 132. SS SPEED 19676.

MEAN DIA (IN) 2.2t% S SPEED 2077.
EFF AREA 1INH21 0.13 MEAD (FT) 3801.

U/C (ACTUALI 0.519 DIA. (IN) 1.14
MAX TIP SPEED 1130. TIP SPEED 546.

STAGES I VOL.. FLOW0 84.

GAMMA "1.2 HEAD COEF 0.410

PRESS RATIO iT/T) 1.11 F1OM COEF 0.165
PRESS RATIO IT/S) 1.12 DCIA1ETER RATIO 0.687
rIIT MACH NUMPER 0.7 HPAAING DN 1.3iE-06

SPECIFIC SPEED 10.59 SHAFT DIAMETER 12.00

SPECIFIC DIAMETER 2.33
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TABLE 35. - SPLIT-EXPANDER ENGINE - t5,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PfRSOROW4CE PARAMETERS

CHAMBER PRESSURE I..'.-. 3

VAC ENGINE THRUST 15000.

TOTAL ENGINE FLOW RATE 31.25

DEL. VAC. ISP. 480.0

THROAT AREA 4.91
NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 74ý03

ENGI13E MIXTURE RATIO 6.00

ETA C- 0.993
CHAMBER COOLANT OP S3'..

CHAM4:ER COOLANT DT 101..
NOZZLE/CHAMBER 0 8157.

ENGIE4 STATION CONDITIONS

. FUEL SYSITEM CONDITIONS
STATION PRESS TEMP FPLOW EWTHALPY DENSITY

R.P. INLET 18.6 37.4 4.47 -107.5 4.37

8.P. EXIT 100.3 38.5 4.47 - 103.0 4.39

PUMP INLET 100.3 58.5 4.47 -103.0 4.39

IST STAGE EXIT 2103.5 71.0 4.47 34.3 4.31

JBV INLET 2061.5 71.4 2.23 34.3 4.28

JBV EXIT 1752.3 73.6 2.23 34.3 4.07

2ND STAGE EXIT 3274.3 90.0 2.23 116.1 4.30

PUMP EXIT 4408.2 107.9 2.23 194.6 4.31
COOLANT INLET 4364.1 108.2 2.23 194.6 4.29

COOLANT EXIT 3830.6 fIz2.2 2.23 3935.2 0.59

TBV INLET 3792.3 1122.S 0.11 3935.2 0.58

TBV EXIT 1761.4 1137.0 0.11 3935.2 0.28

02 TRS INLET 3792.3 1122.5 2.12 3935.2 0.58

02 TRE EXIT 3361.7 1096.3 2.12 3832.9 0.S4

H2 TR8 INLET 3361.7 1096.3 2.12 3832.9 0.S4

H2 TR EXIT 1864.0 975.8 2.12 3375.0 0.14

H2 TRB DIFFUSER 1846.0 975.9 2.12 3375.0 0.34

H2 BST TRE IN 1827.6 975.9 2.12 3375.0 0.S4

H42 EST TRE OUT 1805.6 973.4 2.12 .4.b.5 0.33

H2 EST TRB DIFF 1800.6 973.5 2.12 3365.5 0.33
02 BST TSR IN 1782.6 973.6 2.12 3365.5 0.33

02 EST TRB OUT 1771.0 972.2 2.12 3360.4 0.33

02 BST TRB DIFF 1770.3 972.2 2.12 3360.4 0.33

H2 TAWIK PRESS 18.6 992.7 0.0036 3389.1 0.003S

GOX HEAT EXCH IN 1761.4 60.5 2.23 3389.1 0.32

GOX HEAT EXCH OUT 1752.6 979.8 2.23 3386.4 0.32

MIXER HOT IN 1752.6 979.8 2.23 3386.4 0.32

MIXER COLD IN 1752.3 73.6 2.23 34.3 4.07

MIXER OUT 1665.0 507.2 4.46 1709.0 0.58

FSOV INLET 1665.0 507.2 4.46 1709.0 0.58

FSOV EXIT 1623.3 S07.4 4.46 1709.0 0.56

CHAMBER INJ 1607.1 507.4 4.46 1709.0 0.56

CHAMBER 1494.3

OXYGEN SYSTEM CONDITIONS
STATION PRESS TEM FLOW ENTHALPY DENSITY

B.P. INLET 16.0 162.7 26.8 61.1 71.17

B.P. EXIT 135.6 163.2 26.8 61.5 71.20

PUMP INLET 135.6 163.2 26.8 61.5 71.20

PUMP EXIT 2420.1 174.3 26.8 69.5 71.58

02 TAWK PRESS 16.0 400.0 0.045 204.7 0.12

OCV INLLET 2395.9 174.4 26.8 69.s 71.5'

OCV EXIT 1677.1 177.1 26.8 69.5 70.42

CHAMBER INJ 1660.3 177.2 26.8 69.5 70.39

CHAMBER 1494.3

VALVE DATA

VALVE DELTA P AREA FPLO % BYPASS

JBV 309. 0.09 2.23 s0.00

TOV 2031. 0.01 0.11 S.00

FSOV 42. 1,34 4.46

OCV 719. 0.18 26.79

IN"CTOR DATA *

INJECTOR DELTA P AREA FL ON U L OC I IV

FUEL III. 0.85 4.46 1.66.55
LOX 166. 0.17 26.79 1400.26
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TABLE 35. - SPLIT-EXPANDER ENGINE - 15,000 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

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

w TURBO4-,>INERY PERFORMANCE DATA

S.......m•.l......... =º................

- M2 BOOST TURBINE M 2 1 BOOST PUMP

EFFICIENCY (T/Ti 0.86! EFFICIENCY 0.766

EFFICIENCY (T/SI 0.626 HORSEPOWER 28.

SPEED iRPM) 53228. SPEED (RPM) 53228.
MEAN DIA (INI 1.66 S SPEED 3051.

EFF AREA (I M2 ) I.Is HEAD (FTI 2684.

U/C (ACTUAL) 0.553 DIA. (INI 1.88

MAX TIP SPEED '75. TIP SPEED '38.

STAGES I VOL. FLOW 657.
GAMMA 1.64 HEAD COEF 0.4s0

PRESS RATIO (T/TI 1.01 FLOW COEF 0.201

PRESS RATIO IT/SI 1.02

HORSE.POER 28.
EXIT MACH NUMBER 0.06

SPECIFIC SPEED 116.1S

SPECIFIC DIAMETER 0.72

M (2 TURBINE H 2 H4 PUMP •

STAGE ONE STAGE TWO STAGE THEE

EFFICIENCY IT/T1 0.786 EFFICIENCY 0.623 0.615 0.621

EFFICIENCY (T/SI 0.770 HORSEPOWER 868. 2S9 248.
SPEED (RPMI 136363. SPEED (RPM) 136363. 136363. 136363.

HORSEPOWER 1375. SS SPEED 9607.

MEAN VIA. (IN) 3.06 S SPEED 710. 748. 765.

EFF AREA FIN2) 0.15 HEAD (FI) 66S70. 39185. 379S4.

U/C (ACTUAL) 0.537 DIA. (IN) 3.3'. 2.66 2.66

MAX TIP SPEED 1884. TIP SPEED 1990. 1582. 1583.

STAGES 2 VOL. FLOW '.65. 231. 233.

GAMMA 1.64 HEAD CO 0.41l 0.503 0.488

PRESS RATIO IT/TI 1.80 FLOW COEF 0.090

PRESS RATIO IT/S) 1.83 DIAMETER RATIO 0.309
EXIT MACH NUMBER 0.12 BEARING ON 3.00E.06
SPECIFIC SPEED 30.55 SHAFT DIAMETER 22.00

SPECIFIC DIAMETER 2.41

S02 BOOST TURBINE * 0 BOOST PUMP 1

EPFICIENCY IT/TI 0.827 EFFICIENCY 0.764

EFFICIENCY (T/SI 0,760 HORSEPOWER IS.
SPEED (RPM) 14271. SPEED (RPM) 1'271.

MEAN VIA (IN) 4.50 S SPEED 3026.

EFF AREA (IM ) 1.60 WEAD IFT) 262.

U/C IACTUAL ) 0.553 DIA. tIN) 2.11

MAX TIP SPEED 304. TIP SPEED 132.

STAGES I VOL. FLOW 169.

GAMMA 1.66 HEAD COEF 0.650

PRESS RATIO IT/T) 1.01 FLOW COEF 0.200

PRESS RATIO (T/SI 1.01
HORSEPOWER 15.

EXIT MACH NUMBER 0.03
SPECIFIC SPEED 57.69

SPECIFIC DIAMETER 1.39

0 02 TURBINE . . O0 PUMP -

EFFICIENCY IT/TI 0.782 EFFICIENCY 0.710

EFFICIENCY IT/S) 0.758 HORSEPOWER 307.

SPEED (RPM) 82996. SPEED (RPM) 82994.
HORSEPOWER 307. SS SPEED 21095.

MEAN DIA (IN) 3.06 S SPEED 1929.

EFF AREA (112 0.20 HEAD (FT) 6s95.
U/C (ACTUAL ) 0.489 DIA. (IN) 1.6'.

MAX TIP SPEED 1166. TIP SPEED 593.

STAGES I VOL. FLOW 168.

GAMMA 1.,6 HEAD COEF 0.620

PRESS RATIO (T/TI 1.13 FLOW COEF 0.159

PRESS RATIO (T/S) 1.13 DIAMETER RATIO 0.686
EXIT MACH NUMBER 0.06 BEARIN, GM I• .'19E-06

SPECIFIC SPEED 27.29 SHAFT DIAMETER 18.00

SPECIFIC DIAMETER 2.47
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TABLE 36. - SPLIT-EXPANDER ENGINE - 25,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS
. ........ ................

CHAMBER PRESSURE 1559.9
VAC ENGINE THRUST .
TOTAL ENGINE FLOW RATE 5,.08
DEL. VAC. ISP 480.0

TI*8OAT AREA 7.83
NO7ZLE AREA RATIO 1000 a
N02ZLE EXIT DIAMETER 99.88
ENGINE MIXTURE RATIO 6.00
ETA C* 0.993
CHAMBER COOLANT DP 539.
CHA-MBER COOLANT OT 905.
NOZZLE/CHAMBER 0 12485.

ENGINE STATION CONDITIONS

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

- FUEL SYSTEM CONDITIONS
STATION PRESS TEMP FLOW EMTRALPY DENSITv
B.P. INLET 18.6 37.4 7.45 -107.S 4.31
B.P. EXIT 100.8 38.5 7.45 -103.0 4.39
PUMP INLET 100.8 38.5 7.45 -103.0 4.39
IST STAGE EXIT 2195.6 67.8 7.4.5 27.4 4.44
J8V INLET 2151.7 68.2 3.72 27.5 4.41
J•V EXIT 1828.9 70.8 3.72 27.5 4.19

2ND STAGE EXTT 7396.2 84.1 3.72 102.2 4.47
PUMP EXIT 4583.6 99.8 3.72 175.3 -. 51
COOLANT INLET 4537.7 100.2 3.72 175.3 4.49
COOLANT EXIT 3998.5 1004.9 3.72 3528.3 0.60

TBV INLET 3958.5 1005.2 0.19 3528.3 0.67
TBV EXIT 1838.3 1019.9 0.19 352•8.3 0.3z

02 TR8 INLET 3958.5 1005.2 1.54 3528.3 0.67
02 TRO EXIT 3489.3 978.6 3.54 3423.9 0.67
H2 TR8 INLET 3489.3 978.6 3.54 3423.9 0.62
9.2 TRB EXIT 1949.5 866.0 3.54 2993.7 0.40
I2 TRB DIFFUSER 1928.6 866.1 3.54 2993.7 0.40
92 BST TRB IN 1909.4 866.1 3.54 2993.7 0.40
92 BST TRB OUT 1885.0 863.7 3.54 29e4.1 0.39
912 BST TRB DIFF 1880.0 863.8 3.54 2984.1 0.39
02 BST TRB IN 1861.2 863.9 3.54 2984.1 0.38
02 EST TRB OUT 1848.3 862.s 3.54 2979.0 0.3e
02 BST TR8 DIFF 1847.5 862.5 3.54 2979.0 0.38

12 TANK PRESS 18.6 982.3 0.0068 3006.4 0.0040
GOX HEAT EXCH IN 1838.3 870.4 3.72 3006.4 0.38
Go0 HEAT EXCH OUT 1829.1 869.6 3.72 3003.7 0.38
MIXER HOT IN 1829.1 869.6 3.72 3003.7 0.3a"MIXER COLD IN 1828.9 70.8 3.72 27.5 4.19
MIXER OUT 1737.6 454.0 7.44 1514.2 0.67
FSOV INL9ET 1737.6 1454.0 7.44 1514.2 0.67
ýWOV EXIT 1694.2 4,54.1 7.44 1514.2 0.65
CHAMBER INJ 1659.6 ,54.L 7.44 1514.2 0.64

CHAMBER 1559.9

OXYGEN SYSTEM CONDITIONS
STATION PRESS TEMP FLOW E4TMALPY DENSITY
8.P. INLET 16.0 162.7 44.7 61.1 71.1I
8.P. EXIT 135.6 163.2 44.7 61.5 71.20
PLUM INLET 135.6 165.2 44.7 61.5 71.20
P•MP EXIT 2526.7 174.3 44.7 69.7 71.68

02 TAWK PRESS 16.0 400.0 0.076 204.7 0.12
QCV INLET 2501.1 174.4 44.6 69.7 71.64
OV EXIT 1750.8 177.2 44.6 69.7 70.47
CHAMBER INJ 1715.9 177.4 44.6 69.7 70.41
CHAMBER I559.9

VALVE DATA

VALVE DELTA P AREA FLOW S BYPA.SS

jaV 323. 0.15 5.712 50.00
TBV 2120. 0.01 0.19 5.00
FSOV 43. 2.02 7.44

OCV 7SO. 0.29 44.64

INJECTOR DATA •

INJECTOR DELTA P AREA FLOW VELOCITY
FUEL 197. 1.39 7.44 120 .29
LOX 173. 0.64 e44.64 143.26
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TABLE 36. - SPLIT-EXPANDER ENGINE - 25,000 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

- TUR~BOKAC1N1RV PERFORMANCE DATA

:................
• H2 BOOST TI E . •1"2 BOOST PUMP L

EFFICItNCY IT/TI 0.873 EFFICEICY 0.765

EFFICIENCY (T/SI 0.6 85 HORSEPOWER 48.

SPEED (RPM) 41343. SPEED I M) 41343.

MEAN VIA (IN) 2.12 S SPEED 304.5.

EFF AREA (Itc ) 1.68 HEAD IFT) 2700.

U/C (ACTUAL) 0.5 53 DIA. (IN) 2. 3

MAX TIP SPEED 469. TIP SPiEED 439.

STAGES I VOL. FLOW 761.

GAMA ].44 HEAD COEF 0.4s0

PRESS RATIO (T/T) 1.01 FLOW COU 0.221.

PRESS RATIO CT/S) I.02

HORSEPOWER 48.

EXIT MACH NUMBER 0.07

SPECIFIC SPEED 134.44

SPECIFIC DIAMETER 0.7S

• 14 TCRSIP • Q 112 UM *

STAGE ONE STAGE TWO STAGE THREE

................... *.....

EFFICIENCY (T/T) 0.837 EFFICIENCY _.672 0.669 0.670

EFFIC IEC , T/S1 0.8(9 NORSEPOWER 137S. 394. 385.

SPEED 1RPM) 125000. SPEED (RPM) 125000. 125000. 125000.

HORSEPOWER 2153. SS SPEED (1322.

MEAN DIA. (IN) 3.13 S SPEED 813. 874. 883.

EFF AREA (I 14) 0.22 HEAD (Fr) 68187. 38630. 3809).

U/C (ACTUAL) 0.520 DIA. IIN) 3.70 2.87 2.87

N"A TIP SPEED 1787. TIP SPEED 2019. 1566. 1565.

STAES, 2 VOL. FLOW 754. 374. 371.

GAM•A 1.44 HEAD COPF 6.538 0.510 0.500

PRESS RATIO (T/T) 1.79 FLOW COEF 0.096

PRESS RATIO (T/SJ 1.82 DIADETER RATIO 6.341

EXIT MACH NUHMBER 0.13 BEARING DN 3.-0*06
SPECIFIC SPEED 36.39 SHAFT DIAMETER 24.00

SPECIFIC DIAMETER 2.04

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

EFFICIENCY CT/TI 0.869 EFFICIENCY 0.7"

EFFICIENCY (T/SI 0.803 MORSEP06*2 26.

SPEED (RPM) 11055. SPEED IRP9) 11385.

MEAN DIA (IN) 5.82 S SPEED 3024.

EFF AREA (IN,2) 2.32 HEAD CFT) 242.

U/C (ACTUAL) 0.553 0(A. (INI 2.7?2

MAX TIP SPEED 302. TIP SPEED 132.

STAGES I VOL. FLOM 282.

GAHM 1.44 HEAD COEF 0.,50

PRESS RATIO IT/T) 1.01 FLOW COE 0.200

PRESS RATIO CT/S) 1.01

HO(•SEPOWER 26.

EXIT MACH NLMER 0.03

SPECIFIC SPEED 55.25

SPECIFIC DIAMETER 1.48

. 02 TIIBIlIE • . 0 PUMP .

EFFIC.IEN* CT/TI 0.852 EFFICIEI;C 0.767

EFFICIENCY CT/S) 0.826 HORSEPOWER 522.

SPEED (RPM) 65070. SPEED I(PX ) 65070.

HORSEPOLER 522. SS SPEED 21 52.

MEAN DIA ((NI 3.13 S SPEED (lo5.

EFF AREA (1421) 0.30 HEAD (FT) 4061.

U/C (ACTUAL) 0.,50 DIA. (IN) 2.12

MAX TIP SPEED 939. TIP SPEED 662.

STAGES 2 VOL. FLOM 288.

GAMMA 1.4 HEAD CO(8 0.,26

PRESS RATIO (T/T) 1.13 FLO14 CO•r 0.1A7

PRESS RATIO IT/SI 1.14 DIAMETER RATIO 0. 64

EXIT HACH NUMBER 0.07 BEARING ON I.45E-86

SPECIFIC SPEED 43.98 SHJf+T DIAMETER 22.00

SPECIF IC DIAMETER 1.80
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TABLE 37. - SPLIT-EXPANDER ENGINE - 37,500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSUIRE 1465.3

VAC ENGINE THRUST 37500.

TOTAL ENGINE FLOW RATE 78.13

DEL. VAC. ISP 480.0
THROAT AREA 12.31

NIOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 126.19

ENGINE MIXTIURE RATIO .. 00

ETA C- 0.993

CHAMBER COOLANT DP '84.

CHAMBER COOLANT DT 784.

MOZZLECH4•MBER 0 16332.

E•)GINE STATION CONDIIIO•S

- FUEL SYSTE1 CONDITIONS

STATION PRESS TEMP FLOW ENTHALPY DENSITY

I.P. 4NLET 18.6 37.4 11.11 -107.5 4.37

B.P. EXIT 100.8 38.S 11.17 -103.0 4.39

PLOP INLET 100.8 38.5 11.1 -103.0 4.39

IST STAGE EXIT 2062.7 63.4 11.17 12.4 4.50
JBV INLET 2021.5 63.8 5.59 12.4 4.4 7

JIV EXIT 1718.2 66.s S.59 12.4 4.27

2W4i STAGE EXIT 3172.9 76.9 5.59 77.0 4.56

PUMP' EXIT 4283.4 90.1 5.S9 140.8 4.61

COOLANr 14NET 4240.6 90.5 5.59 140.8 4.59

COOLANT EXIT 3756.2 844.3 5.59 3064.3 0.73

T8r INLET 3718.6 874S.5 0.28 3064.3 0.72

TBV EXIT 1726.8 887.6 0.28 3064.3 0.35
02 TR8 INLET 3718.6 374.5 5.31 3064.3 0.72

02 TR8 EXIT 3257.S 850.4 5.31 2968.4 0.66
H2 TRB IM.NT -?57.S 8o0... S.31 .5"8.4 0.64

H2 TRB EXIT 1841.2 7M2.7 S.31 7590.3 0.43

IW TRB DIFFUSER 1317.0 752.9 5.31 Ž590.3 0.43

WC 85T TRB IN 1796.8 752.9 5.31 2590.3 0.43

IC BST TRB OUT 1772.8 750.4 5.31 5.80.7 0.42

HZ OST TR8 DIFF 1767.8 750.s 5.31 2580.7 0.42

02 RST TRB IN 1750.1 750.6 5.31 2580.7 0.42

02 EST TRB OUT 1736.2 749.2 S.31 2575.6 0.41

02 8ST TRB DIFF 1735.4 749.2 S.31 7575.6 0.41

H2 TAWi PRESS 18.6 766.5 0.0117 2600.0 0.0046

S00 HEAT EXCO IN 1726.8 756.2 5.57 2600.0 0.41

GO1 HEAT EXOM OUT 1718.1 ?55.5 5.57 2597.2 0.41

MIXER NOT IN 1718.1 7ss.5 5.S7 2597.2 0.41
MIXER COLD IN 1713.2 66.5 5.59 12.4 4.27

MIXER OUT 1632.2 393.8 11.16 1303.5 0.71

FSOV INL4ET 1632.2 398.8 11.16 1303.5 0.71
F,'S EXIT IS91.4 398.9 11.16 1303.5 0.70

CMAEW,14ER INJ 1559.0 399.0 11.16 130!.5 0.68

C.X•MBER 1465.3

P,;OX'fVEN SYSTEM CONDITIONAS
STATION PRESS TEMP FLOW ENTHAL.PV DENSITY

B.P. INLET 16.0 162.7 67.1 61.! 71.17
B.P. EXIT 13S.6 163.2 67.1 61.5 71.20

P LIMP I NLET 135.6 163.2 67.1 61.5 71.20
PUNP EXIT 2373.1 173.2 67.1 69.0 71.70

02 T4,K PRESS 16.0 400.0 0.113 204.7 0.12

O2' INLET 2349.3 173.3 67.0 69.0 71.66

OC EXIT 1644.5 176.0 67.0 69.0 70.56

CDAMBER INJ 1611.3 176.1 67.0 69.0 70.51
O. pR 1465.3

. VALVE DATA

V&LVE DELTA P AREA FLOW S BYPASS

J9'7 305. 0.23 S.59 50.00

T-4 1992. 0.02 0.218 5.00
FP50' (1. 1.02 11.16

OCV 705. 8.45 66.97

. INECTOR DATA •

INJECTOR DELTA P AREA FLOW VELOCITY
FLEL l10. 2.06 11.16 1100.27

L1.25 16S. 0.99 66.97 138.7s
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TABLE 37. - SPLIT-EXPANDER ENGINE - 37,500 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

- TURBOM&C..INERY PERFORMANCE DATA •

(H2 BOGIT TURBINE "• HK BOOST PUMP
m.,,.. •.Jmmm.•mmm ............em

EFFICIENCY ,T/T, 0.885 EFFICIENCY 0.765

EFFIC;["CY (1/C1 0.70! HORSEPOHE8 72.
SPEED (RPM) 33752. SPEED 1RPM) 33752.

MEAN D01 (IN) 1 .60 S SPEED 3046.

EFF ARIA (IN4) 2.34 HEAD IFT) 2700.
U/C (ACTUA 1 0.553 DIA. (IN] 2.98
MAX TIP SPEED 465. TIP SPEED 439.

STAGES I VOL. FLOWi 142.

GAMMA 1.39 HEAD COEF 0.450
PRESS RATIO (T/Ti 1.01 FLOW COEF 0.201

PRESS RATIO IT/SI 1.02
HORSEP O•ER 72.

EXIT MACH NUMBER 0.10

SPECIFIC SPEED 112.18

SPEC IF IC DIAMETER 0.77

• HZ TUJRBINE * I2 pUP1W

STAGE (NE STAGE TWO STAGE THREE

EFFICIENCY (T/T) 0.856 EFFICIENCY 0,704, 0.702 0.702

EFF IC IENCY (T/S) 0.832 HORSEPOWER 1824. si1. 505.

SPEED CRPM) I07143. SPEED (RPMI I07l43. 107143. 107143.
HORSEP OWER 2839. SS SPEED 11]88.
MEAN DIA. (IN) 3.61 S SPEED 897. 976. 979.

EFF AREA (142) 0.34 HEAD (FT) 63208. 35282. 34887.

U/C (ACTUAL) 0.548 DIA. (IN! 4.17 3.19 3.19
MAX TIP SPEED 1771. TIP SPEED 1950. 1491. 1491.
STAGES 2 VO . FLOW .114. 550. 544.

GAMMA 1.39 HEAD C-9EF 0.535 0.511 0.505

PRESS RATIO (T/TI 1.77 FLOW CGI•F 0.104

PRESS RAT IO ,T/S1 1.80 DIAN'TET RATIO 0.364

EXIT MA.H NUMBER 0.1s BEARING I,. 3.00E.06
SPECIFIC SPEED 41.14 SHAFT DIAMETER 28.00

SPECI IC DIAMETER 1.92

* 02 BOOST TURBIN•E * 02 BOOST pUEW

EFFIC IENY IT/T) 0.86 EFFICIENCY 0.76"

EFFICIENCY (T/SI 0.812 HORISEPOWER 39.
SPEED (RPm) 9026. SPEED (RPM) 9026.

MEAN DIA (IN) 7.12 S SPEED T026.
-T ,•.o 011CM 3.24 HEAD (FT) 242.

U/C (ACTUAL) 0.553 DIA. (IN) 3.34
MAX TIP SPEED 301. TIP SPEED 132,

STAGES I VOL.. FLOW 1,23.

GAMMA 1.39 HEAD COEF 0.450
PRESS RATIO IT/T) 1.01 Ft1OEF 0.20

PRESS RATIO IT/C) 1.01
HORS•EPOWER 39.

EXIT MACH NUMBER 0.01
Sr '_CIIC SPEED 53.61

SPECIFIC DIAMETER 1.53

•02 TURBINE * 02 pUMP •

EFFICIENICY (T/T 0.857 EFFICIENCY 0.760

EFFICIENCY (T/S) 0.833 488SEPOWER 721.

SPEED 1RPM) 51439. 'PEED (RPM) 51439.
HORSEPOW ER 721. SS SPEED 20673.

MEAN DIA tIN) 3.61 S SPEED 1921.

EFF AREA 1IN21 0.44 HEAD (FT) I 492.

U/C (ACTUAL) 0.522 DIA. (IN) 2.58
MAX TIPX SPEED 858. lip SPEED 579.

STAGES 2 VOL. FLOW 420.
GAMMA 11.39 HEAD COEF 0.431

PRESS RATIO (T/TI L.1' FTOW COEF 0.15(i

PRESS RATIO (T/Si 1.15 DIAMETER RATIO 0.685
EXIT MACH NUMBER 0.07 BEARINC 1NG I..44E.06

SPECIFIC SPEED 44.035 SHAFT DIAMETER 28.00
SPECIFIC OIAMETER 1.72
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TABLE 38. -spLIT-EXPANIWR ENGILNE - 50,000 IMFW THRUST (COPP~ER
GROOVED CHAMBER)

f W. I H Pf ORl NANCE PAR481 AP I ;-

(71141401 PRESSURE1 10-6
VAC [WIN(11 THRU(ST oOOOO.

DEL VAC. ISP 480,0
-OAT A8OA I".!.

W :A22U ARfA RATIO0 1000.,0
Nn:Af1. I X I DIAfIOT R1 148.bq
f NC3P* M0100181 RATIO) -.00
I 7A C- 0..090
Cl"AIIOP COI0(ANT lP 4.F1.
(I AKMOR C("1 ANT 0)1 716.

ENGINE* STAt ION 1(01011 I100)5

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

P1871t SYSTIF CONDITION-.
STATION81 PRESS" 110 11(AM FINIWPY BE WSITy
OTP. lolA? 18.6 V0.4 14,90 107.%A 4.11?
B.P. [XIT 101 .0 38.1, 14.90 103-0 4 .310

P18p I'll, 1 101 .0 3m.8., 14.90 1O03.0 4 .390
EST STAGE.IT Pol 1 .1 60.7 1 4. , LI. 4ý
Ji EIV 711 1940C,. , 61. 1 7.4s, 0. 0 '.

:.Jpy EX ITYX1 1649.4 6!.7 7.41, 3-0 4.s.,
211s TAGE1 I 0 503.6 7_5 7.45 61. 7 4.61

P14 LW -xI 40904.4 84.2 7.4s, 119.9 4.6?
DIX8 ANT I WE 1 401,3.4 84.6 7.., 19.9 4.6N

C 1A111 All I68. E00IT 6541 
2,0 01100V ;.11 01,9.7 800.17 0.07 27.8 00

T2 10 t14.E1 3,,b-.7 800.7 2.00 78. 7
W02100 F y 010. 770 . 0.0 270a.8 l.,,9PC2 100 114[1 3110.4 701 08 208.0 0612 10 XITol 1774-.1 608M.0 7.083 00,. 041
H. 1RS Ol1P US07 1048.7 688.4 7.08 236 1.8 0.4%

P 12 OTR10 OU T 17,04.0 689 708 2322 0.44
1PC ME1 1 IT 10F 169. 6o. 7.08 2012. 0.14
02l R01 10 TINE 1. 682.' 0 6836.1 .083 a3. 0.4'
02 051, 100 OUT 1667.6, ", 18. .0 :3417.1 0.44
0.201 'l O , Ip t Du 1 666.7 684. 7.08 _14:.l a 040

,12 T.AN P01R5 18:6 700.4 0.017! 201,9. 0.01C0110 I*AT F OChN 1,S.4 1.' 7.4 2369.:7 "4
(4)X NET E0001 _N 1 (1.1 690.4 0.043~9 06
M11 I 1 N IN Ib %a.I 690. 4 7.40 206. 9 0.40
01018 CUT.0 IN 1,649.4 63.7 7. 1,, 3.0 4.0Z"01 I h~ 111,F 368.0b # a 1 4.00 118S.6 0.74
1400I ` 11I :1,67.6 1 o. 4.08 ,- 111,0-6 0.7',
I'.Ov Eoll %12. 0183 48 10.6 02

p 89 3 4 0(476.

000(011rF -;YSTilm C17001011(0'J

0.4 117 T.0 (02. 89. I1. (I7NI"Ip V$1 1 y

0 P. lTl Il. 
o. 9. I' 02

P k", 1 4 IT 8. I 72.6 09.4 60.6 7 1.

P 004101 t'o 7 Ifl. 3ý 09l.0,8 76

""II , 00 0

n.'178 T I A-' AR SII 01% 0 16

0 9 0 p0 0 9 29, ,1 0 -

*01.1 10 01 7, 06 %01 ITO
T ,1 (' 7 0.1 %0 ( 009

I~h (.1, ½ 0921 ''.9



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

* TU~RBO4ACHINE'RY PCRFORM{'AV'WC DATA

.. ==m~mmmm=..=.. mmsmme....m..•.

* H2 ROOST TUR5INE * HZ• BOOST PU(P
:*H,*... -TT, 11nmm.: Tme~ema•

EFFICIECVY [T/TI 0.894 EFFICIENCY 0.765

EFFICIENCY IT/S) 5.716 HORSEP06ER 96.

SPEED (RPM) 29275. SPEED (RPM) 29"23.
MEAN DIA (IN) 3.00 S SPEED 3044.

EFF AREA llNZI 2.98 HEAD (FT) 2705.

U/C (ACTUAL) 0.553 DIA. (IN) 3.44

MAX TIP SPEED 464. TIP SPEED 440.
STAGES I VOL. FLOW (523.

G A 1.39 HEAD COEF 0.450

PRESS RATIO CT/T) 1.02 FLOW COEF 0.201
PRESS RATIO IT/SI 1.02

HORSEPOWER 96.
EXIT MACH NUM.BDER 0.07

SPECIFIC SPEED 110.80

SPEC Ir IC DIAMETER 0.78

•HZ TURBINE * )• P.18pu

STAG1E ONE STAG TWO STAGE THREE

EFFICIENCY (T/TI 0.871 EFFICIENCY 0.72f 0.727 0.726

EFF I C IENCY CT/SI 0.843 HORSEPOWER 2235. 618. 614.

SPEED (RPM) 100000. SPEED (RPM) 100000. 100000. 100000.

HORSEPL6WER 3466. 55 SPEED 12796.

MEAN DIA. (IN) 3.71 S SPEED 999. 1097. 1095.
EFF AREA 114N21 0.45 HEAD IFTI 60136. 33143. 32916.

V/C (ACTUAL ) 0.550 DIA. (IN) 4.39 3.33 3.33

MAX TIP SPEED 1715. TIP SPEED 1917. 1455. 1455.

STAGES 2 VOL. FLOW 1472. 1266. 716.

GAMMA 1.39 HEAD COEF 0.527 0.504 0.501

PRESS RATIO IT/TI 1.75 FLOW COEF 0.110
PRESS RATIO 1 T/SI 1.79 DIAMETER RATIO 0.39S
EXIT MACH KINSER 0.16 BEARING (N 3.00E*06
SPECIFIC SPEED 46.46 SHAFT DIAMETER 30.00

SPECIFIC DIAMETER 1.73

0"2 BOOST T"R.II... ; 07 2ST PU .764

EFFICIEF*Y fT/TI 0.882 E-IC IEICY 0.76)
EFFICIENCY (T/S) 0.8(9 HORSEPOWER Sk.

SPEED (RPM) 7816. SPEED (RPRII 7816.

MEAN DIA (IN 8.22 S SPEED 3026.

-. AREA (IN2) 'e.12 IE AD IFT) 26Z.
U/C (ACTUALI 0.55) IA. (IN) 3.85
MAX TIP SPEED S0o. TIP SPEED 132.

TACF S I VOL. FLOW S64.
GAMMA 1. * HEAD CORE 0. S0

PRESS RATIO I/TI) 1.01 FLOW COEF 0.200

PRESS% RATIO (T/S) 1.01
n8R •E pIPER SI.

EXIT MACH NMBER 0.03
SPEC IFIC Sp•PEE 52.65

SPECIFIC DIAMETER I.s6

•07 TL•IDRI . O• PUN

I•I I'TV IT/TI 0.85 aFs ICII IEI 0."69•
([ F IC IE NC Y (T S1 ) 0 .8 27 HO P '. 1 P boi R 9'0 .

SPEED IRPMI 6(1 1. SPEED (RPRI '161|.

Kipeo POWER 9(10. SS S.PEED 27

PRAN (IA (IN) 3.71 u 511 I)
(IF APEA 1IN:' 0.a8 lEAD IFT) !)00.
IU/C IAT IUAL I 0.,6A IA. (IN"I 7.97
MAX TIP SPEDfff) 7Is. TIP SPE4DS

S7'*.VIA . F L ON 560.
6AYI.A 1.39 HIAD CCVI1 0.414

P9I X'', RATI IT/T) FiIm (OIF 0.160

PXI) MA'I NIIIIR 0.0) IR AJX I'.:. 'I I.1)1+*

"•t I MA MKD•TR I%IF I ' P I) I D11 43.45ý M.AI I OfIAIT 1R 310.0
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TABLE 39. - DUAL-EXPANDER ENGINE - 7500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE, PERFORMANCE PARAMET7ERZ

CHAMB4ER PRESSURE 1!00.11
VAC ENGINE THRUST 7500.

TOTAL ENGINE FLOW RATE 15.I
DIEL. VAC. IS°P 47---
THROAT AREA 2 .8:
NOZZLE AREA RATIO 1000.0
NOEZZLE EXIT DIAMETER 59.88

ENGINE MIXI1t.E RATIO 6.00
ETA C. 0.993
CHAMBER COOLANT DP 407.
CHAMfER COOLAPNT DT 439.

NOZ2ZLE COOL A4T DP 184.

NOZZLE COOLANT OT 524.
CHAMBER 0 (HYIDROGN COOLEDI 3787.
NOZZLE 0 , OXYGEN COOLED) 2435.

ENGIIE STATION CONDIITIONS

I FUEL SYSTEM CONDITIONS
STATION PRESS TEMP FLOW ENTHALPY IDENSITY
B.P. INLET 18.6 37.4 2.24 -107.5 4.37
8.P. EXIT 101.1 38.5 2.24 -103.0 4.39
PUIl INLET 101.1 18.s 2.24 -103.0 4.39
IST STAGE EXIT 1732.7 65.0 2.24 8.6 4.42
PUMP EXIT 3311.8 89.8 2.24 116.4 4.31
COOLANT I NLET 3278.7 90.0 2.24 116.4 4.30

COOLANT EXIT 2871.6 .529.5 2.24 1809.9 0.91
TIV INLET 2842.9 529.6 0I.l 1809.9 0.90
TBV EXIT 144•8. 535.9 0.11 1809.9 0.48

Q TR18 INLfT 2842.9 529.6 2.12 1809.9 0.90
M2 TRB EXIT 1532.4 472.1 2.12 1579.0 0.57
12 TRO DIFFUSER 1499.4 472.2 2.12 1579.0 0.56
H'2 MYT TR8 IN 1484.6 472.2 2.12 1579.0 0.56
H2 82T TR8 OUT 1463.1 471.0 2.12 1574.2 0.55

M2 EST TRB DIFF 1448.4 471.1 2.12 1574.2 0.54
112 TANK PRESS 18.6 479.0 0.0037 1586.0 0.0073

FSOV INLET 1448.4 474.2 2.23 1586.0 0%54

FSOV EXIT 1412.2 474.4 2.23 1586.0 0.53
CHAMBE INJ 1383.4 474.5 2.23 1586.0 0.52
CHAMBER 1300.3

- OXYGEN SYSTEM CONDITIOT"S
STATION PRESS TYEW FLOW ENTHALPY DENSITY
B.P. INLET 16.0 142.7 13.4 61.1 71.17
B.P. EXIT 135.6 163.2 13.4 61.5 71.210
PUMP INLET 135.6 163.2 13..4 61.5 71.20
PUMP EXIT 4749.6 187.8 13.4 78.7 71.57
COOLANT INLET 4702.1 188.0 13.4 78.7 71.50
COOLANT EXIT 4518.5 711.9 13.4 260.2 17.•6
07TV INLET 4518.5 711.9 0.6 260..2 1746
OTBV EXIT 2194.9 690.5 0.6 2b0.2 9.39

02 TVB INLET 4518.5 711.9 11.5 240.2 17.46
02 T"8 EXIT 2397.7 615.6 11.% 240.1 11.77
02 TR8 DIFFUSER 2194.9 612.3 11.5 240.1 10.87
02 2ST TRB IN 4518.5 711.9 1.3 260.2 17.6
02 EST TR8 OUT 0 4485.7 697.0 1.3 256.1 18.01
02 BT TRB DIFF 4484.3 697.0 1.3 56.1 18.00

01TV INLET 4484.3 697.0 1.T 3 54.1 19.00

OBTV EXIT 2194.9 674.5 1.3 25-.1 -. 6%
HIKR 2194.9 622.0 13.4 Z41.6 10.4b4

02 TANK PRESS 16.0 572.9 0.01b 242.6 0.08
c IW 4E T 2085.2 620.2 I3.4 242.4 10.18
OCV EXIT 1459.6 608.7 I1.4 242.6 7.2q
CIHAMMR 1NJ 3 1430.6 608.1 I3.4 24..6 7.16

CKAJKBR 1300.S

VAI W9 DATA

VAL VE DELTA P AR•TA FLO- % OYPAZ',
OTBY 2324. 0.01 0.60 5 00
TERV 13".. 0.01 0.11 5.00
FSOV 34 0.74 21.23

OSTV 2.'R4 0.01 1.34
ICV 6:6. 0..2% 13,

.I1.0,T(RW EATA

INJECTOR IX TA P APf A r1f(8 Vi t IK I T Y
FUL -l 1. T4 75 2.2 I., I? .A
LOX 14" 0 k6 1!.1- 41. '0
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TABLE 39. - DUAL-EXPANDER ENGINE - 7500 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

R*ACN'IHE RY' PER'OR'M"ANCE" D**7A"

- H2 BOOST TURBINE v - BOOST PUMP w
• .. e.............=e s. .*.=........

EFFICIENCY (I/TI 0.708 EFFIC(I1CV 0.71!o

EFFICIENCY IT/SI 0.368 HORSEPNb" 1C.
SPEED (RPM) 7S548. SPEED (RPM) 75S48.

MEAN DIA (IN) 0.82 S SPEED 3043.

EFF AREA INI2) 0.90 HEAD IF T) 2708.

U/C IACTUAL I 0.553 DIA. (IN) 1.33
MAX TIP SPEED 392. TIP S D .40.
STAGES I VOL. F..G 229.
GAMMA 1.40 HEAD CF 0.450
PRESS RATIO (TIT)/T 1.01 FLOW (OEF 0.201

PRESS RATIO (TI/SI 1.03
HORSEPOI•ER 14.

EXIT MACH NUMBER 0.12
SPECIFIC SPEED 143.69

SPECIF IC DIAMETER 0.52

- H2 TURBINE 2 PUMP

STAGE ONE STAGE TWO

EFFICIENCY (CTIT) 0.78) EFFICIEICY 0.623 0.628

EFFIC IENCY IT/S) 0.749 HORSEPOWER 353. 341.

SEED (RPM) 187500. SPEED (RPM) 187500. 187500.
HORSEPOWER 454. SS SPEED 9288.

MEAN DIA. (IN) 2.22 S SPEED 80S. 822.
PFF AREA (IN2) 0.12 HEAD (FT) S4135. 52690.

U/C (ACTUAL.) 0.535 DIA. (IN) 2.24 2.24
MAX TIP SEED 1890. TIP SPEED 1834. 183e.

STAGES I VOL. FLOW 232. 233.
GAIMA 1.40 HEAD CEF 0.5(8 0.504
PRESS RATIO (T/T) 1.86 FLOI CPEF 0.097

PRESS RATIO IT/S) 1.91 DIAMETER RATIO 0.321
EXIT MACH NUMBER 0.18 BEARING ON !..OE06

SPECIFIC PEED 31.34 SHAFT DIAMETER 16.00

SPECIFIC DIAMETER 2.28

* 02 BST TURBINE CZ BOOST PUMP .

,..•............ .....•.....eeeee~we

EFFICIENCY (T/TI 0.757 EFFICI"Y 0.764
EFFICIENCY CT/S) 0.75? H(WSEP-R 8.

SPEED (RPM) 20187. SPEED (RPM) 20(87.
EAN DIA (IN) 2.83 S SPEE- 5026.

EFF AREA (IN01) 0.08 HEAD (FT) 2(2.

U/C (ACTUAL) 0.553 DIA. (IN) 1.49
MAX TIP SPEED 263. TIP SP-ED 132.

STAGES I VOL. FL30 85.
GAMMA 1.63 WCAD C=-F 0.450

PRESS RATIO IT/TI 1.01 FLOW P 0.200

PRESS RATIO (T/SI) 1.01

HORSEPOWER 8.
EXIT MACH NUMBER 0.02

SPECIFIC SPEED 41.09

SPECIFIC DIAMETER 1.88

0 02 TURI8NE * •" PUMP

EFFICEIECY .T/TI 0,811 EFFI.C IC ....Y 0.693

EFFICIENCY IT/S) 0.67 HORSEPOWE 326.

SPEED [RPM) 154919. SPEED IRPM) I,4919.
HORSEPOIER 326. SS S•PD z 78 I8.

W(AN DIA (IN) 0.82 S SPm•EC 50z.
EFr AREA (IN2) 0.12 HEAD IFT) 9.182.

U/C (ACTUAL.) 0.553 DIA. (IN) 1.22

MAl TIP SPEED 6(0. TIP SP m- 896.

STAGS I VOL. FOW 8'.
GAIA 1.43 Hl AD CZEF 0.438
PRESS RATIO (T/TI) 1.88 fLO C(Ff c.I3I
PRESS RATIO IT/S) 2.12 DIA0WTT;I RATIO 0.669

EXIT M NIMICH R 0.34 RFARI-'C ON I.5,F06

SPECIFIC SPIED 8,.40 ,hAlT •JM.TER 10.10
SPECIFIC DIA/*TER 0."
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TABLE 40. - DUAL-EXPANDER ENGINE - 15,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGI•E PERFOR14ANCE PARAMEITERS

CHAMBER PRESSFtE 1140.6

VAC ENGI HE i.RUST 15000.

TOTAL ENGINE FLOW RATE 31.26
DEL. VAC. ISP 479.9
THROAT AREA 4.41
NOZZLE AREA RATIO 1000.0
NZZLE EXIT DIAMETER 90.37
ENGINE MIXTURE RATIO 6.00
ETA C. 0.993

H4AMBER COOLANT DP 3"8.
CHAMER COOLA14T DT 354.
NOZZILE COOLANT OP 203.
NCOZZLE COOLANT DT 404.
CHAMER Q fHYIRO-EN COOLED) 4150.

NOZZLE Q (OXYGEN COOLED)I 346.

ENGINE STATION CONDITIONS

SFUIEL SYSTEM CONDITI0NS
STATION PRESS TEM FLON EITHALPV DENSITY

P.p. INLET 18.6 37.4 4.47 -107.5 4.3?

E.P. EXIT 300.8 38.5 4.47 -103.0 4.39
PU89 IMLSE 100.8 38.5 4.47 -103.0 4.39
IST STG EXIT 1374.1 SS.4 4.47 -24.5 4.45
PUMP EXIT 2446.2 71.6 4.47 49.2 4.50

COLANT INLET 2619.7 71.9 4.47 49.2 4.49
COOLANT EXIT 2252.2 428.0 4.47 1423.6 0.89

TRY INLET 2229.7 428.1 0.22 14123.6 0.88
Tev EXIT 1270.6 431.0 0.22 1423.6 0.52

H2 T2B INLET 2229.7 428.1 4.25 3423.6 0.88
H2 TR8 EXIT 1353.4 389.1 4.25 3243.4 0.61
H42 TRO DIFFUSER 1319.9 389.2 4.25 1243.4 0.40
342 DST TRS IN 1306.7 S89.2 4.25 1743.4 0.60
H32 DST TR2 OUT 1284.9 388.1 4.25 1258.6 0.59
H2 3Si TR8 DIFF 1270.6 388.1 4.25 3258.4 0.$8

M2 TANK PRESS 18.6 392.3 0.0092 1266.9 0.0089
F,0V INLET 1270.4 390.2 4.47 1284.9 0.58
FSOV EXIT 1238.8 390.3 4.47 1246.9 0.54

HIAK" INJ 1213.4 390.3 4.47 1244.9 0.55

ChAmER 1140.4

- OXYGEEN SYSTEM CONOITIONS4

STATION PRESS T24P FLOW ENTIALPY DENSITY
D.P. INLET 16.0 162.7 26.8 41.1 71.11
B.P. EXIT 135.6 163.2 26.8 41.5 71.20
PUMP INLJET 135.6 143.2 2648 41.5 71.20

PUMP EXIT 4682.5 185.7 24.8 ?7.7 71.82
COOLANT INLET 4635.7 185.9 24.8 ?7.7 71.7S
COOLANT EXIT 4453.3 590.2 26.8 226.3 21.91

OTSV INLET 4433.1 590.2 1.2 224.3 21.91
OTUV EXIT 1925.5 554.4 1.2 224.3 10.85

02 TR8 ]NWET 4433.1 590.2 22.9 2Z6.3 21.91
02 TR2 EXIT 2131.5 491.8 22.9 207.3 14.35
02 TRD DIFFUSER 1925.5 486.6 22.9 207.3 13.12
012 8T TRB IN 4433.1 590.2 2.7 724.3 21.91
O 3ST TR8 OUT 4394.8 576.2 2.7 222.2 22.45
02 DST TAB DIFF 4393.2 576.2 2.7 222.2 22.44

OBTV INLET 4393.2 S74.2 2.7 222.2 22.44
08TV EXIT 1925.5 539.7 2.7 222.2 11.24
IXER 1925.5 494.9 Z6.8 209.6 12.76
02 TAWK PRESS 16.0 422.3 0.043 209.6 0.11

OCV INLET 1829.3 492.3 26.8 209.6 12.19
CCV EXIT 1280.5 474.2 2b.8 209.4 8.7?
CHAMBER 134.3 1255.0 475.3 26.8 209.4 8.40
CHABR 1340.4

VALVE DATA

VALVE IELTA P AREA FLOi It BPASS
OTV 2509. 0.01 1.21 5.0
TRV 959. 0.01 0.22 5.00
FSOV 32. 1.54 4.4?

OBTV 2448. 0.02 2.48

OCV 549. 0.419 2.79

- INJECTOR DATA

INJECTOR DELTA P 89FA FLOM VTLOC I TV

FLWL 83. 1.06 4.47 1100.1?
LOX 117. 1.28 14.79 150.1?

174



TABLE 40. - DUAL-EXPANDER ENGINE - 15,000 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

* TUA8OMqACHINERY PERFORMANCE DATA

* 112 ROOST TRBI9• * 12 BOOST PuP
............ ........

EFFICIENCY (T/TI 0.741 EFFICIENCY 0.765
EFF ICIENCY CT/SI 0.394 HORSEPOWER 29.

SPEED (RPM) 1 53 .8. SPEED (RPM) 53348.
MEAN DIA 1IN 1 1.16 S SPEED 3045.

EFF AREA ".12) 1.73 HEAD (FT) 2702.

U/C (ACTUAL) 0.553 DIA. (IN) 1.89
MAX TIP SP-EED 389. TIP SPEED 439.

STAGES I VOL. FLOI 4s.5.

GAIMA 1,.8 HEAD COEF 0.4S0
PRESS RATIO (T/TI) 1.02 FLOW COEF 0.201
PRESS RATIO (T/SI 1.03

HSEPOWER 29.

EXIT MACH NUMBER 0-13

SPECIFIC SPEED 1,6.46
SPECIFIC DIAMETER 0.S2

- M2 TURBINE H 12 PUMP

STAGE ONE STAGE TWO

EFFICIEINCY IT/T) 0.815 EFFICIENCY 0.695 0.695

EFF I C I ENCY IT/S.1 0.767 IHORSEPOWER 48S. '.79.

SPEED (RPM) 136363. SPEED (RPM) 136365. 136363.

HORSEPOWER 964. SS SPEED 9571.
M•AN DIA. (IN) 2.63 S SPEED 999. 1001.
EFF AREA (1IN2) 0.29 HEAD (FT) 4.1375. A0897.
U/C (ACTUAL 1 0.SS3 IA8. (IN) 2.71 2.71

MAX TIP SPEED 1653. TIP SPEED 1612. 1612.
STAGES I VOL. FLOIW ',52. 446.

GA~ 1.38 HEAD COEF 0.512 O.506
PRESS RATIO IT/TI 1.65 FLOW COEF 0.110
PRESS RATIO (T/SI 1.70 DIANMTER RATIO ^ ;.I

EXIT MACH NUIMB 0.20 BEARING ON 3.OOE*06

SPECIFIC SPaEm '3.19 SHAFT DIACETER 22.00

SPECIFIC DIAMETER 1.81

- 02 BOOST TURBINE * 02 BOOST PUMP •

EFFICIENCY IT/T) 0.808 EFFICIENCY 0.76'.

EFF I C I ENCV IT/SC 0.76. HORSEPOWER IS.
SPEED (IRPM1 1,271. SPEED (RPM) 14271.

MEAN DIA (IN) ,.01 S SPEED 3026.

.1]7 AARA (11t42) 0.14 HEAD (FT) 242.
U/C (ACTUALI 0.553 DIA. 11m) 2.11

MAX TIP SPEED 261. TIP SPEED 132.

STAGES I VOL. FLOW 169.
GAEMMA .78 HEAD COEF 0.450

PRESS RATIO (T/TI 1.01 FLOW COEF 0.200
PRESS RATIO (T/SI 1.01
HORSEPOW.ER I'..

EXIT MACH NUMIBER 0.02

SPECIFIC SPEED s8.28
SPECIFIC DIAPIETER 2.02

e02 TURBINE * 02 PUMP

C 1;;" 0..9•EFFICIENCY CT/TI 0.829 EFF ICIENCY¢ 0.720

EFF I C IENCY (T/S) 0.718 HORSEPOWER 618.

SPEED (RPM) 107453. SPEED IRPM1 107,53.

HORSEPOWER 618. SS SPEED 27313.
MEAN DIA (IN) 1.15 5 SPEED 1492.
EFF AREA (IN21 0.21 H'AD PFT) 9114.

U/C (ACTUALI 0.553 DIA. (IN) 1.72
"AX TIP SPEED 619. TIP SPEED 807.

STAGES I VOL. FLOW 168.
GAMM4A 1.78 WfAD COEF 0.450

PRESS RATIO (T/TI) 2.08 FLOW COEF 0.138
PRESS RATIO (T/SC 2.39 DIAME•ER RArTO 0.671
EXIT MACH MUW PR 0.55 OFARIPI NGO 1.5I0E06
SPECIFIC SPEED 83.8'. SH(AFT DIAMETER ('.00

SPECIFIC DIAMETER 0.98
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TABLE 41. - DUAL-EXPANDER ENGINE - 25,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARA'TEXRS

CHAMBER PRESSURE 1108.7

VAC ENGINE INRUST 2SO00.
TOTAL ENGINE FLOM RATE 52.10

DEL. VAC. ISP 479.1

THROAT AREA 11.00

NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 118.33

ENGINE HIXTURE RATIO 4.00

ETA C- 0.993

CHAMBER CO(OLANT DP 308.

CHAMBER COOLANT DT 317.

NOZZLE COOLA(T OP 2Z2.

NOZZLE COOLANT OT 351.

CHAMBER 0 (HYDROGEN CMID) 9095.
NOZZLE a IOXYGEN COOLED) 5893.

ENGI6 STATION CONDITIONS
...................................

- FUEL SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENTHALPY DENSITY

B.P. INLET 18.6 37.4 7.46 -107.s 4.37

*.P. EXIT 100.5 38.S 7.46 -103.0 4.319

PUMP INLET 100.5 38.5 7.46 -103.0 4.59

1ST STAGE EXIT 1234.6 S1.8 7.46 -39.5 G.s0

PLOW EXIT 2386.6 64.6 7.46 23.9 4.59

COOLANT INLET 2362.7 64.8 7.46 23.9 4.57
COOLANT EXIT 2055.1 382.3 7.46 1243.2 0.91

TOV INLET 2034.6 382.4 0.37 1243.2 0.91

TOV EXIT 1235.3 384.2 0.37 1243.2 0.57

M2 TRB INLET 2034.6 382.4 7.09 1243.2 0.91

HZ TRB EXIT 1321.d 350.2 7.09 1109.6 0.67
H2 TRB DIFFUSER 1282.5 350.2 7.09 1109.6 0.65

H2 BDST TR8 IN 1269.4 350.2 7.09 1109.6 0.65

H2 BST TRB OUT 1248.5 349.1 7.09 1104.8 0.40

H2 BST TRB DIFF 1235.1 349.1 7.09 1104.8 0.63

HZ TAWK PRESS 18.6 351.6 0.0173 1111.7 0.0100

FSOV INLET 1235.1 350.8 7.44 1111.7 0.62

FSOV EXIT 1204.2 350.9 7.44 1111.7 0.61

CHAMBER INJ 1179.7 350.9 7.44 1111.7 0.60

CHAMBER 1108.7

. OXYGEN SYSTEM CONDIT IONS

STATION PRESS rEMP FLON ENTHALPY DENSITY
D.P. INLET 16.0 162.7 44.7 61.1 71.17

B.P. EXIT 135.6 163.2 44.7 61.5 71.20
PUMP INLET 135.6 163.2 44.7 61.5 71.20

PUMP EXIT 4859.1 185.5 44.7 77.9 ?1.99
COOLANT INLET 4810.5 185.7 44.7 77.9 71.92

COOLANT EXIT 4589.0 537.0 44.7 209.7 5.5s8

OTBV INLET 4589.0 537.0 2.0 209.7 25.58
OTBV EXIT 3873.0 493.6 2.0 209.7 12.43

02 TRB INLET 4589.0 537.0 38.3 209.7 25.58

02 TRO EXIT 2078.1 436.8 38.3 190.4 17.06

02 TRO DIFFUSER 1871.0 43O.5 38.3 190.4 15.62

02 BST TRB IN 4589.0 537.0 e.5 209.7 25.58

02 BST TRB OUT 4547.3 523.7 4.5 205.6 26.34

02 BST TRB 0IFF 4545.7 523.7 4.5 205.6 26.33

OBTV INLET 4545.7 523.7 4.5 205.4 26.33

OBTV EXIT 1871.0 479.4 4.S 205.6 13.05

MIXER 1871.0 437.7 44.7 192.8 Is 's

02 TANK PRESS 16.0 345.2 0.087 192.8 0.14

OCV INLET 1777.5 634.? 44.7 192.8 14.49

OCX EXIT 1244.2 415.1 44.7 192.8 10.$0

CHAMBER INJ 1279.5 414.0 44.7 192.8 10.31

CHAMBER 1108.7

* VALVE DATA

VAL.VE DELTA P AREA FLOW % BYPASS

OTBV 2718. 0.0Z Z.01 5.00

TBV 799. 0.03 0.37 5.00

FSOV 31. .50 7.44

O0TV 2675. 0.04 4.47

OCV S33. 0.76 4.466

- INJICTOR DATA .

INJECTOR DELTA P AREA FLON VWLOCITY

FUEL 84. 1.7.1 7.444 1043-94

LOX 13. 1.qB l4.44 31, .s,
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TABLE 41. - DUAL-EXPANDER ENGINE - 25,000 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

- TURSBOMACHINERY PERFORMANCE DATA -

-Z BOOST TURBINE * * H2 BOOST PUMP •

EFFICIENCY IT/TI 0.821 EFFICIENCY 0.7.$

EFFICIENCY IT/S) 0.443 IBOR SEPOiEl '.8.
SPEED (RPM) 41232. SPEED IRPRI 4!232.

NEAN DIA (IN) 1.46 S SPEED 3 049.
EFF AREA (1H2) 2.82 HEAD (FT) 2 -90.

U/C (ACTUAL I 0.537 DIA. (IN) 2.44

MAX TIP SPEED 376. TIP SPEED 4)9.

STAGES I VOL. FLOW 763.

GAMMA 1.36 HEAD COEF 0.450
PRESS RATIO (T/T) 1.02 FLOW COEF 0.201

PRESS RATIO CT/S) 1.03

HORSEPOWER 48.

EXIT MACH NIMBER 0.13
SPECIFIC SPEED ]50.00

SPECIFIC DIAMETER 0.52

* HZ TEIJI•IE S i, HZ PUMP' 5

S.m...........m .•.,........

STAGE ONE STAGE TWO

EFFICIENCY (T/TI 0.870 EFF ICIENCY 0.710 0.739
EFF IC IENCY (IT/SI 0.800 HmSEPOWER 670. 670.

SPEED (RPM) 12S000. SPEED (RPM) 12s000. 125000.

HORSEPOWER 1340. SS, SPEED 11364.
MEAN DIA. (IN) 2.*2 S SPEED 1290. 1279.

EFF AREA (1H2 0.51 HEAD (FT) 35S70. 36487.

U/C (ACTUAL) 0.553 DIA. (IN) 2.85 2.8S
"AX TIP SPEED 1549. TIP SPEED IS56. 155s.

STAGES I VOL-. FLOW 744*. 730.
GAMMA 11.36 lEAD COEF 0.486 0.485
PRESS RATIO T/TI) 1.54 FLOW COEP 0.128

PRESS RATIO IT/S) 1.60 DIAMETER RATIO 0.442

EXIT MACHL NUIKER 0.23 BEARING ON $.OOE*06

SPECIFIC SPEED 58.33 SHAFT DIAMETER 24.00

SPEC IF IC DIAMETER 1.41

02 BST TURBINE • 02 BT PUMP •

EFFICIENCY CT/TI 0.8(4 EFFICIENCY 0.76'

EFFICIENCY (T/S 0.802 HORSEPOWER 26.

SPEIED RPM) 11052. SPEED (RPM) il*S2.
OEM DIA (IN) 5.17 S SPEED 3M26.
EFF AREA (IN2) 0.21 HEAD FT?) Ž42.

U/C :ACTUAL) 0.553 DIA. (IN) Z.72
MAX TIP SPLED 260. TIP SPEED Is_.

STAGES I VOL.. FLOW 82.

GAHM 1*.91 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 TFLOW CORF 0,200

PRESS RATIO (T/S) 1.01
HORSEPOWER 26.

EXIT MACH NUKISER 0.02
SPECIFIC SPEED 37.16

SPECIFIC OIAPIETER 2.13

02O TURI.81. S . 02 PUMP

EFFICIENY C/(TIT) 0.877 EFFICIENCY 0.73,
EFFICIENCY (T/SI 0.767 HORSEPOWER 104*.

SPEED (RPM) 83640. SPEED (RPM) 8)6.0.

HORSEPOWER 1044. SS SPEED 21451.

MEAN DIA (IN) '.49 S SPEED 1458.
EFF AREA (IN2) 0.31 HEAD (FT) 9-45.

U/C (ACTUALI 0.I53 DI0. (IN) 2.22

MAX TIP SP-EED 617. TIP SPEED 812.
STAGES I VOL . FLPO8 271.

GAMMA 1.91 WEAD COEF 0.461
PRESS RATIO (T/TI 2.21 FLOW COEF 0.1,'7

PRESS RATIO IT/S) 2.55 DIAMETER RATIO 0.670

EXIT MACH NKPIER 0.38 BEARING ON 1.51E.06

SPECIFIC SPEED 81.81 SKAFT DIAJETER 18.00

SPECIFIC DIAJ TER ICO
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TABLE 42. -DUAL-EXPANDER ENGINE - 37,500 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMIANCE PARAMETERS
.......................................

CHANRER PRESSURE I 049.9
VAC ENGINE THRUST 37S00.
TOTAL ENGhINE FLOW~ RATE 78.15
DEL. VAC. ISP 479.8
THROAT AREA 17.41
NOIZZLE AREA RATIO 1 000.0
NOZZL.E EXIT 1)1A'4E1TER .1e 89
ENGINE MIX T UE RATIO 6.00
ETA C- 0.993
CHAMBER COOLANT DP 263.
CHAMBER COOLANT DT 294.
NOZZLE COOLANT OP 235.
NOZZLE COOLANT DT 315.
CAM(BER 0 (HYDROGEN COOLED) 12600.
NOZZLE Q (OXYGEN COOLEDI sitls.

ENGINE STATION CONDITIONS
....................................

FUEL SYSTEM CONDITIONS
STATIO 1W48Ss TEMP FLOW ENTHALPY DEMGITY

3.P. ItEIET 18.6 37.4 11.19 -107.S 4.37
8.P. EXIT 100.4 38.5 11.19 -103.0 4.39
P199 INLET 100.4 38.5 11.19 -103.0 4.39
Isr STAGE EXIT 1054.6 49.9 11.19 -46.7 4.51
PUMP EXIT 2192.1 61.1 11.19 9.8 4.61
COOLANT INLET 2170.2 61.3 11.19 9.8 4.59
COOLANT EXIT 1907.1 355.7 11.19 1135.6 0.92

TUV INL.ET 1858.1 355.7 0.56 1135.6 8.91
T8V EXIT 1169.7 356.9 0.S6 1135.6 0.58

H2 TAD 14.ET ISM. 1 355.7 10.63 1135.6 0.91
M2 358 EXIT 125d.3 327.1 (0.63 1016.9 0.68
WD TR9 DIFFUSER 1216.1 327.1 10.63 1016.9 0.66
M2 BiST 353 IN 1204.0 127.1 10.63 1016.9 0."4
WD BST TRO OUT 1182.9 3Z5.9 10.63 1012.1 0.64
H2DS ETe DI 0FF 11491.7 42.9S~ 10.63 1012.3 0.63

H2 TAW PRESS 18.6 427.4 0.0274 1018.3 0.0107
FSOY INLET 1169.7 327.5 11.16 1018.3 0.63
FSOV EXIT 1140.5. %27.S 11.16 1013.3 0.62
01AMBE 1NJ 1117.2 127.5 11.16 1018.3 0.61
CHAIIDER 1049.9

OXYGEN SYSTEM CONDITIONS
STATION PRE SS TEMP FLOW ENTHIALPY DIENSITY
B.P. (34.51' 16.0 162.7 67.1 61.1 71.17
D.P. EXIT 135.6 163.2 67.1 61.5 71.28
P1.99 INLET 115.6 143.2 67.1 61.5 71.28
PUMP EXIT 4716.1 184.0 67.1 77.1 72.09
COOLANT INL.ET 6668.9 184.2 67.1 77.1 72.02
COOLANT EXIT 4436.3 499.1 67.1 196.0 27.64
01eV INLET1 4436.3 4.99.1 3.0 198.0 27.64
DTOV EXIT 1772.4 450.8 3.0 196.0 13.58

02 188 INLET 4436.3 499.1 57.4 196.0 27.64
02 358 EXIT 1976.3 404.5 57.4 179.6 18.94
02 T83 DIFFUSER 1772.4 397.6 57.4 179.6 17.35
02 EXT 183 IN 1436.1 1.19.1 6.7 (96.0 27.64
02 EXT IRS OUT 4393.3 486.7 6.7 193.9 28.43
02 EXT TAB 05FF 4391.6 486.7 6.7 193.9 28.43
081W INL.ET 46391.6 686.7 6.7 193.9 28.43
OBlY EXIT 1772.4 4.38.1 6.7 19.1.9 14.24
MIXER 1772.4 603.6 67.0 181.1 16.79

02 TAWE PRESS 16.0 795.6 0.153 181.9 0.16
CCV 1IN.ET 1683.8 400.4 67.0 181.1 16.08
CCV EXIT 1178.7 378.7 67.0 181.9 11.1`2
CH4AMBER (NJ 1155.2 177.5 67.0 181.9 11.51
OIAMSIfER 1049-9

VALvE DATA

VALVE DELTA P AREA FLOW It BYPASS
07ev, 2664. 0.02 3.02 S.00
TBV 718. 3.04 0.56i 5.00
F50W 29. 3-82 11.16

OB7 619. 0.05 6.71
DCV S0S. 1.11 64.99

IHiT(YO DATA

IKJECTOR DELTA P A~f A FL ow IViE CI TY
FUEL 79. 76 .(VI 1009.01
LOX 11. >5 669 Zl
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TABLE 42. - DUAL-EXPANDER ENGINE - 37,500 LBF THRUST (COPPER
GROOVED CHAMBER) (CONTINUED)

T(*TL4AOhA(IIEY PERFUMNAIE•qE DATA

...............m~n~e..a.e•....

...... ...=•im~ei :::: ... .............

8 iC BOOST TURBINE * - HT BOT PuMM
S= =, ....... =... mu.=•==m

EFFICIENCY T/TIT 0.8;7 EFFICIENCY 0.766

EFFICIENCY (T/S) 0.454 HOR.SEPOWER 71.

SPEED (RPM) 53453. SPEED (RPM) $3353.

MEAN DIA (INI 1.76 S SPEED 3049.

EFF AREA lINT) W .21 HEA0 (FT) 2'88.

U/C (ACTUAL) 0.531 Dil (IN) 2.98
MAX TIP SPEED 572. TIP SPEED 4'58.

STAGES I VLl. FLOW4 1 14'.

GAMMA 1.40 WEAD COEF 0.'50

PRESS RATIO (T/l) 1.02 FLO COEF 0.201

PRESS RATIO IT/S) 1.03
HORSEPOWER 71.

EXIT HACH NUMBER 0.13

SPECIFIC SPEED (50.00

SPECIFIC DIAIETER 0.52

........... em. ...........

-H2 TURBINE . M HZ PUMP

STAGE ONE STAGE TWO

EFFICIENCY (T/T) 0.883 EFFICIENCY 0.740 0.75'

EFFICIENCY (T/SI 0.301 HORSEPOWER 891. 895.

SPEED (RPM) 107143. SPEED (RF) 107143. 107143.

HORSEPOWER 1786. SS SPEED 11935.

IMEAN DIA. (IN) 2.88 S SPEED 141I. 1433.
EFF AREA (I12) 0.79 HEAD (FT) 31238. 33364.

U/C (ACTUAL) O.SS3 DIA. (IN) 3.22 3.22

MAX TIP SPEED 1481. TIP SPE 10S. 1506.

STAGES I VOL. FLOW 11'1. 1090.

GAMMA 1.40 HEAD COEF 0.472 0.473

PRESS RATIO (T/tI 1.50 FLOW COEF 0.136

PRESS RATIO IT/S) 1.57 1, IAMETER RATIO 0.472
EXIT MACH NUMBER 0.24 BEARING ON 3.00E*0

SPECIFIC SPEED 66.16 SHAFT DIAMETER 28.00

SPECIFIC DIAMETER 1.26

- 02 BOOST TURBINE * 02 BOOST PUMP 1

EFFICIENCY T/TI) 0.851 EFFICIENCY 0.764

EFFICIENCY IT/S) 0.801 HORSEPOWER 39.

SPEED (RPM) 9022. SPUDE (ARPM) 9022.

MEAN DIA (IN) 6.34 5 SPEED 3026.

EFF AREA (IN21 0.30 HEAD (FT1 242.

U/C (ACTUAL) 0.S53 DIA. IIN) 3.14

MAX TIP SPEED 210. TIP SPEED 132.

STAGES I VOL. FLOW '23.

GAMMA 1.97 HEAD COEF 0.450

PRESS RATIO (T/T) 1.01 FLOW COEF 0.200
PRESS RATIO (T/S) 1.01

HORSEPWMER 39.

EXIT MACH NUMBER 0.02
SPECIF,. SPEED 36.48

SPECIFIC DIAMETER 2.14

.m............ .... ~..i....
02 TURBINE * 02 PUMP 9

EFFICIENCY IT/Tl 0.887 EFFICIENCY 0.7S0

EFFICIENCY IT/S) 0.774 HORSEPOWER 1488.
SPEED (RPl) 67087. SPEED (RPM) 47087.

HORSEPOWER 1488. SS SPEED 26973.

MEAN DIA (IN) 1.81 S SPEED 1447.

FEFF AREA (IN2) 0.46 HEAD IFTI 9141.

U/C (ACTUAL) 0.SS3 DIA. (IN) 2.72

MAX TIP SPCED 602. TIP SPEED 796.
STAGES I VO.. FI1 O 418.

GAMMA 1.97 HEAD COEF 0.,4s

PRESS RATIO (T/T) 2.24 FLOW COEF 0.137

PRESS RATIO (T/S• 2.60 DIAMETER RATIO 0.677

EXfI MACH NUMBER 0.36 BEARING ON 1.48E.06

SPECIFIC SPEED 82.37 SHAFT DIAIETER 277.00

SPECIFIC DIANETER 1.03
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TABLE 43. - DUAL-EXPANDE•R ENGINE - 50,000 LBF THRUST (COPPER
GROOVED CHAMBER)

ENGINE PERFORMANCE PARAMETERS
.................... ..........

CHAMBER PRESSURE 1022.1
VAC ENGIHR THRUST s0OO0.
TOTAL ENGINE FLOW RATE 10(.20
DEL. VAC. ISP 479.8
THROAT AREA 2S.84
NOZZLE AREA RATIO 1000.0

NOZZLE EXIT DIAEIETER 17'.25
ENGINE MIXTURE RATIO 6.00

ETA C. 0.993
CHAMBER COOLANT DP 22(.

CHAMBER COOLANT DT 278.
NOZZLE COOLANT DIP 2:5.
NOZZLE COOLANT DT 295.
CHAMBER Q (HYDROGEN COOLED) 15803.
NOZZLE C (OXYGEN COOLEDh 10Z62.

ENGINE STATION CONDITIONS

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

- FUEL SYSTEM CONITIIONS
STATION PRESS TEW FLOW ENTIALPY DENSIT'
S.P. INLET 18.6 30.4 14.92 -107.5 8.31
8.P. EXIT 100.8 38.5 14.92 -103.0 4.!9
PUMP ItNLET 100.3 38.s 18.92 -103.0 4._.9
IST STAGE EXIT 100-.6 69.0 14.92 -50.6 6.52
PUMP EXIT 2088.7 S9.3! 14.92 2.S 8.62
COOLANT INLET 2067.8 59.5 14.92 2.S 6..0
COOLANT EXIT 1842.0 307.4 16.92 1061.3 0.-!

T&V INLET 1823.6 337.s 0.75 1061.3 0.*5
TBV EXIT 1138.6 338.3 0.75 1061.3 0.4,

1H2 TR8 INLET 1823.6 337.S 16.18 1061.3 O...
142 TRR EXIT 1230.1 310.7 16.18 950.3 0.10
H2 TRB DIFFUSER 1186.7 310.7 16.13 950.3 0.617
M2 EST TR8 IN 1172.9 310.7 16.18 950.3 0.67
M2 8ST TRB OUT 1181.7 309.6 16.18 945.5 0...
K2 82T TR8 DIFF 1138.6 309.6 16.18 985.5 0..5

WC TAWE PRESS 18.6 310.2 0.0386 951.3 0.0113

FSOV INLET 1138.6 511.0 16.89 951.3 0..s
FSOV EXIT 1110.1 311.0 16.89 951.5 0..3
CHAMBER INJ 1080.5 311.0 16.09 951.3 o..,

CHAMBER 1022.1

OXYGEN SYSTEM CONDITIONS

STAT ION PRESS TEMP FL.N ENTHALPY DENS; TY
B.P. INLET 16.0 162.7 89.S 61.1 71.17
B.P. EXIT 135.6 163.2 89.5 61.5 71.Z0
PUMP INLET 135.6 163.2 89.5 61.5 71.2-o
PLOWE EXIT 8632.1 183.1 89.5 76.6 72.;S

COOLANT INLET 4515.8 183.3 89.5 76.6 72.va
.•.•aLT t"•IT 4351 .I 678.5 89.5 191.2 28.75

OTBV INLET ,351.1 678.S 8.0 191.2 28.7.5
OTBY EXIT 1725.0 428.3 6.0 191.2 16.',3

02 IRS INLET 6351.1 478.5 76.6 191.2 29.75

02 TRB EXIT 1926.5 187.5 76.6 173.5 20.37
02 TR8 DIFFUSER 1725.0 380.4 76.6 173.5 18..8
02 &ST T1B IN 4351.1 476.5 9.0 191.2 28.75
02 BST TR8 OUT 4307.4 ý'66.2 9.0 187.2 29.7
02 BST TR8 DIFF 6305.? 466.2 9.0 187.2 29.86

OBTV INLET 4305.7 466.2 9.0 187.2 29.6.

O81V EXIT 1725.0 616.2 9.0 187.2 i1s.,1
MIXER 1725.0 385.3 89..3 175.7 Is.[.

02 TANK PRESS 16.0 267.1 0.227 17S.7 0.-s
OCV INLET 1638.1 382.1 89.3 175.7 17.!3
OCV EXIT 1147.1 3,9.2 89.3 37S.7 12..-
CHAMBER INJ 1128.3 358.0 89.3 17%.7 I2.4.
CHAMBER 1022.1

VALVE DATA *

VALVE DELTA P AREA FLOD W BYPASS
OT8V 2626. 0.03 4.03 S.00
TRV 685. 0.06 0.75 5.00
FSOV 28. 5.10 14.89

onIV 2581. 0.0? 8.9s
OCV 492. 1.65 89.12

INJECTOR DATA •

INJECTOR DELTA P AREA FLOW VELOCITY
FUEl. 77. 3.,1 14 .•,9 98.1.19
LOX 114. 0.75 89.32 275,10

' il i Ji all le I ini



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

............. lm....................

- TURBOKACHINERY PERFORMANCE DATA •

......................... ::e ::::: .........

* 712 8W5OT BItE •• 1H2 BOOST PUMP •

EFFICIEFCY (T/T] 0.856 EFFICIENCY 0.765
EFFICIENCY IT/S) 0.4"R NOSEPONER 9.

SPEED IRPI) 29213. SPEED (RP81 29210.
EAN DIA (IN) 2.02 S SPEED 3045.

EFF AREA 'I N2 5.52 HEAD I FT) 2701.
U/C (ACTUAL, 0.527 DIA. (IN) 3.4%

MAX TIP SPEED 369. TIP SPEED 43".
STAGES i VOL. F•_OR 1524.
GAMMA 1.36 HEAD CF 0.450

PRESS RATIO IT/T) 1.02 FLOW COEF 0.21

PRESS RATIO IT/S) 1.03
HOR SEPOW, ER 96.
EXIT MACH NUMB" 0.14

SPECIFIC SPEED 150.00

SPECIFIC DIAMETER 0.53

'PC T.UBIR" . . H2 PUNP e

STAGE ONE STGE TO

EFFICIENCY (T/TI) 0.893 EFFICIENCY 0.772 0.171

EFF IC IENCY CT/S) 0.797 HORSEPOWER 1110. 1117.
SPEED (RPM) 100000. SPEED (RPM) 100000. 100008.
HORSEPOER 2224. SS SPEED 12819.

MEAN DIA. (IN) 2.99 S SPEED 1627. 1603.
5FF AREA II2) 1.08 HEAD (FT) 315S. 317"2.
U/C (ACTUAL) 0.555 DIA. (IN) 3.42 3.42
MAX TIP SPEED IS4. TIP SPEED 1495. 14n5.
STAGS I VOL. FLOW 1483. IA51.

GAI4A 1.36 HEAD COEF 0.4S4 0.457
PRESS RATIO (T/T) 1.48 FLOW COEF 0.145

PRESS RATIO T/S) I.S. DIAMETER RATIO 0.507

EXIT MACiH NUER 0.26 BEARING DH 3.OOE06
SPECIFIC SPEED 74.15 SHAFT DIAMETER 30.00
SPEC IF IC DIAMETER 1.14

S02. BOOT T19BIR * * 02 OT P139

EFF ICIENY IT/I) 0.857 EFFICIENCY 0.74
EFFICIENCY (T/SI 0.815 (KHRSEPOWER S2.

SPEED (RPM) 7812. SPEED (RPM) 7812.
MEAN VIA (IN) 7.32 S SPEED 3026.
5FF AREA (IN2) 0.39 HEAD (FT) m42.

U/C (ACTUAL) 0.553 DIA. (IN) 3*5
VAX TIF SPEED 260. TIP SPEED 132.

ST.aGES I VOL. FLOW 544.

GMMA 2.01 HEAD COEF 0.450
PRESS RATIO (T/T) 1.01 FLOW CF 0. 20
PRESS RATIO IT/S) 1.01
HOR SEPOWER 52.

EXIT HACH NUMBER 0.02
SPECIFIC SPEED 36.46

SPECIFIC DIAMETER 2.18

* 02 TIUlBIFE . 02 PUMP

EFI.CIENCY (TT 0..95 EFFICiENCY 0.?59

EFFICIENCY IT/S) 0.783 HORSEPOER 1923.

SPIEED (RPM) S7463. SPEED (RPM) 57443.
HORSEPOWER 1925. SS SPEED 26681.
MEAN OIA (INI 2.08 S SPEED 1471.
EFF AREA (I N21 0.61 HEAD (FT) 8971.
U/C (ACTUAL) 0.553 DIA. (IN) 3.13
MAX TIP SPEED 592. TIP SPEED M45.
STAGES I VOL. FLOW 557.

GAMMA 2.01 HEAD COEF 0.448
PRESS RATIO IT/TI 2.26 FLOW COLF 0.137

PRESS RATIO 11/S) 2.62 DIAMETER RATIO 0.672
EXIT MACHl NUMBR 0.36 BEARING OR I.49E.04
SPECIFIC SPEED 82.68 SHAFT DIAMETER 26.00
SPECIFIC DIAME TER 1.03
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TABLE 44. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
- 7500 LBF THRUST (COPPER GROOVED CHAMBER)

ENGINE PERFORMAN1F PARAMETERS

CHAMBER PRESSURE 1906.0

VAC ENGINE THRUST 7500.
TOTAL ENGINE FLOW RATE 15.62
DEL. VAC. ISP 480.1

THROAT AREA 1.93

NOZZLE AREA RATIO 1000.0
NOZZLE EXIT DIAMETER 49.s?

ENGINE MIXTURE RATIO 6.00
ETA C' 0.191

CHAMBER COOLANT DP 1302.
CHAMBER COOLANT DT 747.

NOZZLE/CHAMBER Q 5 96.

ENGINE STATION CONDITIONS

- FUEL SYSTEM CONDITIONS
STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 2.23 -107.5 4.37

B.P. EXIT 100.4 385 2.23 -103.0 4.39

PUM.P INLET 100.4 38.5 2.23 -103.0 4.39

IST STAGE EXIT 2168.6 77.3 2.21 5'..2 4.16
2ND STAGE EXIT 4119.0 112.8 2.23 202.8 4.13

PU1.P EXIT 5994.5 14e.5 2.23 344.0 4.17
COLD REGEN IN 5934.5 145.0 2.23 344.0 4.15
COLD REGEN EX 5875.2 37 .0 2.23 1266.3 2.19

COOLANT INLET 5875.2 374.0 2.23 1266.3 2.19
COOLANT EXIT 4573.3 1121.3 2.23 3950.8 0.69

TBV INLET 4527.6 1121.6 0.11 3950.8 0.69

TBV EXIT 2199.7 1138.3 0.11 3950.8 0.35
02 TRB INLET 4527.6 1121.6 2.17 3950.8 0.69
02 TRB EXIT 4186.7 1104.4 2.12 3881.8 0.65
H2 TRB INLET 4186.7 1104.4 2.I7 3881.8 0.65
H2 TRB EXIT 2S16.5 983.0 2.1z 3411.2 0.42
M2 TRB DIFFUSER 2290.7 983.2 2.12 3411.2 0.41
H2 RST TRR IN 22767.8 983.7 .12 3431.2 0.41
H2 BST TRB OUT 2!52.9 982.1 7.12 3406.4 0.41

H2 BST TRB DIFF 2244.4 982.2 2.12 3406.4 0.41

02 EST TRR IN 2222.0 982.1 Z.112 3406.4 0.40
02 BST TRB OUT 2714.1 981.6 2.12 3403.8 0.40
02 BST TRB DIFF 2210.7 98I.7 2.1 2 3403.8 0.0

H2 TANK PRESS 18.6 1004.8 0.0018 3431.2 0.0035

GOX NEAT EXCH IN 2199.7 989.6 7.23 3431.2 0.40
GOX NEAT EXCH OUT 2188.7 989.3 2.23 3429.2 0.39

NOT REGEN IN 2188.7 989.3 2.23 3429.8 0.39

HOT REGEN EX 2I23.0 727.4 2.23 2506.8 0.51

FSOV I ET 2123.0 727.4 2.23 2506.8 0.51
FSOV EXIT 2070.0 727.7 2.23 2506.8 0.50
CHAMBER INJ 2049.3 727.8 2.23 2506.8 0.50

CHAMBER 1906.0

- OXYGEN SYSTEM CONDITIONS
STATION PRESS TEIP FLOW ENTHALPY DENSITY
B.P. INEET 16.0 162.7 13.4 61.9 70.99

B.P. EXIT 135.2 165.3 13.e 62.3 70.84

PUMP IkET 135.2 165.5 13.4 62.3 70.84
PUMP EXIT 3086.8 180.8 13.4 73.2 71.-7

02 TANK PRESS 16.0 400.0 0.023 204.7 0.12

OSOV INEET 3056.0 181.t 2.0 73.2 71 .12
OSOV EXIT 2139.2 184.6 2.0 73.2 69.70
DCV INEET 3056.0 181.0 11.4 73.2 71.12
OCV EXIT 2139.2 184.6 11.4 73.2 69.70
CHAMBER INJ 2117.8 184.7 13.4 73.2 69.66

CHAMBER '906.0

* VALVE DATA

VALVE DELTA P AREA FLOW % BYPASS

ToV 2J28. 0.01 0.11 5.00
FSOV 53. 0.t3 Z. 3

OCV 17. 0.07 13.39

IN'ECTUR DATA "

INJECTOR DELTA P APfA FL0W
FUEL 143. 7.40 2.20

LOX 012. It, 13.39
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TABLE 44. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
-7500 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

EFFICIENCY I T/T 1 74MS("5 H0PC)C' 7.
EFP IC IO 0 1CY I T/J 4422 7ýZ.pop~ !4-
SPEED .81") 71301. SPEED )6P-I 75311

fMEA IA 016 TII 4S P PEDl -050,
EFF AREA 'II W 1.5r40 )T 2.8.:

(A TCT 1O 0.97 114. ~ 1-3
HA08 TIP SPEED 172. TI 1PE S80

STAQE I VOL.. FOWD.20

OAPW IH.' EAD COEF 40
R0~ ATIO IT/TI FLOW OVOEF a)0 0.2

PRES RATIO IT/SI 1I0l

HORSEOWER 14.

SPECI FIC 94 IS 15000
SPEC IF IC 01000710 0.78

............. ......P...

STIIEr I ST61ýT.= ST~l 11

EFFCIENCY fT/T1 .9 EFFICIENCY 0.576 0.s06 c.593
EF C ICIEO UTSI 3.?*I TSEPO.ER '.97. 470. 446
SPEE Ifaml 1*710 SPEED (RPONl 187500. 107s08. 187s00.
HOREPO(80 16I.0 S.SESPEED 9S.'7.~MEA DI... TIM) 1.77 S SPEED 673. 696. 713.

EP RA (Ila , .1 2 HEA0 IFT) 70405.ý .791S. 65115.
0/C ITItin. 8.517 114 10 .53 2.53 2.s3

MAX TIP SPE As6. TI SPEED 207S.27. 17173
STAGS 3 V.. L 43 23. 21G 1.44 D060 F 0.5211 0.503l 0.408a

RE~ ATIO IT/TI 1.4, ow0.1CE 0840
PRESS RATIO ItfSI DIAETE RATIO: 071 0.291
EXIT HACH) HUNNE 9.13 SEARING 1)1 3.00E.06
SPEC IFIC SPE 605 SZ S001 D I AETEU 16.00
SPEC I FIC 01000000 1 .0

.IV ICIEO I0TI . EFFICIEPCY 0.7"
EF'FICIENCY IT/SI 01.479 'OSEPONER a0
SPEE 18911I1Z 2162. SPEED (RPM)1 20162.
HEA#1 016 I'MI 6."I S SPEED 302.14
FT- ARA (1101 1.76 0(1% 01 2-2.
u/C (AC33IZ 1S.'07 01*. 1101 1.so

1108 TIP 94" r0. I SPEED 13z.
STAGS I 011.. FLOW0 as.
GAR-%1 1.44 HEAD COEF 0.450

Pfl913 RATI I (T/SI 1.01

SPECIFIC SPEED3 6.2
SPEC I FIC 0 1 AP010 1.33.

EFFICIENCY IT/SI 0.7110 "OEMS0CPO:.E 2,17.SPEED 1 6 1Il 123, . SPEED 80 1:3.
HOSPOE 07. SS SPEED 281

WANS DII (11"I0 1.7 SPEED 77
EPP . 10 (Ila) ':,I C0 (FT) 01
U/C IIOTUR.I 05S46 016. (11.. 1.10
WIAR TipIP E 14191. TIP.SPEED 104.
STAGS I VOL. FLOW7 5.DM94R 1.66 HEA1D CO1)0 0.4 11
P*M IRA10 IT/TI F.0W 00181 ClF 0(5

90903~ ~ / ATOI/I 1.'0138"*1 0.710

EXT110 IT8.0 T087 I TE 3. 5100

SPECIFIC 0100010 1.500 A

CMD SIDE HOT sixE
DELP? 59.05 A51

AREA 0.65

EPFOCTI400 00
478 8.5

706110 0a



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

E3.GI•E PE;'FONMAO. PARAMETERS

C4AMBER PRESSURE I82e..o
VAC ENGINE THRU's 15.00.
TOTA. ENGINE FOrM RATE 3. L2'

DEL. VAC. ISP ',80.1
TH4ROT AREA 6.02

NZLE AREA RATIO 1000.0

NOZZLE EXIT DI AMETER 71.58

ENGII MIXTURE RATIO 6.00
ETA C. 0.993
CHAMER COOLANT OP 8S4.

DOUSER COXOLANT DT 567.

N CZLEDAqRENR 0 9408.

E•1783ME STATION CDOMITIONS

FUEL SYSTEM CONDITIONS

STATION PRESS TEMP FLON ENTHALPY DENSITY
S.P. IMLET 18.6 37.4 6.47 -107.5 6.37
8.p. EXIT 100.8 38.5 6.47 -103.0 4.39
PUMP 114.ET 100.8 38.5 6.47 -103.0 4.39
1ST STAGE EXIT 1839.2 64.6 6.47 10.1 6.36
2"i STAGE EXIT 3548.9 89.3 6.67 120.6 4.40

PIUP EXIT 5238.7 112.8 4.47 228.5 4.46
C REGM IN 5186.4 113.2 6.47 448.5 6.64

COL.J I )G EX 5134.5 302.9 4.47 957.5 2.35

COOLANT INL.ET 5134.5 302.9 6.47 957.5 2.35
CO.LANT EXIT 4,280.1 870.4 6.47 3063.1 0.82

T§ INLET 4237.3 870.7 0.22 3063.1 0.82

T1W EXIT 2105.1 884.8 0.22 3063.1 0.42

02 IR8 INLET 4237.3 870.7 6.24 3063.11 0.82
02 113 EXIT ?868.6 85S.2 4.24 2999.7 0.77

M•2 13 INLET 3868.6 85s.2 4.24 2999.7 0.77
MC2 13 EXIT 2222.3 767.5 4.24 26S0.7 0.51
HZ T18 DIFFUSER 2193.7 767.7 4.24 2650.7 0.50

H2 MST TR8 IN 2171.8 707.7 6.24 26S0.7 0.50

H2 8ST TR8 OUfT 21S4.6 766.6 6.24 2646.0 0.50
IC DST 183 DIFF 2147.8 766.6 4.24 2646.0 0.49

02 ES To83 IN 2126.3 766.8 4.24 2646.0 0.49

02 8ST 1R8 OUT Z117.5 766.1 4.24 2643.4 0.49

02 8ST TRB DIFF 2115.7 766.1 6.24 2643.4 0.49
HZ TAW PRESS 18.6 784.8 0.0046 2664.4 0.0065

COX HEAT EXCS IN 2105.1 772.1 6e.46 2664.4 0.48

G SX HEAT DEN OUT 2094.6 771.8 6.46 2663.0 0.48

"OT REGEM IN 2094.6 771.8 6.46 2663.0 0.48

HOT REGE4 EX 2031.8 567.1 6.46 1933.3 0.62
FSOV IMLET 2031.8 567.1 6.46 1933.3 0.62

FSO EXIT 11J .0 567.6 6.46 1933.3 0.61
D1U4 IN[J 1961.2 567.4 6.66 1933.3 0.60
DOUSER 1824.0

• OXYGEN SYSTEM CONDITIONS
STATION PRESS TEMP FLOW ENTHALPY DENSITY
B.P. IN.LET 16.0 162.7 26.8 61.9 70.99
S.P. EXIT 135.2 165.3 2I.8 6Z.3 70.84

PUMP INLET 135.2 165.3 26.8 62.3 70.84
PUMP EXIT 2954.0 179.2 :6.8 72.4 71.31

02 TAN PRESS 16.0 400.0 0.046 204.7 0.12

o02n INLET 2924.5 179.3 6.0 72.4 71.26

(O8 EXIT 2047.1 182.7 e.0 72.4 69.90
OCV IJIXT 2924.5 L79.3 22.8 72.4 71.26
OCV EXIT 2047.1 182.7 22.8 72.4 69.90

CHOI" INJ 2026.7 182..8 26.8 72.4 6q.87
CHD SER 1124.0

VALVE DATA

VA.LV DELTA P AREA FLOW % BYPASS

T8v 2132. 0.01 0.22 5.00

FS 51. 1.16 466
OcV 877. 0.14 2_.78

INJECTOR DATA •

INJECTOR DELTA P A•;f A FLOW
FUEL 137. C 7e. 4.66

[OX 203. 0 !4 .78a



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

.*........... .............D ...D

TFT ICIEN3CP IT/TI 4.1.96 EFF IC IE.PEV 5.144

EFFICIE" C (T/Sl 0si
i.PEE0 (RP.: s1183. SPED IPPI 010
-WAN 0I ( I ) I.44 S SPEED s040.

EFF 'R EA (1 .21 2 .1 1 'EAD IF TI : ,0 ,.

U/C (ACTUAL) 0.686 DII. (1.1 1,
.AX TIP SPEED 433. TIP SPEED it9.

STAGES I vO.. FLOW sl5,

GAMMIA 1.39 LEAD COEF 0. .0,
PRESS RATIO (T/TI 1.01 FLO COEF 0.201

PRESS RATIO (T/S) 1.01

ORSEPTOE* 29.

EXIT MAC " NU o " 0 .01

SPECIF IC SPEED I00.00

SPECIFIC DIAMETER 0.60S

* 02• T.URIIPE * H2 P409

$T:1 =E STA, TME STAql=."

EFFICIENCY (T/TI 0 EC07 ICIEINCY 0.645 0.652 0.455

EFFICIEPCY ITI 0.C14 NIYSEPW 75. 09 6I6.9

SPEED (am ) 116-%3. %PEED fs0?I' 1136 T634, 134636.
P s, P owE w 2R00. S PEED 95*.

MAE DAI. .I.) 2.4 S SPEED 790. 719. 604.

EFF .. EA 1II N 0.23 'tAn WIP) S71)7. 0605). S4879.

u/C I(ACTUALI 0.499 DII. II) 3.12 0.12 3- 2
P400 TIP SPEED IsS. TIP SPEED OS67. 1351. 1861.

STALES 2 V01L. FILW 458. .SS. 'So.

$9 1.3 lEAD CE 0.51 0.523 0.512

PRESS RATIO (T/TI) 1.4 FLUM CO 0.010

PRESS RATIO (T/si 1.7 ODIAMETER RATIO 0.33)

EXIT MACH MUER .14 OEMTING I ON 3.00E.06

SPECIFIC SPEED '3..4 SK&FT 0M'ETE• 22..00

SPECIFIC DIAMETER 1.61

ul..u........• •.............•...

EFFICIE"Y CT/TI 0 .424 EFFICIENCY 0.764

EFFICIENCY IT/SI 0. 648 HRSEPOWEI IS.
SPEED (RPM) 1,42. SPM (RlP) 112!7.

HIEMN 01I (1I1 4.11 S ED 3026.

EFF AREA (IN21 3.91 HEAD (FTI 242.

U/C (ACTUAL 0.712 014. (IN) Z.11

MA1X TIP SPEED 290. TIP WEED 132.

STAGES I VOL.. FLOW0 1170.
GAMM4A 1.39 HEAD C0EF 0. -So

PRESS RATIO (T/TI 1.00 FLOM CF 0.200

PRESS RATIO IT/S) 1.01

HORSEPOWER IS.

EXIT K&CM NUMO6 0.04

SPECIFIC SPEED 16.31

SPECIFIC DIANETER 1.01

EFF ICIEPEC I(T/TI 0.022 EFFICIESCY 0..10

EFFICIENCY IT/S) 0.7:6 HOR1ER 38.0,
SP E E D IR PIPM) Vo lI . S P E D ca P "l 9 0 1 1R ,

HO SEPOWE6t 3e0. SS SEED 23201.

MEA D0A fII) 2.48 S WPEED I ?

EFF AREA I1021 0.34 HEAD IFTI 5691.

U/C (ACTI.AL 1 0.54Z D"I. (IN) 1.6I
P4AR TIP SPEED I1I4. TIP . EE 660.

STA S I VOL.. FrL01W 140.

GAMMA 1.59 PEAR COEF 0.420

PRESS RATIO IT/T I 1.13 FLOM OF O 0.153

PRESS OATIO IT/SI 1.10 IROfTTER 06T10 0.80

EXIT P 0UC"MUNK 0.00 SEARIN•Nl I.44E.06

SPECIFIC SPEED 49.91 SPAT DI AMETE• 16.00

SPECIPIC OIAwTrTA I..7

CD.. 5116l~l~ 101 516 ,

COLD SIDE NOT SIDE

DELP S0 111 62.4

DELT .9..0 -204.46

AREA 0. 1.20

FLOM 4.47 .416

EFFECTIVENESS 0.31

NTU .46

CRATIO 0.91

REGEN 0 1s27.z9
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TABLE 46. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
- 25,000 LBF THRUST (COPPER GROOVED CHAMBER)

ENGINE PERF•R.AN.cE PARACTERS

GaMIADER PRESSURE 171.0

VAC ENGINE TTIHUST 25000.

TOTAL ENGINE FLOW RATE 52.08
DEL.. VAC. I'P 480.1
THROAT AREA 7.12
MO8ZZ'.E AREA RATIO 1000.0

NOZZLE EXIT DIAMETER 95.20

E1INE MIXTTURE RATIO 6.00
ETA C- 0.993
OMAER COOLANT OP 778.
CMAER COOLANT OT 440.
N072LE/CHAMBEP 0 12628.

ENGIN. STATION fCONITIONS

FUEL SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENTHALPY DENSITY
N.P. INIET 18.6 37.4 7.45 -107.5 4.37

B.P. EXIT 100.6 .8.S 7.45 -103.0 4.39

PUMP9 INLET 000.6 38.5 7.45 -103.0 4.39
IST STAS" r.-4 1709.0 58.8 7.45 -8.8 4.49
210 STAGE EXIT 3331.9 78.3 7.45 85.0 4.57

PUM• EXIT 4968.4 97.3 7.45 177.8 4.66

COELD 8EGEN IN 4918.8 97.7 7.45 177.8 4.61
COLD BE(•R EX 4869.6 258.6 7.45 763.8 Z.56

COOLANT INLET 4869.6 258.6 7.45 763.8 2.56
C T EXIT 4091.S 701.7 7.45 2459.0 0.97

088 INLET 4050.6 702.0 0.37 2459.0 0.96
I8V EXIT 1982.9 714.7 0.37 2459.0 0.49

02 TRB INLET 4050.6 702.0 7.08 2459.0 0.96
W2 TE EXIT 3666.1 688.1 7.08 2401.0 0.90
IM TRO 104LET 3666.1 688.1 7.08 2401.0 0.90
I'C 7r8 EXIT 2116.3 614.2 7.08 2105.4 0.60

PC TRIR DIFFISER 2079.7 414.4 7.08 Z105.4 0.59
PC BRT TR8 IN 2058.9 614.4 7.08 2105.4 0.59
Ic ST Tits OUT 2039.0 613.3 7.08 2100.6 0.58
'C BST TRB DIFF 2024.3 613.4 7.08 2100.6 0.58

a? I0T Tits IN 2004.1 613.5 7.08 2100.6 0.57
CC DST TOB OUT 1994.3 612.8 7.08 2098.1 0.57
02 ET TRB DIFF 1992.9 612.8 7.08 2098.1 0.57

m2 TAWK PRESS 18.6 42-8.0 0.0097 2116.1 0.0057
GOO MEAT EXCH IN I982.9 617.9 7.44 2116.1 0.56

GaN SEAT EXCH OUT 197S.0 617.6 7.44 2114.8 0.56
HOT REGEN IN 1973.0 617.6 7.44 2114.8 0.56
NOT REG0E EX 1913.8 457.0 7.44 1528.0 0.72

FPOV INLET 1913.8 457.0 7.44 1528.0 0.72
FSO EXIT 1865.9 457.2 7.44 1528.0 0.71

CHAIER 011J 1847.3 457.3 7.44 1528.0 0.70

CHAMEER 1718.0

* OXYGEN SYSTEM CENIITIONS I

StAT[ON PRESS TYEPS FLOW ENTHALPY DENSITY

S.P. ImNET 16.0 162.7 44.7 61.9 70.99
8.P. EXIT 135.2 165.3 44.7 6.2.3 70.84
PLOW INLET 135.2 165.3 44.7 62.3 70.84

PUMP EXIT 2782.4 177.7 e-4.7 71.S 71.37
02 TANK PRESS 16.0 400.0 0.076 204.7 0.12

OSO INLET 75V4.5 177.9 6.7 71.5 71.33

OSM EXIT 19"8.2 181.1 6.7 71.5 70.04

OCV ISLET 2754.5 177.9 37.9 71.5 71.33
OCV EXIT 1928.2 181.1 37.9 71.5 70.04
C486NCR .i1 1908.9 181.1 44.6 71.5 70.01

CHMAM IR 1718.0

VALVE DATA

VALVE DELTA P AREA FLOW 5 8%YPASS

rev 2068. 0.02 0.37 5.00
FOV 48. 1.84 7.44

OCV 826. 0.23 44.64

SI'4JECTOR DATA -

I MJCTOR DEILTA P ARFA FLOW
F EI. 129. 1.17 7.44

LOX 191. 0."8 44.64
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TABLE 46. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR

- 25,000 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

* T1A004.2PI.H•ERV PEREWORAXEE DATA

* 02 BOO•ST TuIgIIXE * 1• 010251OS P139

EFFICI Il' (T/TI 0.I' EFF ICIE)VY D. 76

EFFtCIE ICY (T/SI 0.,407 *OR.EOM R 48.

SPEED (RP.) 41285. SPEED IRPM)I 4128s3.

M EA DIo Sflu (.4, $ SPEED o0,.

EEF AREA 11N21 5.01 E*AD (FT 1 219.

0/C lcru'. | 0.5(1 DIA. 1101 2.43

MAR TIP SPEED 580. TIP PEED 459.AX~ ED se I-O. FLON7€2
STAGES V 1..911672
G A94 I.43 HEAD COEF 0.45,0
PRESS RATIO IT/T) I.01 FLOW C1EF 0.201

PRESS RATIO (T/SI 1.02

NOR SCPOWER 4.8.

EXIT MACl NUMBER a 0.11

SPCC IFIC SPEED 149.74

SPECIF IC DIAMETER 0.51

...........H. u.=.... ....

STAGE 1NE STAGE T!: STAG fT

EFFICIENCY (T/TI 0.861 EFFICIENCY 0.702 0.R07 ".70;

EFFICIENCY IT/S) 0.828 HORSEPOWER 99'. 9117. 979.

SPEED IRPNI 115000. SPEED 1t"1'1 125006. 125000. 1s2000.

HORSEPOWER 2060. SS SPEED 11' ?.

MEAN DIA. (IN)1 2.60 1 SPEE 992. 00.o R?
EFF AREA ( 112 0.36 HEAD IFTI S1938. 51522. 51057.

U/C IACTLUAL 1 0.S21 DIA . 1.N 3.29 3.20 S.Z9

MAX TIP SPECD 1S39. TIP SPED IT. 1794. 1794.

STAGES 2 V0L... FL0M 74S. 731. 71 .
OARA1.43 l-EAD4 • .1 0.615 0.510

GAP"A 1. E"CIF 0.5sit9

PRESS RATIO IT/TI 1.73 FLO. . 0.110

PR:SS RATIO IT/SI 1.?7 IDANETIM RATIO 0.383

CXIT MAH NUMB.ER 0.17 BEAR IG 1(0 3.00E.06

SPECIFIC SPEED 65.00 SRAFFT DI ̂ ETER S4.o0

SPEC IFIC C DIAMETER 1.59

•02 ROOST TI.RRI9E * .] 02 •T PUI39

EFFICIE-CY IT/T 0.876 EFFICEIt-C 0.7'.'

EFFICIENCY (T/SI 0.730 HORS•POWER 26.

SPEED IRPM) 110043. SPEED IRPOI 1104I .

ME AN 016 (IN) 4.11 S SPEED s021.

EFF AREA (IN2) 4.14 HEAD IFT) 242.

U/C (ACTUAA I 0.62 sIs. 1191 2.15

WAX TIP SPEED 23',. TIM SPEED 102.

STAGES VI O1.. FLr0 283.

GAMMA 1.3 HEAD OEF 0.46s
PRES RATIO It/tI 1.00 Fl 0.200

PRESS RATIO IT/S) 1.01

IORSEPOWER 26.

EXIT MACHA muImsER 0.04

SPECIFIC SPEED 99.0?

SPECI FIC DIAMETER 0.86

EFFICIEPCY IT/TI 0.8S4 EFFICIEICY 0.7."7

EFFICIENCY IT/SI 0.791 HORSEPOWER Sal.

SPEED IRP6I 17533. SPEED (1P8I 676S3.

"lmSEPOMER So1. SS SPCED 22444.'
MEAN DIA 11(N1 2.60 5 SPEED 1I1S.

EFF AREA (IN2) O.S0 'EAD IFT) s3S9.

U/C (ACT UALI 0.450 DIA, IN) 2-16

MAX TIP SPEED 00'.. TIP WEED 36s.

STAGES I vs.. F.LOW 2I8.

GAMP48 1.43 HEAD F 0.426

PR:SS RATIO (I/TI 1.10 FLOW OP 0.15.I

PRESS RATIO IT/S I .1. 0 [AA•VR RATIO 0.602

EXIT MACH N013R 0.10 RADRIESG ON l.*0E

SPE CIPIC SPE•cE 48.14 SHAWT DIAIETER .00

PCIFIC DIAMETER 1.37

'.ALD 51.vR HT SIDE

DEL.P 90:.,0 S0I

DELT 160.0 -110.52

ARECA 0.5. 1.10

FLOW 7.1 7.4,

EFFEC TIVENIESS 0.31

NTU 0.47

CRATID 1.00

"IN
C i1 i i i. iI0



TABLE 47. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
- 37,500 LBF THRUST (COPPER GROOVED CHAMBER)

ENGINC PERFO'IANIE PARAMETERS

CH0J4BER PRESSURE 1412.0

VAC ENG IHE THRUST 17500.

TOTAL EFNGINE FLOW RATE 78.12

DEL. VAC. ISP '80.0

THROAT AREA 11.37
04MZZLE AREA RATIO 1000.0

NOZZLE EXIT 1IIAPETER 120.34
ENGINE MIXTURE RATIO 6.00

ETA C. 0.99 3
CH•EMER COOLANT OP 694.

CHAMBER COOLCANT DT 375.
NOZ2.E/t4AMBER 0 16426.

ENGINE STATION CONDITIONS

. FUEL SY'STEM CONDITI4•S

STATION PRESS 1ED FLOW ENTHALPY DENSITY

B.P. INLET 18.6 37.4 11.18 -107.5 4.37

B.P. EXIT 100.9 38.S 11.18 -103.0 4.39

PUMP INLET 100.9 38.5 11.18 -103.0 4.39
IST STAGE EXIT 1675.9 57.2 11.18 -13.9 4.52
2W STAGE EXIT 3279.3 75.2 11.18 75.0 4.63
pee EXIT 4908.3 92.7 11.18 163.7 4.72

C..D REGE IN 4859.2 93.1 11.18 163.7 4.70

COLD REB EX 4810.6 226.8 11.18 629.7 2.81
COXOLAT INLET 4810.6 22i.8 11.18 629.7 2.81

COOLANT EXIT 4116.6 601.(* 11.18 2099.3 1.11
ToV INLET *4075.4 601.7 0.56 2099.3 1.10
T"V EXIT 1860.5 613.9 0.56 2099.3 0.53

02 1814 INLET 4075.4 601.7 10.62 2099.3 1.10
02 TRE EXIT 3662.2 589.5 10.62 2046.1 1.02

tH2 Tel INLET 3662.2 589.5 10.62 2046.1 1.02

H2 IR8 EXIT 2006.9 521.2 10.62 1765.3 0.67
H2 TeB DIFFUSlR 1966.7 521.4 10.62 1765.3 0.65

H2 BET 183 IN 1947.0 521.4 10.62 1765.3 0.65
H2 RST TR3 O0T 1924.3 52.3 10.62 '760.5 0.64

fC BST TR8 01FF 1901.6 520.4 10.62 1760.S 0.64
02 BST TR8 IN 1882.6 520.4 10.62 1760.5 0.63

02 •XT TRI OUT 1871.8 519.8 10.6z 1758.0 0.63
02 DST TRB 3IFF 1869.9 519.8 10.62 1758.0 0.63

H2 TANK fWSS 18.6 S32.0 0.0169 1775.0 0.0066

G SEAT WAEH 114 1860.S S24.5 11.16 1775.0 0.62
SHEAT E4 OUT 1851.2 524.2 11.16 1773.7 0.62
HOT REGE4 IN 1851.2 524.2 11.16 1773.7 0.62

NOT REGEN lEX 1795.7 399.1 11.16 1307.0 0.718

FSV INLET1. 1795.7 399.3 11.16 1307.0 0.78
FS EXIT 1750.8 399.4 11.16 1307.0 0.76

CHAMBER IMJ 1733.3 399.5 11-16 1307.0 0.75

CA4MBER 1612.0

* OXYGEN SYSTEM CON)DITIONS,

STATION PRESS TENP FLOW ENTHALPY DENSITY

B.P. INLET 16.0 16.2.7 67.1 61.9 70.99

B.P. EXIT 135s.2 165.3 67.1 b2.3 70.8(*
PUMP INLET 135.2 165.3 67.1 62.3 70.84

PUMP EXIT 2610.7 176.6 67.1 70.8 71.40

o0 TANK PRESS 16.0 400.0 0.114 204.7 0.12
Osm INLET Z584.6 176.7 10.0 70.8 71.36

OSOV EXIT 1809.2 179.6 10.0 70.8 70.14
OCV INLET 2584.6 176.7 56.9 70.8 71.36

OCV EXIT 1809.2 179.6 56.9 70.8 70.14

CK#MR IOU 1791.1 179.7 67.0 70.8 70.12

CHAMBER 1612.0

VALVE DATA *

VALVE DELTA P AREA FLOW % BYPASS

TBV 2.215. 0.02 0.5, 5.00

FSOV 45. 2.75 11.16

oCV 77S. 0.36 46.96

INJECTOR DATA *

1P6.ECTrD DELTA P Aa.0A FLOWs
r LkL IZI. 1.1% II 16

LOX 179. 0.89 6-.6

18s



TABLE 47. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR
-37,500 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

I'FFI C;T CT/T 77; EFFICIEICY 0.16S
EFFIC IE.CT C T/SI 0.53SIB CQSEPONER 72.
,PEED CRPMII 337%4. SPEED COIC 35.
"ME A DIA 1.01 l.'4 5 SPEED 204
EFF AREEA CIII .4.1 .CAD (FTI 27,02.
U/C 'ACT UAL. 0.43' IA. CI. .9

MAX0 TIP SPEED 324. TIP SPEED 440.
S TAGES a Wm. FLOW 1 141;
GAA 2.3 WAD COIEF 0.4s0
PR=S RATIO CT/TI 1'.051 FLOW OOEF 0.201
PR ESS RATIO (ITSI 1.03
ýJMSEPOWR 72.
EXI T 11001 NUMBER 0 .14
SPECIFIC SPEED 123.73
SPECIFIC DIAMETER 0.43

EFFICIENCY IT/TI .7 EFFICIENCY 0.730 0.728 0.72?
EFF CIENCY CT/SI 0.35S HORSEPOWE 409. 1407. 4.02.
SPEED ROPM I tIoS.41 SPEED mm11 10, 143. 107243. 107141.
IORSEPNER 4210. S3 SPEED 110gas
MEACCDI 3. 1131 2.93 5 SPEED l0se. 1049. 2043.
EFF AREA0 CINZI 0.I HEAD IET s 0591. S0407. S031471.
CC/C CACTCIALI 0.414 02*. I1IN 3.79 3.79 3.79
110X TIP SPEED 1493. TI p SPEE 1774. 1774. 1177.
STAGES Z VOL.. FLOW III". lot". 1 0 2.
301111* I,3 I (AD COE 0.417 0. .412

PRESS RATIO CT/t)I1.02 P1.0 COE 0 .11 4
(TESS RATIO CT/SI 2.87 DIAMETER RATIO 0.400
EXIT MACH1 NUMBER9 0.10 REARING ON 30.E.04
SPECIFIC SPEED 41.44 SHIAFT DIAMETER 23.00
SPEC I FIC DIAMTCER 12.23

EFFICIEC IT/7TI 'l 0.EFFICIENCY 0.744
EFF C IENCY IT/Sl D.705o MORS0EPOE 39.
SP EED (RPMI 901. Sin IRPRI 90l
MEAN 31* S11 41 SPEED' 302.
EFF AREA C 1(Q) s 4.03 (AD (FT) 24:.
U/ C (ACTUAL) 0.45 1".D*. (IN) 3.34
MAA TIP SPEED 117. TIlP SPEED 132.
STAGE S I VOL, FLOW 423.
GAMMA* 1.34 W (CAD 0.4ISO
PRESS RATIO IT/TI 1.01 FLOW 03 0.200
PRESS RATIO IT/SI 1.01
CAOR SEPONER 39.
EXI T MACH4 (((*13 0 .04
SPECIFIC SPEED 910.34
SPECI FIC DIAMETER .7

02 TROII 0.11! IFFC ; 02'PI.

EFFICIENCY C/I 003EFCEC .4
SEFCEC IT/SI 08.7731 HOSEPOWER S00.
SPEED IRPO) 3S62. SEE (IRPI) 43342.
GORSEPONER! 300. SS SPEED 211n3.

Cll02 110 2.93 I 1 SPEE COOs.
MEFF AE 11c1Ile 0.73 WEAD (FT) 48991.

U/C (ACTUAL)I 0.407 01*. 11141 2.:2
.A*0 TIP SPEED 744. TI P EED I10
STAGES I ::. FLOM3 42.11

0*039* 2.34 WEAD COEF 0.431

PRESS RATIO CT/TI 1 .11 FL161 COF.,, 0.14
PESS RATIO (T/SI 1.12 DIAMETER *1 .3

EXIT MIC 011( 0.1I1 SEAOII 03 1.31",0
SPECIFIC SPEED 44.99 SKAFT DIAPIETER 74.00

SPECI FI C 31*0*013 .1.4

COLD SIDE NO3T sloe
DELP "I'4 54.44
DEL T 131.1 , -.24.3s
AREA 0.17 2.30
PL . I.C.0 11.1
EFFECTIVENESS 

0.31
N4TU 0.441
COATIO 0.93
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TABLE 48. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR

- 50,000 LBF THRUST (COPPER GROOVED CHAMBER)

...EINE PERFORKAN"1 PpARnAETERS
............ .... .....

CW4RER PRESSURE 150.0

VAC ENGINE TI-IUST 50000.

TOTAL ENGINE FLOW RATE 106.16

DEL. VAC. ISP 480.0

TIROAT AREA 16.23

IZ',2LE AREA RATIO 1000.0

NOZZLE EXIT DIAI9ETER 143.76

ENGINE MIXTURE RATIO 6.00

ETA Cu 0.993

CHAMR COOLANT DP 601.

O.MWBER COOLANT DT 335.

NOZ21E/C'IADM4ER Q 19840.

LEGINE STATION CONDITIONS

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

L FUEL SYSTEM CONIDITIONS

STATION PRESS TEMP FLOW ENTHALPY DENSITY

8.P. INLET 18.6 37.4 14.91 -107.5 4.37

8.P. EXIT 100.8 38.5 16.91 -103.0 4.39

pUI INLET 100.8 38.5 14.91 -103.0 4.39

iST STAGE EXIT 1536.4 54.5 14.91 -24.6 4.54

2ND STAGE EXIT 3006.6 69.8 14.1 54.0 4.66

PUMl EXIT 4500.4 84.9 14.91 132.6 4.76

COLD REGEN IN 4463.4 85.3 14.91 132.6 4.76

OLD 8EG)4 EX .418.7 205.3 16.91 536.0 2.88

COOLANT INLET 4418.7 20s.3 14.91 536.0 2.88

C.OANT EXIT 3817.7 540.3 14.91 1867.0 1.16

TSV INLET 3779.5 540.5 0.75 1867.0 1.13

TV EXIT 1738.1 550.3 0.75 1867.0 0.55

02 1T88 INLET 3779.5 560.5 14.16 1867.0 !.13

02 TRB EXIT 3401.6 529.1 14.16 1818.0 1.05

M2 I" INLET 3401.6 529.1 14.16 1818.0 1.05

I2 18B EXIT 1900.6 468.3 14.16 1570.1 0.70

I2 158 DIPPUSEX 1855.0 468.5 16.16 1570.1 0.69

NZ•S T T83 IN 1836.4 468.5 14.16 1570.1 0.69

M2 IST Tit OUT 1811.9 467.4 16.16 1565.3 0.67

M2 ItST TR8 DilP 1778.7 667.5 14.16 1565.3 0.66

02 BST Ta8 IN 1760.9 467.6 14.16 I565.3 0.66

02 9ST 1T8 OUT 1769.6 466.9 14.16 1562.7 0.65

0 IIST TRO DIFF 1766.8 666.9 14.16 1562.7 0.65

IC TAWK PRESS 18.6 476.8 0.04250 1578.0 0.0074

GO NEAT lEXC'I IN 1738.1 471.0 14.88 1578.0 0.66

GOX NEAT EV04 OUT 1729.4 470.7 14.88 1576.6 0.66

NOT tEGEN IN 1729.6 670.7 14.88 1576.6 0.66

tOT REGEN EX 1677.5 365.3 14.88 1172.5 0.79

FSOV INLET 1677.5 365.3 14.88 1172.5 0.79

FSO3 EXIT 1635.6 365.4 14.88 1172.5 0.78

CHAMBER I1J 1619.2 365.4 14.88 1172.5 0.77

CAMBER 1506.0

- OXYGEN SYSTEM CONDITIONS

STATION PRESS TEIP FLOW ENTHALPY DENSITY

B.P. I LET 16.0 162.7 89.4 61.9 70.99

B.P. EXIT 135.2 165.3 89.4 62.3 70.86

PUMP INLET 135.2 165.3 89•.4 62.3 70.84

PINU EXIT 2439.0 175.5 89.4 70.1 71.39

a2 TAWK PRESS 16.0 600.0 0.152 204.7 0.12

Otf IN.•ET 2414.6 175.6 13..4 70.1 71.36

0D50 EXIT 1690.2 178.4 13.4 70.1 70.22

DCV INLET 2414.6 175.6 75.9 70.1 71.36

OCV EXIT 1690.Z 178.4 75.19 70.1 70.21

CmAMBER INJ 1673.3 178.4 89.3 70.1 70.19

CHAMqER 1506.0

VALVE DATA

VA.VE DELTA P AREA FLON % BYPASS

TSV 2041. 0.03 0. 75 5.00

FSOV '2. 33.75 14.88

OCV 724. 0.50 89._-8

JNJECTOR DATA -

INJECTOR DELTA P 4TEA FLOW

FUEL 113.. 2.3"8 14.88

LOX 167. 1.21 8q928
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TABLE 48. - FULL-EXPANDER ENGINE WITH HYDROGEN REGENERATOR

- 50,000 LBF THRUST (COPPER GROOVED CHAMBER) (CONTINUED)

STLRIRSAIIHIERy PERFDEfIIA/AE DATA

IC H•8T TIASII[ * oc t¢ rO P1l•*9

TF" FIF C I EO• (TIT/) 0.170 EFFICIOCI'Y 0.7

EFFICIENCY (T/SI 0-272 HIORSEPOWER 94.

w E E0 IRPI 12.21U. SPEED (RP1M) 202,.

K. 0I. '11 1.44 S SPEED 304.

I/F AREA iII) 0.02 FHAD (FTI 2701.

U/C AC TUAL. 0.17 fIA. AREA 
3.44

"WAX TIP SPEED 210. TIP SPEED 439.

STAGES I VOL. FL. OW 12s4.

GAMA i..8 HEAD CO0.4 0a
POESS RATIO (T/TI 1.01 FLOMA 0.20|

PRESS RATIO CT/S) 1.04

HORSEPOIER 46.

EXIT MACH WIErW 0.1I

SPECIFIC SPUD 103st

SPEC IF IC DtAMETlo 0.46

•102 TJIflOII • tID P1.39

........ ......... l.. .. m.mno.

EFF ICIENCY (T/TI 0.SOS EFFICIENCY Q.7S4 0.7S2 0.7S0

EFF IC I ENCY IT/SI 0.842 HORSEPOWER 1653. 1456. 16S8.

SPEED (RPI) 100000. * SPEED (RPM) 1e0000. 100000. 100000.

HRSEE OMER 4947. SS SPEED I .. 813.
MEAN DIA. (IN) 3,08 S SPEED 1223. 1200. 1196.

(PF AREA ( 110C) 0,41 IHAIE EFT: 40907. 450252. 4089S.

U/C (ACTUALI 0.0I 0 I IA. 10I I.N3 3.03 1.43
WAX TIP SPEED I4. TIP SPEED I7lS. 1711. 1710.

STAGES 2 VOX.. FLO.6 1472. 1436. 140S.

GANNA0 1.38 HEAD COW e 0.a01 0.Sol 3.Soo
PRESS RATIO IT/T) 1.7I FLOW COEF 0.124

PRESS RATIO IT/SI 1.60 DIAMETER RATIO 0. 41

EXIT AM WIRIIUR 0.20 .81.. M 1 3..060-

SPECIFIC SPEED 44.39 SIIA~T DIAMETER 30.00

SPECIFIC DIAIETER 1.22

02 (1.?5iT T~i.U6IE[ * EO O3 PUW

F.'CFIC I Y IT/TI 0.4r EFF ICIEICY 0.744

EFFICIENCY IT/SI 0.452 HORSEPOWER 52.

SPEED CRPM1 7080. SPEED 169011 7608.
MEAN DIA (1N) 4.11 S SPE 3026.

PFF AREA (t1121 7.00 AD (FT) 242.
I/C LACTUA I 0.390 0,A1. tlm0 32.36

WAX TIP SPEED 171. TIP 15 32.

STAGES I VOL. FLOMi S67.

54M1 1.3 ISAme 0.Da0
PRESS RATIO IT/TI I.01 FL06 0.200

PRESS RATIO (T/SI 1.01
HORSEPOWER 02.

EXIT MACH m0mm 0.0S

SPEC IF IC SPEED 86.496

SPECIFIC DI•METER 0.71

EFFICI.EIC" IT/TI 0,.67 EFFICIEICY 0.74

EF ICIENCY IT/SI 0.132 I•SE 62.
SPEED 1RPM ) 4716. SPEED 10PP11 44714.

WORSEOPNER 902. SS SPE 21019.

MEAN D I P (I N1 3 .0 $ S SP E IE D.

PF AREA (1-10 1.01 HEAD IFTI !*lo.

U/C (.AITL. 0.811 DII. 11N) 3.01

WAR TIP SPEED 6747. TIP Sa l81.

STA:GS 2 VOL.. FLOW 062.

64104 1.32 lEAD CC .6.34
RESS RATIO IT/T1 I .FO CLEX 0.1S7

PRESS RATIO IT/SI 1.12 DIAMETER RATIO 0.614

EXIT MAC" MMISE 0.09 SCAR] M6 IN I.1,E0

SPECIFIC SPEED 18.07 S yiAFT DIAETER 10.00

SPECI IC 01 AITE6 1.04

COLD SIDE HOT SIDE
DLP 44.64 S1.80

D.LT 119.92 -10S.30

AnREA 1 .67 1.76"

FLOM .1.91 14.•8

EFFECTIVENESS 0.11
.I1U 0.44

CRAT4O 0.66

REGE 0 64012.41
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APPENDIX C
THROTTLED CYCLES

Throuled 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 PERFORMANE PAA.M'TERS

CHAMBER PRESSURE 1612.0

VAC ENGINE THRUST 20000.

DEL. VAC. ISP 480.0

TOTAL ENGINE FLOW RATE 41.1

THROAT AREA 6.066
NGZZLE AREA RATIO 1000.6

ENGINE MIXTURE RATIO 6.06

CHAMBER/NOZZLE COOLANT DP 583.

CHAMBER/NOZZ-LE COOLANT OT 1018.
ETA C - 0.9%3
CHAMBER/NOZZLE 0 11190.

ENGINE STATION CONDITIONS
.• ............. •.e•m.e...• 1 .......

. F2EL 37T- 2CNDIT2:16

.TATION PRESS 11 " .ON ENTHALPY DENSITY

B.P. INLET 18.6 V7.4 5..6 -107.5 4.37

B.P. EXIT 100.9 38.5 5.96 -103.0 4.38

PUMP INLET 100.9 ,8.5 5.16 -105.0 4.39

IST STAGE EXIT 2177..' 73_ 5.96 34.1 4.3.
JBV INLET 2133.8 70.7 2Z.8 34.1 4.3,

JBV EXIT 1813.9 '3. 2.98 -4.1 4.11

IND STAGE EXIT 3487.S -0.9 2.98 123.8 4.15

PUMP EXIT 4762.1 110.4 Z.9 210.5 4.37

COOLANT INLET 4714.6 110.8 2.9i 211.3 4.35

COOLANT EXIT 4131.6 , 1s8.8 2.9w 3965.t 0.63

TBV INLET 4090.3 i 1:,9. 1 0.1s 496s.9 0.62

TBV EXIT 1899.9 ,1l..8 0.15 396S.9 0.30

LOX TAB INLET 4d90.3 :12q.l 2.83 396S.9 0.62
LOX TRB EXIT 3612.5 1101.3 2.53 3856.6 0.51

H2 TAB INLET 3612.5 1101.3 2.33 3856.6 0.57

H2 TRB EXIT 2011.4 .70.9 _.93 3282.6 0.37

H2 TAB DIFF 1q00.1 077,1 2.21 3582.6 0. 36

H2 BST TAB IN 1970.2 -77,2 2.23 3382.6 0.16
H2 BST T7B EXIT 1947.4 -74,. 2.83 3373.1 0.36

HZ DST T7B DIFF 1942.5 074,7 2.23 .337.1 0.36

02 BST TAB IN 1921.1 074,8 2.83 3373.1 0.35

02 bST T7B EXIT 1911.2 -73.4 2.33 3367.9 0.35

02 BT TAB DIFF 1910.4 0734. 2.83 3367.9 0.35

HZ TANK PRESS 18.6 05,3 0.0368 !398.0 0.0035

GOX HEAT EXCH IN 18-.' '82,1 !..7 339.0 0.35

GOX HFAT EXCH OUT 1890.4 .81.4 2.-7 3395.2 0._5

MIXER HOT IN 1890.4 '81.4 :.97 33"5.2 0.35

MIXER COLD IN 1 81.0 73.1 2.!8 3.1 4.11

MIXER OUT 1705.8 538.0 5.95 1713.8 0.62

FSV INLET 17-5.8 528.0 5.95 1713.8 0.62

FSV EXIT 1750.9 s38.2 5.05 1713.8 0.60

tMAWM INJ 1731.4 508.2 5.95 1713.8 0.60

CHAMBER 1612.0

- OXYGEN SYVSTEM CONDITION"
STATION PRESS TEMp FLOW ENTHALPY DENSITY

B.P. INLET Il.0 :.2.7 Z5.77 .1.1 71.17

B.P. EXIT 135.2 ...2 .77 .1.5 71.20

PUMP INLET 145.2 : .3.3 25.77 .I.5 71.20

PUMP EXIT 2612.1 :74.8 5.77 70.1 71-5

02 TANK PRESS 06.0 300.0 0.06 204.8 0. 12

POSY INLET 21586. 0 ,75.0 5.17 70.1 71.61

POSY EXIT 170s.- ;8.0 5.17 70.1 70.38

GCV INLET 258-.0 . 75:. 3 .55 70.1 71.6l

OCV EXIT 281.7 .S.0 :30.5s 70.1 70.41
PRIMARY INJ 1762.1 . 8.2 5.'7 70.1 70.33

3ECONDARY !NJ 1 775 .78.1 73.55 70.1 110.35

CHAM BER I t 12. '

-vF 7.47,:

VALVE 7EL7V I '4E A 'LIW S BYPASS

JoV :-a, . .L20 2.98 ,9..99
TBV 7::0. '.309 3.15 ".02
-V .5 50 ,'3 5.

'OSV *C ".3q2 5.DT

MAN -is. 2 2 .5

"• UEL • (7410

DELP MAN :0.23 ''4 ;8.14

DELP INJ 103.18 -7 ;23.21

AREA : . '4 2.41

FLOW 5.:5 .7 73.55
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TABLE 49. - ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER

ENGINE 100% OF DESIGN THRUST LEVEL (CONTINUED)

.. . ........................ :::H TURBIN ACE4NRY PERFORMAIE DATA

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

. . . . . .. .. f

*HBOST TL3IE I 800ST PW4P

EFFICIENCY 0.3S7 EFFICIENCY 6.76S

HORSEPOWER 38. HORSEPOWER s8.

SPEED (RPM) .6158. SPEED (RPM) 46-•5.

MEAN DIA (IN) 1.90 S SPEED 3039

EFF AREA (IN2) 1.,4 HEAD (FT) :705.

U/c" (IDEAL ) 0 ,s:! DIA. (IN) .18

MAX TIP SPEED 382. TIP SPEED 439.

,TAGE I. VOL. FLOW 609.

"7ELTA H (ACT) F AE-D OCEF 0.4sZ

OAMMA I.4.3 FLOW COEF 0.201

'QESS RATIO (T/1) !.01

* H2 TLUBINE * HZ P1lW

STAE . STAGE 2 STAGE ONE STAGE TWO TTAGE THREE

......... ....... ... a. ....... .

EFFICIENCY 0.80s 0.808 EFFICIENCY 0.642 0.62) 0.b6

.(SEPOWER 950. 048. HORSEPOWER I1(9. 3178. 36S.

SPEED (RPM) 124983. 12(.983. ',PEED (RPM) 1246"S. 12"83. 124183.

MEAN DIA (IN) -.47 3,47 ', SPEED 731. 730. 744.

EFF AREA (IN2) 0.2) 1-.6 HEAD (FT) 68442. 41325. 47o0).

J/C (IDEAL) 0.493 0.494 DIA. 1IN) 3.69 3.02 '.30

MAX TIP SPEED 1895. 1899. TIP SPEED 10)2. (647. 1647.

-ELTA H 237. ý37. VOL. FLOW 61-. 307. 3'06.

GA"MA (ACT) 1 .43 1.43 HEAD COEF 0.S4A 0.514 0.499

'RESS RAT)O(T/T _.53 FLOW CCEF 0.m 0.092 0.091

* 0' BOOST TURBINE - 02 BOOST P •
........... PUMP• . .:

EFFICIENCY 0.8' EFFICI;ENCY 0.764

ý.ORSEPOWER 21. HORSEPOWER :I.

SPEED (RPM) (32. SPEED 2 (RPM) 123z4.

"EAN DIA (IN) SP..E3 SPE 0-4.

4F AREA (IN2) 2.32 'EAD (FT) 241.

"•/C (IDEAL) 0.512 0IA. (IN) 2.44

AMA TIP SPEED 280. TIP SPEED 131.

3TAES A . f,7. FLOW 2Z6.

LELTA H (ACTI 5.;:- -'E-D COEF 0.451

?AMtA (..3 Fl, CW CoEF 0.200

O'ESS RATIO (T/T) I

- 02 TURBINE * . 02 PuM9

-'FICIENCY 0.8r. t'F 1'C -N4Y 0.740

--1RSEPOWER ý.3' .'(RSEPOWFR 608.

I.•FFD (RPM) 7400b. PEE: LRPM, 74008.

"EA, DIA (IN) 7.-1 "PEED 1870.

='F AREA (IN2) 3.,4 -FAD PFT) 4976.

"C (IDEAL 1 0 .40 2A. (IN) 1.O

OAR TIP SPEED !22. %" FEED 15.

,ACES . 7TL. 42W 224.

•LTA H (ACT) loq(S -SC --. ,EPF 0-43

ANmA . ,0' . .. w CGEF 0. 157

.ES RATIO (TITI
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TABLE 50. -ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPAND)ER
ENGINE 50% OF DESIGN THRUST LEVEL

.. NG.NE !1 PERFORMANCE1 PA1RAM~E1RS

CHAMBEP PRESSURE80.

VAC ENGINE THRUST 10000.

DEL. VAC. ISP 479.7

TOTAL ENG.''E FLOW RATE 20.8
T HR OAT AREA 6.06.6
NOZZLE AREA RATIO 1000.0
ENGINE MXTURE RATIO 6.00

CHAMBER/NO,'?LE COOLANT OP 547.
CHAMBER/NOZZLE COOLANT DT 730.

ETA C- 0.99q3
CHAMBER/NOZZLE 0 6340.

ENGINE 'STATION CONDITIONS
. . .....................

FUEL 'SYSTEM CONDITIONS
STATION PRESS TEMP FLOW ENTHALPY DENSITY

B.P. INLET 18.6 37.4 2.8 - 107.s 4.37
B.P. E XIT 66.0 38.2 _.98 -104..5 4.38

PUMP INL ET 66. 0 38.2 28 -104. 3
1ST STAGE EXIT 13' 5.6 605 2.98 - 14.0 4.27

JBV INLET 1343.4 6 0.6 0.,6 .1. 427
JBV EX I 9 08.0 b3.3 0.6 -1.0 38

'ND STAGE EXIT 19 8.7 71. 2.33 33.1 42
PUMP FXIT 2627.-5 81.8 2. 33 7 7.3 4.2
COOLANT INLET 2576 82.0 233 73 4
COOLANT E XIT 2 050.2 811.8 2.3 2803. 0.45

TEV I NLET 2049 812.0 0. 1 283. 0.44TBy E XIT 997'.3 ~''. 0.71 2803. 9 0.122
LOX TRS INLET 20 14.9 1.61 2803.9 0.44
L OX ORB EXIT 1788.8 7 .9 1.61 2712 0.40)

2 TRB INLET 188.8 7 92.9 16 23.2 0.40
H2 ORB8 EXIT 1051.3 712.3 1.,61 2431.9 0 .27

H TRB D1F F 10 4 1.7 712.4 11 24.9 0.2

H' 1 TR EXI 1022. 71. 1.6 246.402
H S ET TR 01F 100. 71. .1 2426.4 0.2b

02 BOTS RI 10118 71. 16 22.4 02

02 R T TR R EXIT 1 0 . 710 . 1 .6 1 24 23.4 0 .2

02 BST ORB 01FT 1 006.1 710.2 1.61 2423.4 0.26

H? TANK PRE SS 18.6 74 9.3 0.0 0!2 2540.0 0.0047
GOX HEAT E XCH I N 90 7.3 74 3.4 2.3 240.0 0.24
600 HEAT E X CH OUT 9 89. 1 743.0 .2 25.2 0.24
MIXER HOT I N 989.1 743.0 2.3L 2538.2 0.24
MIXER COLD IN 908.0 63.31 0.66 -3 .0 3.80
MXER OUT 9 07.1 584.2 2.8 1976.3 02

FSV INET 907. 5 84.2 1. 176.3 0.2-8

FSV EXIT 8814 58. 2.98 1976".3 0.27
CHAMBER INJ 871.,8 584.3 2-98 1976.3 0.27

CHAMBRER 801.9

OXGNSYSTEM CONDITiON

STATION PRESS TEMN P FLOWON ENTHALPY DENSITY
B.P. INLET 16.0 162.'7 17.90 6. 11H.P. EXIT 84.3 163.1 17.90 61.-3 7 1.17
P UMP INLET 84.3 163.'1 1 7.9 6 . 3 7 1.17
PUMP EXIT 1800.0 172.6 17.90o 67.9 7 1.28

02 TANK PRESS 16.0 400.0 0.03 204.9 0.12,
P05W INLET 1793.4 172., .2 67.9 717
PSV EXIT 1989.0 175.6 5.0 7.9 69.97

OCV INLET 1793.4 72.6 1.767.9 71.27
OCV EXIT 836.5 176.2 12.67 .7.9 69.72
PRIMARY INj 954.8 17S.7 5.20 67.9 6g..I
SE CONDARY INJ 830.2 17-.2 12.- .7.9 b9.71

CHAMBER 
801.9

VALVE DATA

VALVE DELTA P 1F1LO. BYPASS
JBV 4-'- 0.323 0-i6 220
TBV 1018. 0.072 0.71 30.63

POSy 834. 0.032 52

OCV 957. 0.073ý 12.67

IN JFrTljR DATA

FUEL , GRID

Pplm,ý SECOND

DELP MAN 10.05 l~. 1.15
DELP I NJ 59.81 I52 28.32
AREA 1.14 0,C 0.4

FLOW .8 .20 1.6
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"TABLE 50. - ADVANCED ENGINE 7ARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 50% OF DESIGN THRUST LEVEL (CONTINUED)

.. . .. . . q. ::: :: :.l...... .. ...........m
•TURROMACHINERY PERFORMANCE DATA

1• 2 BOOST TURBINE * EQ BOOST PUM

EFFICIENCY 0.784 EFFICIENCY 0.675

HORSEPOWER i3. HORSEPOWER 13.

SPEED IPPM) 304.4. SPEED (RPPM 30494.

MEAN DIA (IN) 1.90 S SPEED 2148.

EF AREA (,112. 1.45 i:AD (FT) 1560.

U/C (IDEAL) 0.5(2 DIA. (IN) 2.18
MAX TIP SPEED 252. TIP SPEED 290.

S'AGES I. VOL. FLOW 306.

DFLTA H (ACT) 5.4. HEAD COEF 0.597

GAMMA 1.39 FLOW COUF 01153

PPESS RATIO TIT/I 1.01

- HI TURBINE *H2 PUMP•

STAGE I STAGC 2 STAGE ONE STA;E TWO STAGE THREE

FFFICIENCY 0.766 0.775 EFFICIENCY 0.602 0.61s 0.620

HORSEPOWER 347. Z3, HORSEPOWER L86. 152. 145.

SPEED (RPM) 9200). '2001. SPEED (RPM) 92001. 92001. 92001.

MEAN DIA (IN) 3.47 3.47 S SPEED S47. (96, 818.
EFF AREA f(IN2) 0.21 0.26 HEAD (FT) 4-S44. 22073. 2(323.

U , (IDEAL) 0.442 0.452 DIA. (IN) 3.69 3.02 3.72

MAX TIP SPEED (305. 1305. TIP SPEED 1481. 1212. 1212.

DELTA H I52. 147. VOL. FLOW 3I(. 245. '4:.
.A'lA (ACT) (3A I.30 HEAD COEF 0.62' 0.483 0.467

EPESS RATIO) IT (,T 1.1, FLOW COEF 0.064 0.100 0.102

..... ,.........-...°. ...... ..... ....

n ROOS ,T 1U TNE .: • 02 P 5T) PUMP

EFFICIENCY 0.784 EFFICIENCY 0.674

f1nRSEFpO6.R 7. HORSEPOWER 7.
P0EED (PPMl 8074. SPEED (RP4) 8074.

MFAN (IA (1N) :.20 5 SPFT 2(2'.

L,ý AREA (I.7 2.02 HEAD (FYI 1(8.
iJ/C (IDEA. I 0,512 DIA. (INP 2.44

MAR TIP fP ED I(6. TIP SPEFO 8b.

-"AGES I. VOL. FLOW 113.

5))TA H 1ACT) 2H HEAD COEF 0.b02

GAMMA (.0 FLOW COEF 0.153

PPESS ATIO (T/TI) I.0

(-2 TURBiN•E 02 PU-
....,.......,., Zn,.•.

fI , IIy 0.7/7 EfFICIENCY 0-79

l*fGRSEP(,WFR I(. HnREIEPOWER 16,.

5)((D[ VIRII 5,75. fPEED IRPRI 567s5.

MEAN DIA (IN) 3.47 S SPEED 1334

(IF AREA (IN) 0.25 HEAD (FT) 34%,.

*Ur (I DEAtL) 0.307 DIA. (IN) 1.03

MAR lIP SPEED AH0. TIP SPEED 472.

SlTATE I. V L. FLOW I

[(tI TA H I A I 72.HE A. rIE F OE P 0.102

IAMMA (.3 FL OW C(71F 0.10Z
PA(;. RATIo WI) (.13
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TABLE 51. ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 10% OF DESIGN THRUST LEVEL

ENGINE PE1E•PL•MI63 PARAITEES

.C.•AMWR PRESSURE 158.2

VAC ENGINE THRUST 2006.
DEL.. VAC. ISP 7.719

TOTAL. ENGINE FLOW RATE 4.2
THROAT AREA 6. 066
NOZZE AREA RATIO 1000.6

ENGINE MIXTURE RATIO 6.w
CNAWRI"QZ-LE COOLANT OP 21 .
CIIAM•R/NDZZLE COOLANT DT 786.
ETA C- 0.995
CHAMBER/NOZZLE 0 174O.

ENDGINE STATIONd CONDITIONS3

FUEL O'OTEM CTNIITTONS

4TATION PRESS TEMP FLOW ENTIIALPY DENSITY
D.P. INLET 18., 37.4 0.60 -107.5 4.37

B.P. EXIT 25.6 37.6 0.60 - I ,.9 4.316
PUMP INLET 25.6 37.6 0.-0 -106.9 4 36

12T OTAGE EXIT 272., 45.2 0.60 -B9.9 4.11
JBV INLET 272.- 45.L 0.00 -80.9 4.21

JBV EXIT 187.6 45.9 0.00 -86.9 4.11

,ND STAGE EXIT 420.S 48.1 0.60 -69-.5 4.19
PUMP EXIT 563.0 50.8 0.b0 -56.6 4.12

COOLANT INLET 561.0 50.8 0.60 -56.6 4.17
COOLANT EXIT 347.0 8a7.0 0.60 2as5.[ 0.0

TBV INLCET 333.5 837.1 0.36 '8ss.1 0.07
TBV EXIT 217.1 837.9 0.36 2855.2 0.0s

LOX TER INLET 333.5 837.1 0.2-3 28%.1 0.01
LOX TER EXIT 305.3 826.7 0.23 2818 0.07
H2 TRB INLET 305.3 826.7 0.-3 2813.6 0.07
H2 TRB EXIT 224.8 792.0 0.2s Z693.9 0.6s
H2 TRE DIFF Z23.7 792.0 0.2-3 695.9 0.0s
H2 BST TRE IN 222.8 79.•3. 0.23 2693.9 0.05

h2 BST TRE EXIT 221.7 7:1.5 0.23 2692.2 0.9s
H2 BST TRE DIFF z21.5 791.5 0.2-3 2692-.2 0.05
02 EST TRB IN 220.. 14l.S 0.23 2692.2 0.05

02 PST TRE EXIT 220.0 741.3 0.23 2691.4 0.05
02 BST TRB DIFF 22'0.0 791.3 0.23 2691.4 0.05

H2 TANK PRESS 18.b 821.0 0.0006 2791.4 0.00-3
"30X HEAT FXLH IN 217.1 819.7 0.60 2791.4 0.05

GOX HEAT EXCH OUT 214.4 819.3 3.60 2796.0 0.05
MIXER HOT IN 214.6 81q.3 0.60 27W6.8 0.0s

MIXER COLD IN I87.. .". q 0.00 -80.9 4.11
MIXER OUT 197.. 81-.5 0.6,0 270.6 0.04
,3V INLET 187.. 916.5 0.-0 2790.O 0.04.

P3V EXIT 180.5 819.6 0.60 27911. 0.04
CHAMBER INJ 178.0 61q.6 0.60 2796.6 0.04
CHAMBER 158.2

o OXYGEN SYSTEM CONDITIONS
'ITATION PRESS -MP FL0W ENTM.PVY DENSITY

B.P. INLET 1.0 !:,..
7  

3.59 .1.1 ;1.17
S.P. EXIT 2S.S : -'.8 3.59 .1.1 71.16
PUMP INLET 25.5 1-.8 3.59 6 7.3 1.1b

PUMP EXIT 4.23.5 ,7. 1 3.59 60.5 70.02

02 TANK PRESS 1-.0 ,00.0 0.01 -04.8 0.12
POSV INLET Z20.2 l 2.a8 .3.5 o.892
POOV EXIT 232.6 ;7.6 2.-8 3.5s 70.46

3CV INLET 4 ,723. ST.1 3.60 63.5 70.02

"ýCV EXIT i58.z :48.0 0.-0 63.s 70.3."XQIMARV !NJ E., ;,A 2.b6 60.s 70.45
-FCON'ARY ;61 '.8" X.3 0 . 0 ", 20.28

HAMEER 58.2

,ALVE f-TTA

VALVE CELTA P F.t6A VIOW B YPASS
-BV . ,3 3.00 0.0

" 16 . .' 3'V.4 , 1.09

.3 3.60

R-ARy I2 3OND
C•ELP MAN 2.6=8 . .6 3.02

3•ELP 18J 17.10 •.3.4.1 3.14

OL3IW ).60 .'a 0.90
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TABLE 51. - ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 10% OF DESIGN THRUST LEVEL (CONTINUED)

: *;ý"D r*il*"**. zI";;l Tmlmimm*m

.......... :::: ...........% T.: IR .I n .:HNER PERFORMANCE DATA •

H2I' BOOST TURBINE * * HZ BOOST pUPL9

EFFICIENCY 0.43 EFFICIENCY 0.444
HORSEPOWER I. HORSEPOWER 1.

SPEED (RPM) 10195. SPEED (RPM) :0195.

MEAN DIA (IN) 1.90 S SPEED 1362.
EFF AREA (141.) 1.45 HEAD (IFT: 28.
U/C IDEAL) 0.5s2 DIA. (INC 2.18
MAX TIP SPEED 84. TIP SPEED 97.

STAGES I. VOL. FLOW b6.
SELTA H 'ACT) 1.69 HEAD COEF 2.781

GAMMA 3.41 FLOW COEF 2.392
PRESS RATIO CT/TI 1.01

- HZ TURBINE . HZ PUMP

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE TF•REE

EFFICIENCY 0.49S 0.538 EFFICIENCY 0.415 3.571 0.577

HORSEPOWER 22. 39. HORSEPOWER 22. 10. 9.

SPEED (RPM) 39541. 39543. SPEED (RPM) 39541. 1-541. 39s4l.
MEAN DIA (IN) 3.47 3.47 5 SPEED 361. 527. 540.

EFF AREA I N2) 0._3 0.26 HEAD (FTI 8363. 5061. 4910.

U/C (IDEAL) 0.2.1 0.258 DIA. (IN) 3-9 3.02 3.02

MAX riP SPEED 599. 599. TIP SPEED 636. S21. 523.

DELTA H b6. 58. VOL. FLOW 64. 64. 64.

GAHA (ACT? 3.41 3.43 HEAD COEF 0.-64 0.600 0.582.

PRESS RATIO(T/T 3.03 1.35 FLOW COEF 0.030 3.060 0.062

02 BOOST TURBINE Z 02 BOOST PUMP

EFFICIENCY 0.415 EFFICIENCY 3.117

HORSEPOWER 0. HORSEPOWER 3.

SPEED (RPM) 2633. SPEED (RPM) -. 33.

MEAN DIA fIN) S.20 SPEED :41.

EFF AREA tIN2 2.02 HEAD (FT) iq.

U/C (IDEAL) 0.532 DIA. (IN) 2.44

MAX TIP SPEED •0. TIP SPEED 28.

STAGES 1. VOL. FLOW 23.

DELTA H (ACT) 0.87 HEAD COEF 2. AZ

GAMMA I .1 FLOW COEF 394

PRESS RATIO IT/T) 1.03

- 02 TURBINE 4 • 02 PUMP •

EFFICIENCY 0.51b £FFICIENCY

ýORSEPOWER (2. HORSEPOWER 1I.

'PEED (RPM) 24539. SPEED PRPM) 2,5s1.

MEAN DIA :IN] '.47 5 SPEED 333.

EFF AREA (!N,) 0.25 HEAD 0T) 339.
J/C 'IDEAL) 0.213 DIA. :IN) A.Go

MAX TIP SPEED 402. T1P SPEED 223.
TTAGES I. VOL. FL.W

DELTA H 'ACT) 22.34 'BAD COEF 1.5'7

SAMMA (.42 FLUW C0EFF

IRESS PATIO ýT'T( :1
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TABLE 52. ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER

ENGINE 5% OF DESIGN THRUST LEVEL

ENGIIE PERFIWNAOUE PARA4ETERS
...............

COAMNER PRESS.URE 78.6

VAC ENGINE THRUST 1000.

DEL.. VAC . ISP 478.S

TOTAL ENGINE FLOW RATE 2. I

THROAT AREA 6.066

NOMZEZ AREA RATIO 1000.0

ENGINE MIXTIRE RATIO 6.00

cOAIER/9DZ2LE COOLANT DP q-

CHADUER/fOZZ1-E COOLANT DT 891-

ETA C- 0.993

CHA188/MOZZLE 0 980.

EMGINE STATION CONDITIONS
. . ......................

FUEL 2'2EM CCNDITI--N.3

STATION PRE3S TEMP FLOW ENTHALPY DEt. ITY

O.P. INLET 18.6 .2 0.30 -107.S 4.S7

H.P. EXIT n1.3 37.5 0.30 -107_1 4.-6

PUMP INLET 21.3 :7. 0.30 -107.2 4.16

IST STAGE EXIT 128.5 41.9 0.30 -90.7 4.26

JBV INLET 128.5 '.1.4 0.00 -%3.7 4.Z6

JBV EXIT 0S.2 -2. 1 0.00 -93.7 4.-Z

21N STAGE EXIT 19S.0 ( 43.4 0.30 -88.0 4.24

PUMP EXIT 259.3 44.8 0.30 -82.5 4.12

COOLANT INLET 258.8 44.8 0.30 -82.5 4.22

COOLANT EXIT 162.8 .36.Z 0.30 3197.0 0.00

TRV INLET 154.8 Q36.3 0.21 3197.0 0.03

Tov EXIT 111.5 06.6b 0_.1 3197.0 0.02

LOX TR8 INLET 154.8 016.3 0 .09 3197.0 0.03

LOX TRO EXIT 144.0 029. 1 0.09 3171.5 0.00

H2 TR8 INLET 144.0 .2'.1 0.09 3171.8 0.03

H2 TRO EXIT 114.8 .06.5 0.09 1092.6 0.02

H2 TRO DIFF 114.4 -0b.5 0.09 30%2.6 0.62

HZ 8ST TRB IN 11 4.1 06.5 0.09 309Z.6 0.02

H2 BST TOB EXIT 13.7 006.2 0.0. 3091.6 0.02

H2 BST TRB DIFF 110.6 006.1 0.09 3091.6 00-r2

02 EST TRB IN 113.3 0o.. 0.09 3091.. 0.2z

02 BST TRO EXIT I11.1 006.1 0.09 ý091.1 0.02

02 EST TR9 DIFF 113.1 006.1 0.09 0091.1 0.02

H2 TANK PRESS 18.6 027.7 0.0003 3160.9 0.00w

GOX NEAT EXCH IN -^1. , '7.I _._3 21.3.9 0.02

3X HEAT EXCH OUT 110.0 0_6.7 3.30 3162.s 0.02

'9ER HOT IN 110.0 26.-7 0.30 3162.5 0.02

•IXER COLD IN 9S.2 .. 2. 0.00 -.3.7 4.22

"MIXER OUT 5.2 026.8 3.30 3162.5 0.02

F2V INLET .5.2 026.0 3.20 21i2.5 0.02

FSV EXIT q1.2 026.8 3.30 3162.5 0.0Z

CHANBER INJ 80.8 026.8 0. !0 3162.S 0.02

CHAAMBER 78.b

OXYGEN SY'STEM CONDITIONS

2TATION PRESS TEIP F ON ENT LPY DENSITY

9.P. INLET I6.0 .o.7 I.o .1.1 71.17

B.P. EXIT 19.. 2,7 , =I1 21.1.

PuP INLET 19.6 .. ,; 1.20 .1.1 71.1.

PU2W EXIT IO6.1 :o
5

.2 6.;' .2.4 70.91

o2 TANK PRESS 16.0 .00.0 - 20 204.8 0.11

,OwV INLET 106.0 .5.2 . .2.4 70.11

P7SV EXIT 100.4 l... :9 .2.4 70.75

,CV INLET 106.0 .o5.2 2.3 .4 70.91

CV EXIT 78., ,5, j 2.23 .2.4 20.3;

'RI MARY INJ 06.4 .. 5.. :..S ,!2.' 70.75

EC ONDARY INJ 78.6 2 ..o " 3 .4 73.72

.A1.8ER 78.

.A°oE -ArA

JALVE P. TA P -PEA -L"W BYPASS
XBV .;. .23 3.07 3.00

,qV .. 5 > 87

.. V

:CV . . .203 .33

L "o i;*TA

~Q 2',4TA

.UEL. . ,, 01
EraV ZCND

:rLP MAN '.51 2.30

2fLP 'Il 0.71 -, 3 0

-E;.14 . 4

I ON 3.a0 .30
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TABLE 52. - ADVANCED ENGINE PARAMETRIC STUDY SPLIT-EXPANDER
ENGINE 5% OF DESIGN THRUST LEVEL (CONTINUED)

: T"R*0*B4h'I NE'IY PE' M"A*CE DATA'

........ :::::............

.HM2 BOOST TURBINE MZ BOOST PUMP
............. .... ..

EFFICIENCY 0.314 EFFICIENCY 0.376

HORSEPOWER 0. HORSEPOWER 0.

SPEED (RPM) 615Z. SPEED (RPM) 6152.

MEAN DIA (IN) 1.96 S SPEED 1187.

EFF AREA (IN2) 1.45 HEAD (FT) 88.

U/C (IDEALI 0.512 DIA. (INI 2.)8

MAX TIP SPEED 51. TIP SPEED 58.

STAGES I. VOL. FLOW 41.

ZELTA H ZACTI 0.97 HEAD COEF 0.828

GAMMA 1.43 FLOW COEF 0.076

PRESS RATIO (T/TI) 1.01

-H2 TURBINE : H2 PUMP

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE THREE
..... .... ... .... . .... . ..

EFFICIENCY 0.370 0.417 EFFICIENCY 0.3.0 0.508 0.515

HORSEPOWER 6. 5. HORSEPOWER 6.

SPEED (RPM) 259e3. 25943. SPEED (RPM) 25943. 25943. 2594*3.

MEAN DIA (IN) 3.47 3.47 S SPEED 314. 446. 457.

EFF AREA (IN2) 0.21 0.26 HEAD (FT) 3590. 2254. 2190.

U/C (IDEAL) 0.163 0.188 DIA. IN4 3.69 3.02 3.02

MAX TIP SPEED 393. 393. TIP SPEED 418. 342. 3ý42.

DELTA H 43. 36. VOL. FLOW !1. 32. 12.

GAMMA (ACT) 1.43 1.40 LEAD COEF 0.6-2 0.621 0.603

PRESS RATIOIT/T 1.33 1.35 FLOW COEF 0.023 0.046 0.046

- 02 BOOST TURBINE - 02 BOOST PUMP

EFFICIENCY 0.307 EFFICIENCY 0.369

HORSEPOWER 0. HORSEPOWER 11.

SPEED [RPM) I579. SPEED (RPM) 1579.

MEAN DIA IN1 5._0 S SPEED :188.

OFF AREA (;N2) 2.02 HEAD (FT)

U/C (IDEAL) 0.512 DIA. (IN) Z.44

MAX TIP SPEED 36. TIP SPEED 17.

STAGES I. VOL. FLOW ii.

DELTA H (ACT) 0.49 HEAD COEF 0.8Z9
GAMMA 1.43 FLOW COEF 0.078

PRESS RATIO (T/T) 1.01

-02 TURBINE * . 02 PUMP

EFFICIENCY 0.383 EFFICIENCY 0.'52

HORSEPOWER 3. HORSEPOWER

.PEED (RPM) 17635. SPEED (RPM) 176S5.

MEAN DIA :1N( 3.47 5 SPEED 72 .

EFF AREA (IN2) 0.25 HEAD EFT) -58.

U/C 'IDEALI 0.147 DIA. (IN) 1.Ao

MAX TIP SPEED 267. 71P SPEED :47.

,TAGES I. VOL. F.OW
::ELTA H fACTI 25.18 HEAD CCEF Z.537

!UAMMA 1.40 FLOW CGEF _033

-RESS PATIO T/T) 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 PERFORMA PARAMETERS
........................w .......... m..

CHAMBER PRESSURE 1763.9
VAC ENGINE THRUST Z000.

DEL. VAC. ISP 480.9
TOTAL ENGINE FLOM RATE 41.7
THROAT AREA 5.547
NOZZLE AREA RATIO 1000.0

ENGINE M4IXTURE RATIO 6.00
CH)AIER/NOICLE COOLANT OP 874.
CHAIER/NOZZLE COOLANT OT S03.
ETA C- 0.993
CHAMER/NOZZLE 0 11396.

ENGINE STATION CONDITIONS

- FUEL SYSTEM CONDITIONS
STATION PRESS TEMP FLOW ENTNY DENSITY

B.P. INLET 18.6 37.4 5.96 -107.5 4.37
B.P. EXIT 100.2 _ 8.5 S.96 -103.0 4.39
PUMP INLET 100.2 18.5 5.96 -103.0 4.39

iST STAGE EXIT 1877.6 .3.7 5.96 8.5 4.42
:ND STAGE EXIT 364L.0 87.7 5.96 118.3 4.47
PUMP EXIT 5403.z 110.6 5.96 Z26.1 4.S4

COLD REGEN IN 5349.1 III.1 5.A6 ZZ6.1 4.S2
COLD REGEN EX 5295.6 255.4 5.96 757.5 2.73
COOLANT INLET 5295.6 255.4 5.96 757.S 2.73
COOLANT EXIT 4421.6 758.6 5.96 2660.9 0.96

TBV INLET 4377.3 758.9 0.31 2668.9 0.95

TBV EXIT 2035.2 773.8 0.31 Z.6,.9 0.47
LOX TRO INLET 4377.3 758.9 5.65 Z668.9 0.9s
LOX TRB EXIT 3978.6 744.7 S.65 2603.9 0.89
H2 TR8 INLET 3978.6 744.7 5.65 26E11.9 0.89

H2 TRB EXIT 2162.4 657.7 s.65 2261.7 0.58
H2 TRB DIFF 2131.1 b57.8 5.65 2261.7 0.57
H2 OST TRO IN 2109.8 58.0 5.65 s 261.7 0.56
-Z OST TRO EXIT 2090.5 656.1 5.65 2_57.0 0.56
HZ BST TR8 DIFF 2077.0 056.8 5.5 2257.0 0.56
72 OST TRO IN 2056.3 56.9 5.65 2257.0 0.55
02 DST TR8 EXIT 2046.9 .56.Z 5.65 2254.4 0.55
02 EST TRO DIFF 2045.4 56.3 5.65 2254.4 0.5s

H2 TANK PRESS 18.6 .7!.S 0.0071 2275.8 3,0052
3OX HEAT EXCH IN 2035.2 .. o.4 5.-5 3275.8 3.54

OX HEAT EXCH OUT 2026.0 6iZ.0 S.65 ZZ74.4 0.54"-OT REGEN IN 2026.0 662.0 5.65 2764.4 0.54
-OT REGEN EX 1065.4 507.3 5..5 1714.0 0.67

FSV INLET 1-65.4 5230.9 5.95 1763.4 3...
FSV EXIT 1916.2 521.1 5.95 1763.4 0.4
CHAMBER IN.J 1897.1 5: 1.2 5.95 1763.4 3.b3

CHAMBER 1763.5

• OXVGEN SYSTEM CONDITIONS
TTATEON PRES;S -P PFLOW ENTHAPY ZPNSITv
S.P. INLET 16.0 1.2.7 ,5.77 -1.1 "i.17
3.P. EXIT l-e4.9 1,3.3 5.77 61.5 7I.20

PUMP INLET 134.9 1.3.3 3S.77 .1.5 7 1 .2! 0
PUMP EXIT 2852.9 176.1 -5.77 70.9 71.70

02 TANK PRESS 16.0 403.0 3.06 204.8 3.1z
POSV INLET 2804.3 176.2 8.5s 70.9 71.5
POSV EXIT :!09.8 779.2 8.55 0.9 70.86
7CV INLET :824.3 :76.2 27.16 70.9 '1.5
.CV EXIT !'36.8 2'., 27.16 ;0. Cl.27

PRIMARY [NJ 2210.0 1 78.5 B.5s '0.9 7o.;O

2TCONDARV 14J "aTs-, l'-.? Z7.14 ;0.9 ~ 2
• IAMOER 173•.0

VALVE DIATA

SALVE CELTA P 4REA F1..W BYPASS
"3V 242. 7.014 0.31 5.17

i.s20 S..%
;'". 7 3,7 9.55

3CV 187. 2.I.l 27.16

:4,.FC7TR DATA

FEL - . 4010

DRIM-ARY SECOND
-ELP MAN :,..3 " 5.71
-ELP INJ : : .. o3 -o £ 141.-6
'REA :.05 7 3.41

SLOW .. 5 27.16
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TABLE 53. - ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 100% OF DESIGN THRUST LEVEL

(CONTINUED)

STLRnw34I EWY PERFORMANE DATA

............. .. ::.........a ........
H BOOST TLURBINE - :.2 BOOST .PUMP.

:.1.12 ..... ....... ............

EFFICIENCY 0.797 EFFICIENCY 0.766

HORSEPOWER !8. HORSEPOWER 38.

SPEED (RPM) 45998. SPEED (RPM) 45998.

MEAN DIA (IN) 1.30 S SPEED 3047.

'FF AREA (IN21 2.49 HEAD (FT) 2682.

w/C (I(DEAL1 0.478 DIA. (IN) 2.18

MAX TIP SPEED 260. TIP SPEED 437.

STAGES 1. VOL. FLOW 609.

DELTA H fACT) 4.75 HEAD COEF 0.451

GAMMA 1._5 FLOW COEF 0._01

PRESS RATIO (T/T) 1.01

- H2 TURBINE * H, PUMP •

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE THREE

.................. .......... .................. ...................
EFFICIENCY 0.8*1 0.8g28 EFFICIENCY 0.668 0.669 0.670

HORSEPOWER 1388. 1,87. HORSEPOWER 941. 925. 909.

SPEED (RPM) 124911. 1249l1. SPEED (RPMN 124911. 124911. 124911.

MEAN DIA (IN) 2.78 2.78 S SPEED 822. 826. 831.

EFF AREA (IMZ) 0.31 0.40 HEAD (FT3 58028. 57176. 56217.

U/C (IDEAL) 0.471 0.461 DIA. (1N) 3.43 3.43 3.43

MAX TIP SPEED 1515. 1515. TIP SPEED 1869. 1869. 1868.

DELTA H 174. 173. VOL. FLOW 605. 599. 589.

GAMMA (ACT) 1.35 1.35 WEAD COEF 0.535 0.527 0.518

PRESS RATIO(T/T 1.34 1.37 FLOW CDEF 0.099 0.099 0.099

- 02 BOOST TURBINE 0 * 02 BOOST PUMP -

EFFICIENCY 0.863 EFFICIENCY 0.764

HORSEPOWER 20. HORSEPOWER 20.

SPEED (RPM) 12315. SPEED (RPM) 12315.

MEAN DIA IN) 3.68 a S -PEED 20:8.

EFF AREA (!N2) .-0 HEAD (FT) 241.

U/C (IDEALI 0.514 DIA. (IN) 2.44

MAX TIP SPEED 198. TIP SPEED 131.
STAGES 1. vOL. FLOW 226.

DELTA H tACT( 2.5. HEAD COEF 0.450

GAMMA 1.3'5 FLOW COEF 0.201

PRESS RATIO (T/T) 1.00

O2 TURBINEa 02 PUMP

EFFICIENCY 0.852 EFFICIENCY 0.739

HORSEPOWER 480. HORSEPOWER 480.

SPEED (RPM) 76933. SPEED (RPM) 76933.

MEAN DIA ýIN) 2.S8 : SPEED 1813.
EFF AREA (tN2) 0.43 HEAD (FT) 5457.

W/C ((IEAL( 0.496 DIA. tiN) 1.92

MAX TIP SPEED TI3. T(P SPEED 644.

,TAGES . vO4L. FLOW 224.

SELTA H :ACT( .3.04 -EAD CCEF a.42

3AMMA .35 FLOW CCEF 0.154

/RESC RATIO7 ,T) :.Io

UEGENERATOR DATA

:-L- SIDE HOT SIDE

TELP S2.52 s OO.l

-ELT :.4.314 -(54.2O

AREA 3.41 1.4.

PLOW s.96 5.5
EIFECTIVENESS a.38
MTU 2.40

-RATIO 3.0

CHIN 23.4?
REGEN 0 (16,..;5

203



TABLE 54. - ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER

ENGINE WITH A HYDROGEN REGENERATOR 50% OF DESIGN THRUST LEVEL

ENGINE PERFO•MANCE PARAMETERS

CHAMIER PRESSUIRE 877.S
VAC ENGINE THRUST 10001.

DEL. VAC. ISP 479.0

TOTAL ENGINE FLOW RATE 20.3
THROAT AREA S.S47

NOZZLE AREA RATIO 1000.1
ENGINE MIXTLIRE RATIO X.08

C RJAM-ER/ND E COOLANT OP 703.

CHAIER//NOZZLE COOLANT DT 599.

ETA C- 0.993
CHANER/NOZZLE 0 6582.

ENGINE STATION CONDITIONS

- FUEL SYSTEM CONDITIONS
STATION PRESS TEMP FLOW ENTHMPY DENSITY

B.P. INLET 18.6 "7.4 2.08 -107-.S 4.7

B.P. EXIT ,2.5 37.9 2.98 -105.6 4.=8
PUMP INLET 52.S 07.9 208 -195.6 6.m3
IST STAGE EXIT 896.4 51.0 2.98 -S3.2 4.36

'ND STAGE EXIT 1724.1 Z..4 2.08 5.9 4.2.

PUMP EXIT 2535.4 75.3 2.08 56.7 6.37
COLD REGEN IN 2521.4 75.4 2.98 56.7 4.16
COLD REGEN EX 2502.1 262.1 2.98 751.9 1.55
COOLANT INLET 2502.1 262.1 2.98 751.9 I.Ss
COOLANT EXIT 1799.1 851.6 2.08 2939.4 0.33

TBV INLET 1770.9 851.8 0.q94 2939.4 0.37

TBV EXIT 1018.3 856.6 0.94 2939.6 0.22

LOX TRB INLET 1770.9 851.8 2.04 2939.4 0.37

LOX TRA EXIT 1628.9 839.0 2.04 2890.7 0.3

H2 TRA INLET 1628.9 839.0 2.04 2890.1 0.35
H2 TRB EXIT 1057.4 775.5 2.04 26654.1 0.2'5
H2 TRB 01FF 1047.6 775.6 2.04 2654.1 O.2s
m2 BST TRB IN 1041.1 775.6 2.04 2654.1 0.24
12 BST TRB EXIT 1035.1 774.8 2.04 2651.2 0.24

H2 BST TB DfFF 1030.9 774.9 2.0e 2651.2 0._4
02 BST TRB IN 1024.7 774.9 2.04 2651.2 0.26

02 BST TSR EXIT 1021.8 774.5 2.04 2649.7 0.24
02 BST TAR DIFF 1021.4 774.5 2.04 2669.7 0.24

H2 TANK PRESS 18.6 806.6 0.0030 2740.7 0.0R"
GOX HEAT EXCH IN 1018.3 800.4 2.04 274R.7 0.22

OX HEAT EXCH OUT 1015.5 709.8 2.04 27Z3.7 0.23
HOT REGEN IN 1015.S 7008 2.04 27Z8.7 0.:3

HOT REGEN EX 996.7 514.2 2.04 1726.9 0._5

='SV INLET 146.7 .20.3 2.08 2106.5 0.29
FSV EXIT 467.6 -20.4 2.08 2106.5 0.2'8

CHAMBER INJ 156.8 020.5 2.08 2106.5 0."8
CHAMBER 877.4

A OXYGEN SYSTEM CONDITIONS

.TATION PRESS TEmP FLOW ENTHAPY DENSITY

F.P. INLET 1e.O 1.2.7 17.00 .1.1 71.1)
B.P. EXIT .4.7 1o..0 17.00 61.2 71.18

PUMP INLET ,4.7 1,..0 17.q0 .1.2 11.18
PUMP EXIT 1S71.S 1i70.8 17.ý3 0 6.8 71.¢

02 TANK PRESS I..0 400.0 3.02 206.8 0.12
POSV INLET 1564.3 170.9 .. 87 o... 71.-4
'OSY EXIT 12-30.4 172.1 oX? .6.8 .0.80

'CV INLET 15,4. . 2. 11.20 o,..i 71.24"CV EXIT 105.8 l,.2 11.20 6.8 70.27

PRIMARY INJ 1166.0 172.3 o.87 6.8 70.70"LECONDARY INJ 0r7,7 172.2 123 .o6.8 "a.26

,CHAMBER 877.6

,ALVE C.TA

VALVE DFLTA P UAF-A 'LCW BYPASS
TC 'l. . S 3.a4 -2i.6.2

_sV -'. X -.- 9

.583 114. Co? o.87

oCV ,',0 276 1I.20

"FC* 'ATA

vF'EL •. -5o

-ELP MAN l.25 C.:. 2.57

7ELP INJ s8.07 'm . 22.15
AREA 1.05 .C"41

'LOW C.99 i!.00
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TABLE 54. - ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER

ENGINE WITH A HYDROGEN REGENERATOR 50% OF DESIGN THRUST LEVEL
(CONTINUED)

* TURB~qO4•ItERY PERFORMA.NCE DATA -

........ ::: ........ .......

: H2 BOOST TJRBINE = ND BOOST ptIe

EFFICENCY .648EFFICIENCY 0. 729

HORSEPOWER B. HORSEPOWER 8.
SPEED (RPM) 27083. SPEED [RPM) 27083.

MEAN DIA (IN) 1"30 S SPEED 2454.

EFF AREA (IN21 2.49 HEAD (FT) IllS.

U/C IIDEAL) 0.478 DIA. (IN) 2.18

MAX TIP SPEED 113. TIP SPEED 257.

STAGES I. VOL. FLOW 306.

3ELIA H [ACT) 2.87 ,EAD COEF 3.54

GAMMA 1.45 FLOW COEF 3.172

PRESS RATIO (T/TI 1.01

: H2 TURBINE * N' PUMP

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE THREE
....l.. ....... ...... ......... . ...

EFFICIENCY 0.690 0.713 EFFICIENCY 0.646 0.649 0.652

HORSEPOWER 363. 321. HORSEPOWER 23. 228. 222.

SPEED (RPM) 81622. 8162Z. (PEED 1RPM) 81622. 81622. 81622.

MEAN DIA (IN) 2.78 2.78 S SPEED 663. 673. 683.

EFF AREA IIND) 0.31 0.40 HEAD (FT) 27819. 27316. 26753.

U/C (IDEAL) 0.328 0.354 DIA. IIN) 3.43 3.43 3.43

MAX TIP SPEED 990. 990. TIP SPEED 1221. 1221. 1221.

DELTA H 125. Ill. VOL. FLOW 307. 307. 306.

,AMMA (ACT) 1.45 1.45 HEAD COEF 0.600 0.589 0.578

PRESS RATIOIT/T 1.34 1.37 FLOW COEF 0.076 0.018 0.379

0 BOOST TURBINE * 02 ROOST PUMP

EFFILIENCY 0.701 EFFICIENCY 3.729

HORSEPOWER 4. HORSEPOWER 4.

SPEED (RPM) 7188. SPEED "RPMa -"F2AN DIA (IN) 31.8 S SPEED -2.
EFF AREA (N111 _.60 -EAD IFT)

I/!C (IDEAL 0.514 CIA. (IN) :.44

ZA5 TIP SPEED 115. -!P SPEED 77.

STAGES I. ýOL. PLOW 13!.

DELTA H tACT 1.52 TEAD COEF 2.542

GAMMA 1.45 LOW COEF ^.172

'RESS RATIO (T/TI 1.00

S02 TURBINE . * 02 PUMP

EFFICIENCY 0.704 E-ICIENCY 2.722

OQRSEPOWER 141. -ORSEPOWER :41.

IPEED (RPMI 50400. zEED RPM) 51400.

-EAN DIA :IN) 2.78 84PEED 84.

,'FF AREA IN2: 0.43 -=AD (FT) _D41.

dc "IDEAL) 0.348 2'A. IN) A

ýAx TIP 4PEED ,.8. -:P SPEED

GET ,. _L, FLOW ii:

_ELTA H (ACT) .6.72 -EAD C3EF 2-40

,AMMA 1.45 OW COEF .112
55•G RATIO VT '1 1.39

UEGENERATOR DATA

COLD SIDE QOT SIDE
:'ELP :0.24 ý8.84
.ýLT .ý..;0 -28 .5q

'REA 3.41 1.4.

-_ W .0 .4

F PCTIVENESS 3.39

TIO 3O5

-MIN

4EGEN 0 2272.35
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TABLE 55. - ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 10% OF DESIGN THRUST LEVEL

ENINIE PERFORMANE PARAMETERS
. ..... . .............

CHAMBER PRESSURE [73.1

VAC ENGINE THRUST 2040.

BEL.. VAC. ISP 479.8
TOTAL ENGINE FLOM RATE 4.2
THROAT AREA S.S41
NOZZLE AREA RATIO 1000.8
ENGIHE "I XTURE RATIO 6.N
CIIAMBER/NOZZLE COOLANT DP 142.
CHIAMBER/NOZZLE COCK-ANT DT 841.
ETA C- 0.993
CHAMBER/NOZZLE 0 L801.

ENGINE STATION CONDITIONS
S.....,•.... ..... .................•

- FUEL SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENTHAILPY DENITY

B.P- INLET 18.6 Z7.4 3.60 -107.S 4.37
B.P. EXIT 22.7 27.4 3.0- -107.2 4.37
PUMP INLET 22.7 3-7.4 0.0 -101.. 4..7
IST STAGE EXIT 162.8 41.1 0.60 -9.6 4.32
'NO STAGE EXIT 299.4 44.2 0-0 -82.1 4._7
PUMP EXIT 432.3 47.3 0.b0 -71.6 4.2_3
COLD RECEN IN 431.7 47.3 0.60 -71.6 4._1
COLD REGEN EX 428.9 Z76.1' 0.60 816.4 0.29
COOLANT INL[T 428,9 276.- 0.60 836.4 0.29

COOLANT EXIT 286.9 1118.1 0.60 M831.7 0.0S
TBV INLET 277.9 [118.2 0.37 3801.7 0.05
TBy EXIT 207.8 1118.7 0.37 1038.7 0.03

LOX TRB INLET 277.9 1110.2 0.23 !833.1 0.05

LOX TRO EXIT 2-63.3 [[[2.0 0.23 !4889.7 0.04
H2 TRO INLET 263.3 1112.0 0.2_3 S".7 0.04
H2 TRO EXIT 211.2 1085.8 0.23 3717.4 0.04
H2 TRB DIFF 210.3 1085.8 0.23 3717.4 0.04
H2 BST TRB IN 209.7 1085.8 0.23 S717.4 0.04
H2 BST TRO EXIT 209.2 1085.6 0.23 371&.5 0.04
H2 BST TRB DIFF 208.8 [0s5.6 a.22 27?14.5 0.04
02 BST TRO IN 208.3 1085.6 0.23 3716.5 0.04
02 BST TRO EXIT 208.1 [085.5 0.23 3716.1 0.04
02 ROT TRO DIFF 100.0 [085.5 0.23 3714.1 0.04

HZ TANK PRESS 18.6 1107.! J.0004 L787.1 0.0052
GOX HEAT EXCH IN 207.8 i[0s.9 0._3 3787.3 0.04
COX HEAT EXCH OUT 201.5 1104.8 0.23 3783.3 0.04
HOT REGEN IN 207.5 [104.8 0.23 3785.3 0.04
HOT REGEN EX 405.9 449.8 3.23 [482.7 0.09
FSV INLET 805.9 057.8 3.-O 29's.1 0.04
FSV EXIT 1-8.1 857.9 3-0 292.1 0.04
CHAMBER INJ Is5.2 857.9 0.30 295.1 0.04
CHAMBER 173.1

• OXYGEN SYSTEM CONDITIONS
STATION PRESS 7TMP FLo0 ENTNM.PY DIEITY
B.P. INLET [6.0 1,2.7 ;.59 1.1 71.17
O.P. EXIT 21.6 [o2.7 2.59 .1.1 71.17
PUMP INLET 21.6 1.2.7 !.S9 61.1 71.17
PUMP EXIT -S.b 1o5.1 L.59 b,.5 71 .03

02 TANK PRESS 16.0 -00.0 3.01 204.8 0.12
POSV INLET 293.3 ,5. 1 2.87 .2.% 71.03
POSV EXIT 2!4.6 i.5.4 2.87 2.S 70.93
OCV INLET 293.3 5. 23. 73 62.5 71.03
t1CV EXIT 173.2 1,5.. 3.70 -%.5 70.83
DRIMARY INJ 223.4 , 7., 2.87 .Z.5 70.92
:;ECONDARY INJ 17!.2 :.S .4 3 .. 70.83
CHAMBER 177.1

VA4LVE CTAT

VALVE DELTA P -• ". :LJN S BYPASS
TBV "_ "7 .1.41

POSY - ; Ai

_CV .,'- 7 3.70

-•• " :ATA

",*EL .4D

,,Q I MARP 7ErOND
7ELP MAN . 8 2.21

2ELP INJ .1.J2 '2.. 7.29
AREA 1 05 2.3, 2.41
FLOM 3.60 4.17 2.70
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TABLE 55. - ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 10% OF DESIGN THRUST LEVEL

(CONTINUED)

H 2 BOOST TURBINE H Z H2 BOOST PUMP I

EFFICIECY 0.301 EFFICIENCY 0.543
HORSEPOWER S. HORSEPOWER 0.
SPEED (RPM) 81.0. SPEED (RPM) 8140.
MEAN DIA (IN) 1.30 S SPEED 1632.
EFF AREA (IN2) 2.49 HEAD (FT) 133.
UiC (IDEAL) 0.478 DIA. (IN) 2.18
MAX TIP SPEED 46. TIP SPEED 77.
STAGES I. VOL. FLOWI 61.
DELTA H (ACT) 0.81 HAD COEF 0.712
GAMM(A 1.40 FLOW COEF 0.115
PRESS RATIO (T/TI) 1.01

I H2 TURBINE * . H2 PUMP

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE THREE

EFFICIENCY 0.371 0.417 EFFICIENCY 0.489 0.S95 0.582
HORSEPOWER 16. 14. HCRSEPOWER 10. 10. 10.
SPEED CRPM) 32027. 32027. SPEED (RPM) 32027. 32027. 32027.
MEAN DIA (IN) 2.78 2.78 S SPEED 448. 455. 466.
EFF AREA (IN21 0.31 0.40 HEAD (FT) 4653. 45s0. 4496.
U/C (IDEAL) 0.149 0.173 DIA. (IN) 3.43 3.43 3.43
WAX TIP SPEED 388. 388. TIP SPEED 479. 479. 479.

DELTA H 50. 42. VOL. FLOW 62. 63. 63.
GAHMOA (ACT) 1.40 1.40 HEAD COEF 0.65Z 0.642 0.631
PRESS RATIO(T/T 1.34 1.37 FLOW COEF 0.039 0.040 0.042

1 02 BOOST TURBINE O Z 02 BOOST PUMP I

EFFICIENCY 0.322 EFFiCIENCY 0.536
HORSEPOWER 0. HORSEPOWER 0.
SPEED (RPM) 2117. SPEED (RPM) 2117.
MEAN DIA (IN) 3.68 S SPEED 1633.
EFF AREA ([N2) 3.60 HEAD (FT) 11.
U/C (IDEAL) 0.S54 DIA. 1IN) 2.44
WAX TIP SPEED 34. TIP SPEED 23.
STAGES 1. VOL. FLOW Z3.
DELTA H (ACT) 0.42 HEAD COEF 0.717
GAMMA 1.40 FLOW COEF 0.117
PRESS RATIO iT/T) 1.00

* 02 TURBINE : . 02 PuMP 5

EFFICIENCY 0.371 EFFICIENCY 0.S02

HORSEPOWER 7. HORSEPOWER 7.
SPEED (RPM) 21785. SPEED (RPM) 21785.
MEAN CIA (IN) 2.78 S SPEED -11.
EFF AREA (IN2) 0.43 HEAD (FTI 552.
U/C (IDEAL) O.IS3 DIA. (IN) 1.92
MAX TIP SPEED 264. TIP SPEED 18Z.
STAGES I. VOL. FLOW
DELTA H (ACT) Z1.98 HEAD COEF 0.S4

GAMJA 1.40 FLOW COEF 3.055
PRESS RATIO (T/TI 1.06

REGENERATOR DATA

COLD SIDE HOT SIDE

DELP 2.82 1.60
DELT L29.44 -6s4.98
AREA 1.41 1.46
FLOW 0.60 0.23
EFFECTIVENESS 0.62
NTU 1.18
CRATIO 0,-%

CMIN 0.81

REGEN Q S30.04
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TABLE 56. - ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENGINE WITH A HYDROGEN REGENERATOR 5% OF DESIGN THRUST LEVEL

DEGINE PERFORMANCE PARAMETERS
t.R.W...............................

CH4AMBE PRESSUIE 86.0
VAC ENGINE THRUST 188.

DEL . VAC. ISP 471.S
TOTAL ENGINE FLOM RATE 2.0
THROAT AREA S.547

INIZLE AREA RATIO 10011.

ENGINE MIXTURE RATIO 6.88

CMANU/NOZZLE COOLANT BP 51.
CIANER/MOZZLE COOLANT DOT 92.
ETA C- 0.995

OAMKR/MOG-LE 0 995.

EMINE STATION CONDITIONS
.l..................en=..a........

P FUEL SYSTEM CONDITIONS

STATION PRESS TEllP FLOW ENT).PY E, DEIITY
D.P. INLET 18.6 37.4 0.30 -197.5 4.37
B.P. EXIT 20.1 37.4 0.30 -31i.4 4.37

PUMP INLET 20.1 37.4 0.30 -167.4 4.37
IST STAGE EXIT 78.0 39.4 0.50 -116.5 4.34

24 STAGE EXIT 134.6 41.0 0.30 -9.8 4.50

PUMP EXIT 189.8 42.6 0.30 -56.2 4.Z7
COLD REGIEN IN 189.6 42.6 0.30 -95.2 4.27
COLD REGEN EX 188.2 276.7 0.30 8188 0.13
COOLANT IILET 188.2 276.7 0.30 81-.8 0.13

COOLANT EXIT 135.2 120S.5 0.30 4352.3 0.82
IEV INLET 1530.1 1205.6 0.21 4112.8 0.02

TIV EXIT 104.7 3105.8 0.21 4152.8 0.02

LOX T1E INLET 130.1 1205.6 0.09 1612.8 0.02
LOX TRU EXIT 124.6 1201.7 0.09 4113.1 0.82

M2 TRE INLET 124.6 1201.7 0.09 4119.1 0.82

te T83 EXIT 106.0 1186.1 0.09 4064.1 0.82
M2 TE DOIFF 10S.7 1186.1 0.09 4064.1 0.02

tH2 DT TUB IN 10s.5 1186.1 0.09 eR44.i 0.32

1"2 8ST TU EXIT 105.3 1186.0 0.09 4363.6 0.32

H2 8ST TUB 0IFF 305.1 1186.0 0.09 436s.6 0.02

02 DST TUB IN 104.9 1186.0 0.10 4063.6 0.02
02 DST TU11 EXIT 104.8 1185.9 0.t0 4363.4 0.02

02 8ST TRU DIFF 104.8 128s.9 0.10 4363.4 0.02
HZ TAMK PRESS 18.6 1200.- 0.0002 4111.2 0.0029

GOX HEAT EXCH IN 104.7 1199.6 0.09 4111.2 0.02

LAX HEAT EXI4 OUT 104.7 1198.3 0.09 4186.5 0.02

NOT REGE4 IN 104.7 1198.3 0.09 4616.5 0.02

HOT REGEN EX 104.1 371.8 0.09 1190.0 0.05
FSV INLET 104.1 9q.4 0.30 3215.6 0.0Z

FSV EXIT 99.8 q4' 0.30 323S.6 0.02
CHAMBER INJ -8.2 94. 0.30 3215.6 0.02

CHASER ý6.0

- OXYGEN SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENTkMoPY DENSITY

3.P. INLET 16.0 162.7 1.79 61.1 71.17
8.P. EXIT 17.0 162.7 1.79 61.1 71.17
PUMP INLET 17.0 162.7 1.79 61.1 71.17
PUMP EXIT 132.4 164.0 1.79 61.8 71.07

02 TANK PRESS 16.0 400.0 0.00 :94.8 0.3.2

POSY INLET 132.3 164.0 1.78 61.8 71.07
POSY EXIT 109.8 1l4.1 1.78 61.8 71.03
OCV INLET 132.3 164.0 0.01 61.8 71.07

OCV EXIT 86.0 1.4.. 0.01 61.3 70.94
PRIMARY 1]4N 10S.5 164.1 1.78 61.3 71.02

SECONDARY INJ 86.0 164.2 0.01 61.8 13.9
C'USW IE 86.2

VALVE DATA

VALVE ELTA P ARA FlO " S SWASS
T'8V 2. 3.484 0.21 68.82

F^TV ,. .58 0.20

POSV 2:. ,.0.7 2.78

OCV 46. 1.000 0.01

IN..CTOR DATA

FUEL * (1XID
PQIMARY SECOND

DELP MAN 1.63 : :s 0.00

DELP INJ 10.62 1I ;1 0.00

AREA 2.05 .1 i 0.41
FLOW 0.30 1 (5 0.01
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TABLE 56. - ADVANCED ENGINE PARAMETRIC STUDY FULL-EXPANDER
ENG[INE WITH A HYDROGEN REGENERATOR 5% OF DESIGN THRUST LEVEL

(CONTINUED)

SR'CmDA4HINRY PERFORMANCE DATA •

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

. ..........
U~.AC Bos";",*:~

H2 B .iT TUnIME U 142 BOOST PUM a

EFFICIENCY 0.205 EFFICIENCY 0.468
HORSEPOWER 9. HORSEPOIER 0.
SPEED (tPM) 47t. SPEED (RPM) '47".
MEAN DIA (IN) 1.30 S SPEEI 1426.

EFF AREA IZ3?• 2.49 MEAD (FT) 49.
U/C (IDEAL) 0.1.4 DIA. (IN) 2.18
MAX TIP SPEED 27. TIP SPEED 46.
STAGES i. VOL. FLOW $[.
DELTA H (ACT) 0.44 HEAD COEF 0.765
GAMMA 1.3? FLOW COEF 0.097

PRESS RATIO (T/TI 1.61

................
- H2 TURBINE :.H2 PL

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE THRIEE

EFFICIENCY 0.273 0.315 EFFICIENCY 0.418 C.423 0.430
HORSEPOWER 4. 3. HORSEPOEWR 2. 2. 2.
SPEED (RPM) 29529. 20529. SPEED (RPM) 20529. 20529. 20%29.
MEAN. DIA (IN) 2.78 2.78 f SPEED 394. 400. 407.
EFF AREA (IN2) 0.31 0.40 HEAD (FT) 1915. 1896. less.
U/C (IDEAL) 0.106 0.125 DIA. (IN) 3.43 3.43 3.43
MAX TIP SPEED 249. 249. TIP SPEED 307. S07. 307.
DELTA H 30. 25. VOL. FLOW 31. 31. 31,
GAMMA (ACT) 1.37 1.37 HEAD COEF 0.653 0.644 0.633
PRESS RATIO(T/T 1.34 1.37 FLOW COEF 0.031 0.031 0.032

............ ............
* 02 BOOST TLURIiE . 02 BOOST PUMP •

EFFICIENCY 0.158 EFFICIENCY 1.601
HORSEPOWSER U. HORSEPOWER 0.
SPEED (RPM) 934. SPEED (RPM) 934.
MEAN DIA (IN) L.68 S SPEED 1836.
EFF AREA 11N.)1 3.60 HEAD IFT)
U/C (IDEAL) 0.514 DIA. (IN) 2.44
MAX TIP SPEED Is. TIP SPEED 10.
STAGES I. VOL. FLOW II.
DELTA H (ACT] 0.19 HEAD COEF 0.667
GAMMA 1.37 FLOW COEF 0.143
PRESS RATIO (T/TI 1.00

- 02 TURBINE 0 1 0 PUMP

.. ...........
EFF;CIENCY 0.271 EFFICIENCY 0.4.23
HORSEPOWER 2. HORSEPOWER Z.
SPEED (RPM) 14•46. SPEED (R•M) 14l46
MEAN DIA (IN) Z. 78 S SPEED 796.
EFF AREA (1INZ) 0.43 HEAD (FTC 2-34.
U/C (IDEAL) 0. 10 DIA. (INI 1.92
4AX TIP SPEED 172. TIP SPEED (18.

STAGES 1. VOL. FLOW 1I.

DELTA H (ACTI 13.69 HEAD COEF 0.537
GA4MA 1.37 FLOW COEF 0.042
PRESS RATIO IT/T) 1.04

EGENERATOR DATA

"OLD SIDE HOT ".IDE
DELP 1 .45 0.56
DELT 34. CA -K6.44

AREA 0.41 1.4(6
FLOW 0.30 0 ý5

EFFECTIVENESS 0.72
NTU IC.54

CRATIO 0.28
CHIN 0.33
PEGEN Q .56
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APPENDIX D
OFF-DESIGN MIXTURE RATIO CYCLES

Off-desitn mixture ratio cycle da~a are prcsented in Tables 57 through 68.
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TABLE 57. - SPLIT-EXPANDER CYCLE - 0/F 5.0

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1370.7
VAC ENGINE THRUST 164/4.

DEL. VAC. ISP 671.1

TOTAL ENGINE FLOW RATE 34 5
THROAT AREA 6.071
NOZZLE AREA RATIO 1900.0

ENGINE MIXTLAF[ RATIO 5.00

CHAMBER/NOZZLE COOLANT OP 467.
CHAMBER/NOZZLE COOLANT OT 190.
ETA Co 0.913
CHAMBER/NOZZLE 0 50Q9.

ENOINE STATION (•NDITIONS

- FUEL SYSTEM CONDITIONS
STATION PRESS TEMP FLOWi ENTMTLPy DENSITY
B.P. INLET 18.6 37.4 5.76 -107.5 4.37

.P . EXIT 93.0 38.4 5.76 -103.C 4.39
PUMP INWET 93.0 38.4 5.76 -103.4 4.39
1ST STAGE EXIT 1919.6 66.6 S.76 17.s 4.36
iJV INL.ET 1878.8 66.9 2.88 17.5 4.33
JSV EXIT 1547.9 69.4 2.88 17.I 4.09

2ND STAGE EXIT 3070.1 84.9 2.88 96.6 4.34
PUMP EX!T 4185.3 10a.2 2.88 172.8 4.35
COOLANT INLET 4140.5 102.6 2.88 172.8 4.33
COOLANT EXIT 3673.7 892.5 2.88 3126.5 0.70

TBV INLET 3639.2 892.7 0.03 3126.5 0.70

ISV EX1iT 1618.4 906.1 6.03 3126.5 0.32
LOX TRB INLET 3639..;. 892.7 2.35 3126.5 0.70
LOX IRS EXIT 3204.7 869.9 2.85 3036.0 0.63

Hz TRS INLET 3204.? 869.9 Z.85 036.0 1).63
H, TIR EXIT 1721.6 766.1 2.8S 2634.8 0.40

H2 TR8 DIFF 1701.8 766.2 2.85 2634.8 0.40

HZ ST TRB IN 1683.2 766.3 2.85 2634..8 0.3.
HB 8ST TRB EXIT 1662.0 764.1 2.8s 2626.5 0.39
H_ BST TRB D0FF 16S7. 4 764.1 2.85 2626,5 0.39
02 5,T TRS IN 1639.2 764.2 Z.85 S626.5 0.38
02 BST TRS EXIT 1628.0 763.0 2.8S 2622.1 0.38
02 SST TRB DIFF 1627.3 763.0 2.8s 2622.1 0.38
H2 TANK" PRESS 18.6 774.2 z .006 2627.1 0.0045

GOX HEAT EXC. IN 1618.4 764.S 2.85s 2627.1 0.38
GOX HEAT EXCH OUT 1610.4 763.9 2.85 2624. 8 0.38
MIXER HOT IN 1610.4 763.9 2.85 2624.8 0.38
MIXER COLD IN 1547.1 69.4 2.88 17.5 1.09
MIXER OUT 1530.8 402.0 5.76 1314.6 0.17
FSV INLET 1513.8 402.0 S.76 1314.6 0.67
FSV EXIT 1491.9 402., S.76 1314.6 0. 5
CHAMBER INJ 1476.7 402.1 S.26 1314.6 0.-4
CHAMBER 1 371.1

- OXYGEN SYSTEM CONDITlONS
STATION PRESS TEMP FLOW EN•hI.Py DENSITY
S.P. INLET 16.0 162.7 28.83 61.9 70.99
B.P. EXIT 138.7 165.4 28.8S3 62.4 70.83
PUMP8 INLET 138.7 165.4 28.33 62.4 0.83
PUMP EXIT 2647.8 177.8 28.83 71.3 71 .24

O TAWK PRESS 16 .0 400.0 0.05 204 .7 0.12
POWV INLET 2630.8 177,8 6.09 71.3 71 ._2
POSV EXIT 1627.3 181.7 6.09 71.3 69.63
DCV INLET 2630.8 177.8 22.68 71,3 71.2_
OV EXIT 1481.8 182.3 22.68 71.3 69.40
PRIMARY INJ 1580s. 181.9 6.09 71.3 69.%6
SECONDARY INJ 14I61.5 182, 22.68 71.3 69.3b
CHAMBER 1I10.6

"VALVE DATA

VAtVE DELTIA A FL. B SYPA'¶S
iSV 348. 0.114 2.88 S0.00

ITV 2021. 0.002 0.03 1.00
FV 39. 1.654 5.76
P0O1V 1004. 0.034 6.Oq
O0 V 114q. 0.119 22.68

INJIffTOR DATA

Ur I-t OXl
p7 I MV.4.Y 501840'lW

8[1P MAN 15.76 213 ;1 10.09

W IP INJ q0.iq 19 09 4 90.1

A' A 1.14 0 m)9 0.64

FLN 5.16 b 22.62
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TABLE 57. - SPLIT-EXPANDER CYCLE - O/F = 5.0 (CONTINUED)

AI * O CACHINERY PERFORMANCE D 'ATA -

( H2 BOOST TURBINE H H2 BOOST PUMP •

EFFICIENCY 0.867 EFFICIENCY 0.76S

HORSEPOWER 33. HORSEPOWER 33.

SPEED IRPM) 44201. SPEED (RPM) 44201.

MEAN DIA (IN) 1.90 S SPEEr) 3088.
EFF AREA IIN2) 1.4S HEAD (FT) 2443.

U/C (IDEAL) 0.512 DIA. (IN) 2.18

MAX TIP SPEED 366. TIP SPEED 420.

STAGES 1. VOL. FLOW 589.

DELTA H (ACT) 8.29 HEAD COEF 0.44S

GAMMA 1.41 FLOW COEF 01203

PRESS RATIO (T/TI 1.01

- K2 TURBINE * H2 PuMP

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE TMPEE

EFFICIENCY 0.818 0.816 EFFICIENCY 0.640 0.619 0.624

HORSEPOWER 1619. 1619. HORSEPOWER 986. 325. 310.

SPEED (RPM) 118310. 118310. SPEED (RPM) 118310. 118310. 118310.

MEAN DIA (IN) 3.17 3.47 S SPEED 750. 749. 765.

EFF AREA (IN21 0.21 0.27 HEAD (FT) 60268. 38125. 36980.

U/C (IDEAL)) 0.515 0.S06 DIA. (IN) 3.68 3.02 3.02

MAX TIP SPEED 1792. 1792. TIP SPEED 1904. 1558. 15S8.

DELTA H 197. 204. VOL. FLOW 594. 298. 297.

GAMMA4 (ACT) 1.41 1.41 HEAD COEF 0.535 0.505 0.490

PRESS RATIO(T/T 1.33 1.35 FLOW COEF 0.094 0.094 0.095

- 02 BOOST TURBINE W 02 BOOST PUMP "

EFFICIENCY 0.860 EFFICIENCY 0.732

HORSEPOWER 18. HORSEPOWER 18.
SPEED (RPM) 11472. SPEED (RPM) 11472.

MEAN DIA (IN) S.21 S SPEED 2470.

EFF AREA (IN2) 2.02 HEAD (Fri 250.
U/C (IDEAL) 0.512 DIA. (IN) 2.44

MAX TIP SPEED 261. TIP SPEED 122.

STAGES 1. VOL. FLOW 183.
DELTA H (ACT) 4.43 HEAD COEF 0.537

GAMMA 1.41 FLOW COEF 0.173

PRESS RATIO IT/TI 1.01

- 02 TURBINE . . OZ PUMP •

EFFICIENCY 0.824 EFFICIENCY 0.728

HORSEPOWER 365. HORSEPOWER 365.

SPEED (RPM) 707S6. SPEED (RPM) 70756.

MEAN DIA (IN) 3.47 s SPEED IS87.
EFF AREA I1N2} 0.25 HEAD (FT) 5070.

U/C (IDEAL) 0. 57 DIA. (IN) 1.92

MAX TIP SPEED 1072. TIP SPEED 592.

STAGES 1. VOL. FLOW 182.

DELTA H (ACT) 90.48 HEAD COEF 0.465

GAMMA I.41 FLOW COEF 0.131
PRESS RATIO IT/T) 1.14

213



TABLE 58. - SPLIT-EXPANDER CYCLE - O/F 5.5

ENGINE PERFORMANCE PARAMETERS
I.......................

CHAMBER PRESSURE 1522.7

VAC EN•INE THRusr 18.00.

DEL. VAC. Isp 479.0

TOTAL ENGINE FLOW RATE 38.8

THROAT AREA 6.071

NOZZLE AREA RATIO 1000.0

ENGINE MIXTURE RATIO 5.s0

CHAMBIERNOZZLE COOLANT OP 525.
CWA-WR/NOZZLE COOLANT OT 886.

ETA C- 0.993

CHADIERINOZZLE 0 9849.

ENGINE STATION CONDITIONS
.................. ............

- FUEL SYSTEM CONDITIONS -

STATION PRESS TEMP FLOW ENTHALPY DENSITY

B.P. INLET 18.6 37.4 5.98 -107.S 4.37

B.P. EXIT 100.2 38.5 5.96 -103.0 4.39

PUMP INLET 100.2 38.5 5.96 -103.0 4.39

IST STAGE EXIT 2104.4 69.3 5.98 29.5 4.36

JaV INLET 2060.5 69.7 2.99 29.5 4.33

JBV EXIT 1712.9 72.3 2.99 29.5 4.09

2ND STAGE EXIT 3361.4 89.3 2.99 116.3 4.34

PUMP EXIT 4596.1 108.2 2.99 199.9 4.36

COOLANT INLET 4548.1 108.6 2.99 199.9 4.34

COOLANT EXIT 4023.2 995.0 2.99 3494.2 0.69

T8V INLET 3965.3 995.3 0.03 3494.2 0.69

TOV EXIT 1789.7 1010.5 0.03 3494.2 0.32

LOX R88 INLET 395.3 995.3 2.96 3494.2 0.69

LOX TR8 EXIT 3510.0 970.0 2.96 3394.2 0.63

H2 TRB INLET 3510.0 970.0 2.96 3394.2 0.63

M2 TR8 EXIT 1902.0 855.2 2.96 2954.4 0.40

H2 TR8 DIFF 1880.4 855.4 2.96 2954.4 0.39

HZ BST TRB IN 1060.2 855.5 2.96 2954.4 0.39

H2 85T 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

02 BST TRB IN 1812.4 853.2 2.96 2945.3 0.38

02 BST TRB EXIT 1800.2 851.9 2.96 2940.4 0.38

02 BST TR8 DIFF 1799.4 851.9 2.96 2940.4 0.38

H2 TAWK PRESS 16.6 665.0 0.0056 2946.0 0.0041

GOX HEAT EXCH IN 1789.7 853.6 2.96 2946.0 0.38

GOX HEAT EXCH OUT 1781.0 852.9 2.96 2943.5 0.•37

MIXER HOT IN 1781.0 852.9 2.96 2943.5 0.37

MIXER COLD IN 1712.9 72.3 2.99 29.5 4.09

MIXER OUT 1694.5 444.7 S.97 1479.2 0.66

FSV INLET 1694.5 444.7 5.97 1479.2 0.66

FSV EXIT 1452.6 444.8 5.97 1479.2 0.65

CHAMBER INJ 1636.2 444.9 5.97 1479.2 0.64

CHAMBER 1522.?

. OXYGEN SYSTEM CONDITION4S

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 70.84

PUMP INLET 143.0 165.3 32.91 62.4 70.84

PUNP EXIT 2698.8 177.7 32.91 71.4 71.31

02 TANK PRESS 16.0 400.0 0.06 204.7 0.12

POSY INLET 2676.7 177.8 5.84 71.4 71.27

POSV EXIT 1757.3 181.3 5.84 71.4 69.83

DCV INLET 2676.7 177.8 27.02 71.4 71.27

WCV EXIT 1679.6 181.6 27.02 71.4 69.70

PRIMARY INJ 1714.5 181.5 5.84 71.4 69.76

SECONDARY INJ 1651.0 181.7 27.02 71.4 69.66

CHAMBER 1522.7

VALVE DATA

VALVE DELTA P AREA FLOW S BYPASS

jay 366. 0.115 2.99 50.00

TBV 2196. 0.002 0.03 1.00

FSV 42. 1 S.654 .97

POSV 919. 0.034 5.84

OCV 997. 0.152 77.0.

INJECTOR DATA

- FUEL . OXID
PRIMARY SECOND

DELP MAN 17.03 21.31 14.25

DELP INJ 96.49 1ql.80 128.26

AREA 1.14 0.08 0.43

FLOW S.97 5.84 27.02
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TABLE 58. - SPLIT-EXPANDER CYCLE - O/F = 5.5 (CONTINUED)

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

- TURBOMACHINERY PERFORMANCE DATA

.......... q~,•m ............ lo

- H2 BOOST TURBINE H 2 BOOST PUMP
.................... 

.. * .......mw~
EFFICIENCY 0.865 EFFICIENCY 0.765

HORSEPOWER s8. HORSEPOWER 38.

SPEED (RPM) 46114. SPEED (RPM) 46114.
MEAN DIA (IN) 1.90 S SPEED 3062.

EFF AREA (IN21 1.45 HEAD (FT) 2679.

U/C (IDEAL D 0.512 DIA. IIN) 2.18

MAX TIP SPEED 382. TIP SPEED 438.

STAGES I. VOL. FLOW 611.

DELTA H (ACT) 9.09 HEAD COEF 0.449

GAMMA 1.43 FLOW COEF 0.202
PRESS RATIO (T/TI 1.01

- M2 TURBINE H2 PUMP

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE ',HkEE

EFFICIENCY 0.816 0.816 EFFICIENCY 0.641 0.620 0.625
HORSEPOWER 1842. 1842. HORSEPOWER I!21. 367. 354.

SPEED (RPM) 123580. 123580. SPEED (RPM) i23580. 123580. 123580.

MEAN DIA (IN) 3.47 3.47 S SPEED 744. 742. 758.

EFF AREA (IN2) 0.21 0.27 HEAD IFT) 6609S. 41839. 40624.

U/C (IDEAL) 0.a12 0.S07 DIA. (IN) 3.68 3.02 3.02
MAX TIP SPEED 1872. 1872. TIP SPEED 1988. 1628. 1628.

DELTA H 218. 222. VOL. FLOW 616. 309. 308.
GAMMA (ACTI 3.43 3.43 HEAD COEF 0.538 0.508 0.4q3

PRESS RATI O(T/T 1.33 1.3s FLOW COEF 0.094 0.093 0.09S

02 BOOST TURBINE - * 02 BOOST PUMP

EFFICIENCY 0.863 EFFICIENCY 0.756
HORSEPOWER 20. HORSEPOER 20.
SPEED (RPM) iz062. SPEED (RPM) 12162.

MEAN DIA (IN) 5.21 S SPEED 2726.

EFF AREA (IN2) 2.02 HEAD (FT) 258.

U/C (IDEAL I 0.512 DIA. (IN) 2.44

MAX TIP SPEED 277. TIP SPEED 1Il.

STAGES 1. VOL. FLOW 209.

DELTA H (ACT) 4.88 HEAD COEF 0.494

GAMMA 1.43 FLOW COEF 0.187
PRESS RATIO IT/TI 1.01

.02 TURBINE *2 4PUMP -

EFFICIENCY 0.818 EFFICIENCY C.738
HORSEPOWER e19. HORSEPOWER 419.

SPEED (RPM) 73101. SPEED (RPMI 73101.
MEAN DIA (IN) 3.47 S SPEED 1728.

EFF AREA (IN2) 0.25 HEAD (FT) 5159.

U/C (IDEAL) 0.447 DIA. (IN) (.92
MAX TIP SPEED 1107. TIP SPEED 612.

STAGES 1. VOL. FLOW 207,
DELTA H (ACT) 99.96 HEAD COEF 0.444

GAMMA 1.43 FLOW COEF 0.145

PRESS RATIO IT/T) *.14
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TABLE 59. - SPLIT-EXPANDER CYCLE - 0/F = 6.0

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1610.7

VAC ENGINE THRUST 20900.
DEL. VAC. ISP 480.0
TOTAL ENGINE FLON RATE 41.7

THROAT AREA 6.071
NOZZLE AREA RATIO 1000.0

ENGINE MIXTURE RATIO 6.00
CHAMBER/NOZZLE COOLANT OP 583.

CHAMBER/NOZZLE COOLANT OT 1018.
ETA C- 0.993

CHAMBER/NOZZLE Q 11190.

ENGINE STATION CONDITIONS

SFUEL SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENT4ALPY DENSITY

B.P. INLET 18.6 37.4 S.96 -107.5 4.37

I.P. EXIT 100.6 38.5 5.96 -103.0 4.39
PUMP INLET 100.6 38.5 5.96 -103.0 4.39

IST STAGE EXIT 2163.5 70.1 S.96 53.2 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 2.98 122.3 4.3S5
PUMP EXIT 4732.3 110.0 2.96 208.3 6.37
COOLANT INLET 4684.7 110.4 2.98 208.3 4.35
COOLANT EXIT 4101.7 1128.8 2.98 5965.4 0.62

TBV INLET 4060.2 1129.1 0.17 3965.4 0.62
TBV 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 1101.3 2.81 3855.8 0.57
H2 TIR INLET 3583.4 1101.3 2.81 3855.8 0.57

42 TRB EXIT 1994.0 976.8 2.81 3381.8 0.37
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

HIZ BST TRB DIFF 1925.4 974.S 2.81 3372.2 0.35

02 BST TRB IN 1906.1 974.7 2.81 S372.2 0.35

02 RST TRR EXIT 1894.2 973.3 2.81 S367.1 0.35
02 EST TRB DIFF 1893.5 973.3 2.81 3367.1 0.35

.12 TANK PRESS 18.6 996.0 0.0048 3400.5 0.0035
GOX HEAT EXCH 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 1175.4 982.2 2.81 3397.7 0.34
MIXER COLD IN 1808.4 72.9 2.98 33.2 4.12

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 SYTEM CONDITIOIN
STATION PRESS TEIP FLON EI HALPY DENSITY

B.P. INLET 16.0 162.7 35.77 61.9 70.99
B.P. EXIT 135.5 165.3 35.77 62.3 70.84

PUMP INLET 134.5 165.3 35.77 62.3 70.84

PUMP EXIT 2592.0 177.1 35.77 70.9 71.30
OZ TANK PRESS 16.0 400.0 0.06 204.7 0.12

POSV INLET 2565.9 177.2 5.31 70.9 71.26

POSV EXIT 1804.4 180.1 5.31 70.9 70.07
OCV INLET 2565.9 177.2 30.40 70.9 71.26

OCV EXIT 1808.3 180.1 30.40 70.9 70.07

PRIMARY INJ 1769.0 180.2 5.31 70.9 70.01

SECONDARY INJ 1772.2 180.2 30.40 70.9 70.01
CHAMBER 1610.7

VALVE DATA

VALVE DELTA P AREA FLOW S BYPASS

JBV !30. 0.121 2.9• SO.00
TBV 2176. 0.010 0.17 5.59

FSV 44. 1.654 5.9%

POSV 762. 0.034 5.31

OCV 758. 0.196 30.40

IN1U1TOR DATA

FUEL ... OXIII

PRIMARY SECOND

DELP MAN 17.78 1?7.9 17.95
DELP INJ 1aRR I -'8.2" 161.51
AREA 1.14 0 08 0.43

FLOW 5.95 5. I 30.40
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TABLE 59. - SPLIT-EXPANDER CYCLE - O/F = 6.0 (CONTINUED)

•TURROMACHINERY PERFORMANCE DATA

"H2 BOOST TURBINE -$2 BOOST PUM

EFFICIENCY 0.855 EFFICIENCY 0.765

HORSEPOWER 38. HORSEPOWER 38.

SPEED (RPM) 46)19. SPEED (RPM 46119.

MEAN DIA (IN) 1.90 5 SPEED 3044-

EFF AREA (INZ) 1.45 HEAD (FTI 2694.

U/C (IDEAL) 0.512 DIA. (IN) 2.18

MAg TIP SPEED 382. TIP SPEED 438.

STAGES 1. VOL. FLOW 609.

DELTA H (A..)I 1 .58 HEAD ýýEF 0.451

GAMMA 1.43 FLOW COEF 0.201

PRESS RATIO (T/T) 1.01

NTH TURBINE * H2 pUMP

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE THREE

EFFICIENCY 0.804 0.807 EFFICIENCY 0.642 0.620 0.635

HORSEPOWER 1885. 1885. HORSEPOWER 1147. 376. 362.

SPEED (RPM) 124731. 124731. SPEED (RPM) 124731. 124731. 124731.

MEAN DIA (IN) 3.47 3.47 5 SPEED 733. 732. 746.

EFF AREA lIN2) 0.21 0.27 HEAD (FT) 67999. 43062. C1841.

U/C (IDEAL) 0.492 0.493 DIA. (IN) 3.68 3.02 3.02

MAX TIP SPEED 1890. 1890. TIP SPEED 2007. 1643. 1643.

DELTA H 237. 237. VOL. FLOW 613. S07. 306.

GAMMA (ACT) 1.43 1.43 HEAD COEF 0.543 0.513 0.499

PRESS RATIO(T/T 1.33 1.35 FLOW COEF 0.092 0.092 0.093

0Ž2 ROOST TURBINE . . 02 BOOST PUM

EFFICIENCY 0.857 EFFICIENCY 0.764

HORSEPOWER 21. HORSEPOWER 21.

SPEED (RPM) 12307. SPEED (RPM) 12307.

MEAN DIA (IN) 5.21 S SPEED 3030.

6FF AREA (fNZl 2.02 HEAD IFT) 241.

U/C (IDEAL) 0,512 DIA. (IN) 2.44

MAX TIP SPEED 280. TIP SPEED 131.

STAGES 1. VOL. FLOW 227.

DELTA H (ACT) 5.16 lEAD COEF 0.450

GAMMA 1.43 FLOW COEF 0.201

PRESS RATIO IT/TI 1.01

"02 TURBINE . 02 PUMP

EFFICIENCY 0.804 EFFICIENCY 0.740

HORSEPOWER 436. HORSEPOWER 436.

SPEED (RPM) 73440. SPEED (RPM) 73440.

KSAN DIA (IN) 3.47 S SPEED 1864.

EFF AREA (IN2) 0.25 HEAD (FT) 4962.

U/C (IDEAL) 0.425 DIA. (IN) 1.92

MAX TIP SPEED 1113. TIP SPEED 614.

STAGES 1. VOL. FLOW 22s.

DELTA H (ACT) 109.63 HEAD COEF 0.423

GAMMA 1.43 FLOW COEF 0.156

PRESS RATIO (T/T) ).13
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TABLE 60. - SPLIT-EXPANDER CYCLE - O/F 6.5

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1610.8

VAC ENGINE THRUST 20338.

DEL. VAC. ISP 480.3
TOTAL ENGINE FLOW RATE 42'.3

THROAT AREA 6.871

NOZZLE AREA RATIO 1000.0

ENGIN MIXTURE RATIO 6.50

CHAMBER/NOZZLE COOLANT IP 648.

CHAMBER/NOZZLE COOLANT OT I118.
ETA C. 0.993
CHAMBER/NOZZLE Q 11597.

ENGINE STATION CONDITIONS
......... ml.lm.s..................

- FUEL SYSTEM CONDITIONS
STATION PRESS TEMP FLOW ENTHN.PY DENSITY

B.P. INLET 18.6 37.'. 5.65 -107.5 4.37
B.P. EXIT 96.0 38.4 5.65 -103.2 4.39

PUMP INLET 96.0 38.4 5.65 -103.2 4.39

IST STAGE EXIT 2104.8 69.3 S.65 29.6 4.36
JBV INLET 2065.6 69.? 2.83 29.6 4.33
JBV EXIT 1799.7 71.7 2.83 29.6 4.15

2ND STAGE EXIT 3371.8 89.4 2.83 116.6 4.34
PUMP EXIT 4602.9 108.3 2.83 200.4 4.36

COXLANT INLET 4559.9 108.6 2.83 200.4 4.34
COOLANT EXIT 3922.0 1226.8 2.83 4305.6 0.56

TOV INLET 3880.1 1227.1 0.28 4m05.6 0.55

TBV EXIT 1868.7 1241.7 0.28 4305.6 0.27

LOX TRB INLET 3880.1 1227.1 2.55 4305.6 0.55
LOX TRB EXIT 3435.1 1198.1 2.55 4192.2 0.50

IC TR8 INLET 3435.1 1198.1 2.55 4192.2 0.50
H2 TRB EXIT 1968.6 1070.6 2.55 3708.2 0.33
H2 TR8 DIFF 1949.3 1070.7 2.55 3708.2 0.33

H2 BST TRB IN 1931.4 1070.8 2.55 3708.2 0.32

M2 BST TR8 EXIT 1910.8 1068.3 2.55 3698.8 0.32

H2 BST TRB DIFF 1906.3 1068.3 2.55 3698.8 0.32
02 EST TRB IN 1888.8 1068.4 2.55 3698.8 0. 32
02 B5T TRB EXIT 1878.0 1067.0 2.55 3693.7 0.32
02 BST TRB DIFF 1877.3 1067.0 2.55 3693.7 0.52

H2 TAWK 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 2.55 3750.5 0.31
MIXER NOT IN 1861.0 1083.4 2.55 3750.5 0.31

MIXER COLD IN 1799.7 71.7 2.83 29.6 4.15

MIXER OUT 1783.6 530.0 5.65 1793.9 0.59
FSV INLET 1783.6 530.0 5.65 1793.9 0.5.
FSV EXIT 1741.2 530.2 5.65 1793.9 0.58

CHAMBER INJ 1724.7 530.3 5.65 1793.9 0.57
CHAMBER 1610.7

- OXYGEN SYSTEM COINDITIONS

STATION PRESS TEJlP FLOW ENTHALPY DENSITY
B.P. INLET 16.0 162.7 36.76 61.9 70.99

8.P. EXIT 117.8 165.2 36.76 62.3 70.83
PUMP INLET 117.8 165.2 36.76 62.3 70.83

PU1P EXIT 2342.2 176.0 36.76 70.1 71.23

02 TAWK PRESS 16.0 400.0 0.06 204.7 0.12

POSV INLET 2314.6 176.1 4.56 70.1 71.18
POSV EXIT 1752.8 178.2 4.56 70.1 70.30

OCV INLET 2314.6 176.1 32.14 70.1 71.18

OCV EXIT 1830.4 177.9 32.14 70.1 70.43
PRIMARY INJ 1726.9 178.3 f.5.6 70.1 70.26
SEECOOARY INJ 1790.3 178.1 32.14 70.1 70.36

CHAMBER 1610.7

VALVE DATA

VALVE DELTA P AREA FLO B 3 BYPASS

JiV 287. 0.125 2.83 50.00
TBV 2011. 0.018 0."8 9.82
FSV 42. 1.654 5.6.5

POSV 562. 0.034 4.56
OCV 484. 0.259 32.14

INJFCTOR DATA

FUEL • 011XD

PRIMARY SECOND

DELP MAN 17.15 1..91 19.-b
DELP INJ 96.84 Ilb.21 179.62

AREA 1.14 0.08 0.43

FLOM 5.65 4-A.b 32.14
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TABLE 60. - SPLIT-EXPANDER CYCLE - O/F = 6.5 (CONTINUED)

..................................
STURSOMACMINERY PERFORMANCE DATA

Z-H2 BOOST TURBRIE . . HZ ROOST pUMP

EFfICIENCY 0.839 EFFICIENCY 0.76I

HORSEPOWER 3e. HORSEPOWER 34.

SPEED (RPM) 46378. SPEED (RPM) 44378.

MEAN DIA (IN) 1.90 S SPEED z9b0.

EFF AREA [N2) 1.45 HFAD EFT) 2542.

U/C (IDEAL) 0.512 DIA. (IN) 2.18

MAX TIP SPEED 367. TIP SPEED 422.

STAGES I. VOL. FLOW 578.

DFLTP h (ACT) 9.47 HEAD COEF 0.459

GAMMA 1.19 FLOW COEF 0.198

PRESS RATIO IT/TI 1.01

HZ TURBINE .
. HZ PUMP

STAGE 1 STAGE 2 STAGE C IE STAGE TWO STAGE THREE

EFFICIENCY 0.787 0.793 EFFICIENCY 0.641 0.620 0.625

HORSEPOWER 1744. 1744. HORSEPOEIR 1062. 348. 33S5.

SPEED (RPM) 122010. 122010. SPEED (RPM) 122010. 122010. 122010.

MEAN DIA (IN) 3.47 3.47 S SPEED 713. 711. 726.

EFF AREA (IN2) 0.21 0.27 HEAD (FT) 66256. 41945. 40737.

U/C (IDEAL) 0.469 0.474 DIA. (IN) 3.68 3.02 3.02

MAX TIP SPEED 1848. 1848. TIP SPEED 1963. 1607. 1607.

DELTA H 244. 240. VOL. FLOW 582. 292. 291.

GAMMA IACT) 1.39 1.39 HEAD COEF 0.553 0.523 0.507

PRESS RATIO(T/T 1.33 1.3S FLOW COEF 0.090 0.089 0.091

02 ROOST TURBINE .. 02 ROOST PUP.

EFFICIENCY 0.844 EFFICIENCY 0.753

HORSEPOWER 18. HORSEPOWEk 18.

SPEED (RPM) 11932. SPEED (RPM) 11932.

MEAN DIA (IN) 5.21 SPEED 3336.

EFF AREA IN,') 2.02 HEAD (FT) 207.

U/C (IDEAL) 0.512 VIA. (IN) 2.44

MAX TIP SPEED 272. TIP SPEED 127.

STAGES I. VOL. FLOW 233.

DELTA H (ACT) 5.10 HEAD COEF 0.412

GAM14A 3.39 FLOW COEF 0.2)3

PRESS RATIO IT/TI 1.01

..02 TURBINE .. 02 PUMP. .

EFFICIENCY 0.783 EFFICIENEY 0.736

HORSEPOWER 409. HORSEPOWER 409.

SPEED (RPM) 71441. .PEED (RPM) 7144).

MEAN DIA (IN) 3.47 S SPEED 1981.

EFF AREA 14,N) 0.25 HEAD (FT) 4496.

U/C (IDEAL) 0.I02 "IA. (IN) 1.92

MAX TIP SPEED 1082. 7P SPEED 598.

STAGES 1, VOL. FLOW 232.

DELTA H (ACT) 113.34 HEAD COEF 0.405

GAMMA 1.39 FLOW COEF 0.165

PRESS RATIO (T/TI 1.13
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TABLE 61. - SPLIT-EXPANDER CYCLE - O/F = 7.0

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 1610.8
VAC ENGINE THRUST 20075.
DEL. VAC. ISP 477.4
TOTAL ENGINE FLOW RATE .3.3
THROAT AREA 6.071
NOZZLE AREA RATIO 1000.0

ENGINE MI XTURE RATIO 7.00
CHAMBER/NOZZLE COOLANT OP 693.
CHAMBER/NOZZLE COOLANT OT 1211 .
ETA C 0.988
CHAMBER/NOZZLE 0 12005.

ENGINE STATION CIONITIONS

- FUEL SYSTEM CONDITIONS
STATION PRESS TEMP FLOW ENTKALPY DENSITY
B.P. INLET 18.6 37.4 5.42 -107.5 4.37
B.P. EXIT 93.3 3.4 5.42 -103.4 4.39
PUMP INLET 93.3 38.4 5.4z -103.4 39
IST STAGE EXIT 2071.6 68.9 5.42 35

JBV INLET 2035.6 69.2 2.71 4.33
JBV EXIT 1794.4 71.1 2.71 4.16

2ND STAGE EXIT 3318.8 88.7 2.71 I1. 4.34
PUMP EXIT 4529.9 107.5 2.71 196.2 4.35
COOLANT INLET 4490.4 107.8 2.71 196.2 4.34
COOLANT EXIT 3797.5 1319.3 2.71 66.28.2 0.50

T.V INLET 3754.8 1319.6 0.35 "'z8.2 0 - ,
TOV EXIT 1859.1 1333.6 0.3S 6628.2 0_5

LOX TRB INLET 3754.8 1319.6 2.36 4668.2 0.50
LOX TRB EXIT 3331.6 1 29.4 2.36 4510.9 0.46
H2 TRO INLET 3331.6 1289.4 2.36 4510.9 0.46
H2 TRB EXIT 1952.4 11 8.8 2.34 '016.3 0.30
HZ TR8 DIFF 1934.3 1158.9 2.34 4016.3 0.30
H2 BST TRB IN 1917.6 IIS9.0 2.56 4016.3 0.30
H2 BST TRB EXIT 1898.3 1156.4 2.56 4006.8 0.30
H2 DST TR8 DIFF 1894.2 1156.5 2.36 4006.8 0.29
02 RST TRB IN 1877.9 1156.6 2.36 4006.8 0.29
02 BST TRB EXIT 1867.8 1155.2 2.34 4001.7 0.29
02 BST TR8 DIFF 1867.1 1155.2 2.36 4001.7 0.29

H2 TANK PRESS 18.6 1192.1 0.0036 4082.? 0.0029

GOX HEAT EXCH IN 1859.1 1178.3 2.36 4082.7 0.28
GOX HEAT EXCH OUT 1851.9 1177.3 2.36 4079.0 0.28
MIXER HOT IN 1851.9 1177.3 2.36 4079.0 0.28
MIXER COLD IN 1794.4 71.1 2.71 27.7 4.1b
MIXER OUT 1779.6 562.8 5.41 1913.3 0.56
FSV INLET 1779.6 562.8 5.41 1913.3 0.5s
FSV EXIT 1738.2 563.0 5.41 1915.3 0.54
CHAMBER INJ 1722.1 563.1 5.41 1913.3 0.54

CHAMBER 1610.8

OXYGEN SYSTEM CONDITIONS

STATION PRESS TEMP FLOW E]NTlLPY DENSITY
B.P. INLET 16.0 162.7 37.96 61.9 70.99
BP. EXIT 104.1 165.2 37.96 42.2 70.82
PUMP INLET 104.1 165.2 37.96 62.2 70.82
PUMP EXIT 2149.2 175.3 37.96 69.5 71.16

02 TANK PRESS 16.0 400.0 0.04 204.7 0.12
POSV INLET 2119.8 175.4 3.88 69.5 71.12
POSV EXIT 1712.8 176.9 3.88 69.5 70.48

OCV INLET 2119.8 175.4 34.02 69.A 71.12
OCV EXIT 1855.9 176.4 34.02 49.5 70.71
PRIMARY INJ 1694.0 177.0 3.88 69.5 70.4$5
SECONDARY INJ 1811.1 176.5 14.02 69.5 70.64
CHAMBER 1610.1

VALVE DATA

VALVE DELTA P AREA FLO E BYPASS
JBV 256. 0.125 2.71 50.00
TBV 1896. 0.024 0.35 12.93

FSV 41. 1.654 5.41
POWV 407. 0.034 .88
CCV 2b4. 0.371 34.02

INJFCTOR DATA

FUEL - 1OiO
PRIMARY SECOND

DELP MAN 16.70 9L' 22.27
DFLP INJ Q4,bq 83.20 200.43
AREA 1.14 0.23 0.43

FLOW 534.02
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TABLE 61. - SPLIT-EXPANDER CYCLE - O/F = 7.0 (CONTINUED)

* TURBOMACHINERY PERFORMANCE DATA

........ •,....::,: ........ . ..J........l

: H2 BOOST TURBINE • H BOOST PUIP0

EFFICIENCY 0.826 EFFICIENCY 0.164

HORSEPOWER 32. HORSEPOWER 32.

SPEED (RPM) 430oo. (PEED IRPM) 43200.

MEAN DIA (IN) 1.90 S SPEED 2915.
CFF AREA 11N2) 1.45 HEAD (FT) 2455.

U/C (IDEALI 0.512 DIA. IINI 2.18
MAX TIP SPEED 358. TIP SPEED 411.

STAGES I. VOL. FLOW 554.

DELTA H (ACTI 9.49 HEAD COEF 0.168

GAMMA 1,3o FLOW COEF 0.195
PRESS RATIO (T/TI I.01

* H2 TU(BINE * H2. PUMP

STAGE 1 STAGE 2 STAGE G STAGE TWO STAGE THREE

EFFICIEINY 0.773 0.782 EFFICIENCY 0.640 0.619 0.624

HORSEPOWER 1650. 1650. HORSEPOWER 1005. 329. 317.

SPEED (RPM1 120203. 120203. SPEED (RPM) 120203. 120203. 120203.
MEAN DIA (IN) 3.47 3.47 S SPEED 696. 694. 709.

EFF AREA (IMIH 0.21 0.27 HEAD (FT) 65287. 41325. 40126.
U/C (IDEALI 0.452 0.460 DIA. (INI 3.68 3.02 3.02
MAX TIP SPEED 1821. 1821. TIP SPEED 1934. 1583. 1583.
DELTA H 251. 244. VOL. PLOW 558. 280. 279.

GAMMA (ACTI .38 1.38 HEAD COEF 0.562 0.530 O.SI5

PRESS RATIO(T/T 1.33 1.35 FLOW CO[F 0.087 0.087 0.088

- 02 BOOST TURBINE * . 02 BOOST PUMP

EFFICIENCY 0.833 EFFICIENCY 0.726

HORSEPOWER 17. HORSEPOWER 17.

SPEED (RPM] 11659. SPEED (RPM) 11659.

MEAN DIA (IN) 5.21 S SPEED 3691.
EFF AREA IIN2) 2.02 HEAD (FTC 179.

U/C (IDEAL) 0.512 DIA. (IN) 2.44

MAX TIP SPEED 265. TIP SPEED 124.

STAGES 1. VOL. FLOW 241.
DELTA H (ACT) 5.11 HEAD COEF 0.373

GAMMA 1.38 FLOW COEF 0.225
PRESS RATIO IT/T) 1.01

0 21 TURBINE 0 02 PUMP -

EFFICIENCY 0.767 EFFICIENCY 0.729
HORSEPOWER 391. HORSEPOWER 391.
SPEED (RPMI 70123. SPEED (RPM) 70123.

MEAN 0IA (INI 3.47 5 SPEED 2103.

EFF AREA (INZ) 0.25 HEAD (FTI 4137.
U/C (IDEAL1 0.384 DIA. (IN) 1.92

MAX TIP SPEED 1062. TIP SPEED 587.
STAGES 1. VOL. FLOW 239.

DELTA H (ACTI 117.33 HEAD COEF 0.387

GAMMA 1.38 FLOW COEF 0.174
PRESS RATIO (T/TI) 1.13
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TABLE 62. - SPLIT-EXPANDER CYCLE - O/F = 12.0

ENGINE PERFORMANCE PARAMETERS

CHAMBER PRESSURE 125010

VAC ENGINE THRUST IS8RB-

DEL. VAC. ISP 396.3

TOTAL ENGINE FLOW RATE 40.1

THROAT AREA 6.071

NOZZLE AREA RATIO 1000.0

ENGINE MIXTURE RATIO 12.00
CHAMBER/NOZZLE COOLANT DP 4ss.

CHAMBER/NOZZLE COOLANT DT 726.

ETA C- 0.980

CHAMBER/NOZZLE Q 8431.

ENGINE STATION CONDITIONS

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

- FUEL SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENTHALPY DENSITY

B.P. INLET 18.6 37.4 3.09 -107.5 4.37

B.P. EXIT 93.6 38.9 3.09 -102.3 4.37

PUMP INLET 93,6 38.9 3.09 -102.3 4.37

IST STAGE EXIT 2053.3 76.4 3.09 48.7 4.14

JBV INLET 2053.3 76.4 0.00 48.7 4.14

JaV EXIT 1497.9 79.3 0.00 48.7 3.71

2ND STAGE EXIT 2924.6 92.0 3.09 114.3 4.12

PUMP EXIT 3762.9 106.9 3.09 177.3 4.11

COOLANT INLET 3708.6 107.3 3.09 177.3 4.09

COOLANT EXIT 3253.7 833.8 3.09 2909.1 0.67

TBV INLET 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 2 9 0 q. 1  
0.66

LOX TRB EXIT 284.4.1 814.7 2.56 2830.0 0.61

HZ TRB INLET 7844.1 814.2 2.56 2830.0 0.61

HZ TRB EXIT 1650.5 726.3 2.56 2493.2 0.41

HZ TRB DIFF 1634.7 726.4 2.56 2493.2 0.40

H2 BST TRH IN 1620.0 726.5 2.56 2493.2 0.40

H2 HST TRB EXIT 1603.1 724.8 2.56 2486.9 0.40

H2 EST TRH DIFF 1599.5 724.8 2.56 2486.9 0.40

02 EST TRB IN 1585.1 724.9 2.56 2486.9 0.39

02 ST TRO EXIT 1576.3 724.0 2.56 2483.4 0.39

02 ST TRB DIFF 1575.7 724.0 2.56 2483.4 0.39

H2 TANK PRESS 18.6 753.8 0.0033 25S5.7 0.0046

0OX HEAT EXCH IN 1568.7 744.5 2.56 2555.7 0.38

GOX HEAT EXCH OUT 1562.2 743.6 2.56 2552.3 0.38

MIXER HOT IN 1562.2 743.6 2.56 2552.3 0.38

MIXER COLD IN 1497.9 79.3 0.00 48.7 3.71

MIXER OUT 1497.9 744.0 3.08 2552.3 0.36

FSV INLET 1497.9 744.0 3.08 2552.3 0.36

FSV EXIT I20,1 745.1 3.08 2552.3 0.32

CHAMBER INJ 1311.3 745.1 .08 2552.3 0.32

CHAMBER 1049.9

- OXYGEN SYSTEM CONDITIONS

STATION PRESS TEMP FLOW ENTHALPY DENSITY

H.P. INLET 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 IS69.' 172.9 37.06 67.6 71.01

02 TAWN PRESS 16.0 400.0 0.06 204.7 0.12

POSY INLET 1541.3 173.0 2.93 67.6 70.97

POSY EXIT 1308.1 173.9 2.93 67.6 70.59

CCV INLET 1541.3 173.0 34.06 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 34.06 67.6 70.82

CHAMBER 1249.6

VALVE DATA

VALVE D01TA P AREA FLOW _ BYPASS

JBV 555. 0.000 0.00 0.00

TRV 1643. O.3Z3 0.52 16.-8

FSV 178. 0.600 3.08

POV 233. 0.0.4 2.0

OCV 46. 0.193 34.06

IN If'TO'R DATA

- FUFL . OXID
PkTMAPY S(UCOND

DELP MAN 9.17 -1 .1 '22.2?

DELP INJ 52.07 4? 0? 230.47

AREA 1.14 c 1- i.4

FLOW 3.08 2 ' 34.06
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TABLE 62. - SPLIT-EXPANDER CYCLE - O/F = 12.0 (CONTINUED)

* TU.BOMACHINFRY PERFORMANC.E DATA'

B 12 ROOST TURBINE * HZ BOOST PUMP

[FFICIENCY 0.844 EFFICIENCY 0.608

HORSEPOWER 23. HORSEPOWER 23.

SPEED CRPM) 36541. SPEED (RPM) 36541-

MEAN DIA {INI 1.90 S SPEED 1856.

EFF AREA (IN2; 1.45 HEAD IFT) 2472.

U/C (IDEAL) 0.512 DIA. (IN) 2.18

MAX TIP SPEED 302. TIP SPEED 347.

STAGES 1. VOL. FLOW 317.

DELTA H (ACT) 6.30 HEAD COEF O.659

GAMMA 1.44 FLOW COEF 0.132

PRESS RATIO (T/T) 1.01

SHZ TURBINE . . H2 PUUMP

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE THREE

......... .*;..**0

EFFICIENCY 0.827 0.836 EFFICIENCY 0.572 0.596 0.598

HORSEPOWER 1221. 1221. HORSEPOWER 659. 286. 275.

SPEED (RPM) 113796. 113796. SPEED (RPM) 113796. 113796. 113796.

MEAN DIA (IN) 3.47 3.47 S SPEED 499. 907 932

EFF AREA (IN21) 0.2I 0.27 HEAD (FT) 6718s. 30471. 29329.

U/C (IDEAL) 0.534 0.548 DIA. (IN) 3.68 5.02 3.02

MAX TIP SPEED 1724. 1724. TIP SPEED 1831. 1499, 1499.

DELTA H 172. 16S. VOL. FLOW 335. 336. 337.

GAMMA (ACT) 1.44 1.4e HEAL COEF 0.645 0.435 0.420

PRESS RATIO(T/T 1.33 1.3S FLOW COEF 0.055 0.1)0 0.112

02 BOOST TURBINE - :.02 BOOST PUMP

EFFICIENCY 0.878 EFFICIENCY 0.715

HORSEPOWER 13. HORSEPOWER 13.

SPEED (RPM) 10741. SPEED (RPM) 10741.

MEAN DIA (IN) 5.2I S SPEED 4163.

EFF AREA (INZ) 2.2 HEAD (FT) 135.

U/C (IDEAL) 0.512 DIA. (IN) 2.44

MAX TIP SPEED 244. TIP SPEED 115.

STAGES I. VOL. FLOW 23S.

DELTA H (ACT) 3.50 HEAD COEF 0.330

GAMMA 1.44 FLOW COEF 0.238

PRESS RATIO T/TI) 1.01

- 02 TURBINE * 02 PUMP

EFFICIENCY 0.807 EFFICIENCY 0.708

HORSEPOWER 287. HORSEPOWER 287.

SPEED 10PM) 62881. SPEED (RPM) 62881.

MEAN DIA (IN) 3.47 S SPEED 2365.

EFF AREA INZ) 0.25 HEAD (FT) 3015.

U/C (IDEAL) 0.429 DIA. (IN) 1.92

MAX TIP SPEED 953. TIP SPEED 526.

STAGES l- VOL. FLOW 234.

DELTA H (ACT) 79.16 HEAD COEF 0.350

GAMMA 1.44 FLOW COEF 0.190

PRESS RATIO IT/T) 1.13
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TABLE 63. - FULL-EXPANDER CYCLE WITH REGENERATION -- /F = 5.0

ENGINE PERFORMACIE PARAMTERS
i I ................................llll

CHAMBER PRESSLAE 16,97.1
VAC ENGINE TIQUST 16536.

DEL. VAC, ISP 417.1

TLTAL ENGINE FLOW RATE 34.4

THRCT AREA 5.547

NOZZLf AREA RATIU 1600.0

ENGINE MIXTURIE RATIO 5.00
CHAMBER/NOZ2.LE COOLANT IP 772.
C•AMBER/NOZaLE COOLANT 01 385.
ETA C- 0.993
CHAMBER/NOZZtLE 0 8653.

ENGINE STATION CO•CDITIONS

SFUE.L SYSTEM CONDITIONS
STATION PRESS TEMP FROM ENTHALPY DENSITY
B.P. INLET 18.6 37.4 5.75 -107.5 4.37
a.P. EXIT 95.3 8.4 5.5 -t103.3 s 4.39
PUFP INLET 95.1 38.4 5.15 -103.3 4.39
IST STAGE EXIT 1696.7 61.4 5.15 -2.2 4.41
2ND STAGE EXII 31-81.1 83.3 5.75 97.3 4.45
PUF4P EXIT 

4 8 C_5 104.2 5.7s 194.6 , 4.50
COLD REGEN IN tsAA.2 3G4.7 5.J5 114.6 4.48
COLD REGEN EX 4748.3 227.5 5.?7 631.7 2.79

COOLANT INLET 4748.3 227.5 5.75 631.7 2.78
COOLANT EXIT 3976.7 612.3 5.75 2136.6 1.06

TBV INLET 3938.9 612.5 0." 2136.6 1.05
T0V EXIT 1736.3 624.9 0."6 2136.6 0.49

LOX TRP INLET 3938.9 6:7.5 5.69 2136.6 1.05
LOX TRB EXIT 3570.4 600.8 5.69 2085.7 0.98
H2 TRB INLET 3570.4 600.8 5.69 2085.7 0.98
HZ TRB EXIT 1859.4 527.2 5.69 1784.8 0.61
H2 ERB 0IFF 1829.2 527.3 5.69 3784.8 0.61
H2 OST TRR IN 1808.7 527.' 5.69 1784.8 0.60

H2 BST TRB EXIT 1789.7 526.3 5.69 3780.5 0.59
H2 BST TRB DIFF 1776.4 526.4 5.69 1780.5 0.59
02 BST TRB IN 1756.4 526 , 5.69 1780.5 0.58
02 BST TRB EXIT 1747.5 52'.9 5.69 1778.3 0.58
02 BST 7RB DIFF 1746.1 s5.9 5.69 1778.3 0.58

H2 TANK PRESS 18.6 533.9 0.00846 1781.8 0.0066
GOX HEAT EXCH IN 1736.3 526.9 5.69 1781.8 0.58
GOX H' AT EXCH OUT 1727.4 526 6 5.69 1780.7 0.57
HOT REGEN IN 1227.4 526.6 5.69 1780.7 0.57
HOT REGEN EX 1675.0 407.9 5.69 1339.2 0.71
FSV INLET 1675.0 407.9 5.74 1339.1 0.71
FSV EXIT 1631.5 408.0 5.74 t339 I 0.70
CHAMBER INJ 1614.5 408.1 5.74 1339.1 0.69

CHAMBER 1496.5

* OXYGEN SYSTEN CONITIONS
STATION PRESS TEMP FLOM EKTHALPY DENSITY
B.P. INLET 16.0 162.7 29.76 61.9 70.99
B.P, EXIT 141.8 I'-.4 28.16 62.4 70.83

PUMP INLET 14.1. ItS.4 28.76 62.4 70.83
PUMP EXIT 2965.7 179.4 ..76 72.5 71_.8

02 TANK 'ESS 16.2 400.0 0.05 204.: 0 .7
ROSV INLEi 2947.0 17 .5 6.21 72.5 ?I
POSV EXIT 1797.9 184.0 6.21 72.5 64.45
OCV INLET 294 ' 179.5 22.50 72.5 71.24
OCV EXIT 1618.5 184.7 22.50 72.5 69.16
PRIMARY INJ 1738.8 184.2 6.23 72.5 6.36

SECONDARY INJ 1596.3 194.8 22.50 72.5 69.12,
CHAMBER 1497.1

V.LVE DATA

VALVE DELTAP RRE• FEOW S BYT ASS
TBV 2207. 0.003 0.06 1.30
FSV 44. 1.542 5.74

POSV 11,4 0.032 b.."1
OCV I7': 0.104 22.50

1. '-KOR DATA
.o....,..:.. ,.

FUEL * 04:5
-A•:,RY S 17ND

E)ELP MAN I.t.b 85 11.01
DEIP INJ -; 74 §3 "23l

AREA IT.0Ti 0.41
FLOW.6 ',7, .. I 22.50
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TABLE 63. FULL-EXPANDER CYCLE WITH REGENERATION - O/F 5.0
(CONTINUED)

* TIZBMACHINERV PFRFORI4IACE DATA

W2 BOUST TURBINE * " P2 BOOST PUMP P

fFFICIECY O.11q EFFICIENCY 0.7.5

HORSEPOWER !4. HORSEPOWER 4.

SPEED (RPMI 44528. SPEED (RPMI 44S48.

MEAN DIA (IN) 1.34 S SPEED T04).

EFF AREA (INZ1 2.45 HEAD (FT) 2SI4.

U/C IIDEALI 0.855 DIA. 1I1I 2.18

MAX TIP SPEED 240. TIP SPEED 423.
TTAGES I- VOL. FLOW 5'8.

DELTA H (ACTI 4.2b HEAD COEF -. 451

GAMMA 1.318 FLOW COEF 0.201
PRoSS RATIO (T/T) 1.01

= TLBIURNE :. H2 PUMP

STAGE I STAGE Z STAGE ONE STAGE TWO STAGE THREE

EFFICIENY ..851 0.88 F FFICIENC', 0.666 0.666 0-67

HORSEP OR 2423. 4213. HORSEPOWER a23. 808. 793.

SPEED 'RPM. 118750. 118750. SPEED (RPM1 11/750. 118750. 11R750-
WAN DIA (IN• 2.8Z Z.86 S SPEED 830. 837. 08T.

EFF AREA 11NZ) 0.31 0.43 HEAD .FTI 52380. 51514. 505.2.

U/C (IDEAL) 0.S00 0.491 D)I1A. (IN) 3.44 3.44 3.44
MAX TIP SPEED 1484. 1484. TIP SPEED 1785S (785. 17R5.

DELTA N 148. 5.3. VOL. FLOW 585. S81. 573.

GAMMA (ACT) 1.38 1.38 HEAD COEý 0.529 0.520 0.510

POESS RATIOIT/T 1.04 1.37 FLOW COEF 0.100 0.100 0.10:

:02 BOT TURBRINE 02 BOOST PLU •

EFFICIENCY 0.861 EFFCIENCY 0.728

.- A6&EPOLER 18. HORSEPO.ER I8.

SPEED (RPM) lissq. SPEtl (RPM) 11559.

MEAN 0IA (INH ) .69 S SPEED 439.

EFE AREA {IN21 3.60 HEAD (FT) 356.

UC (IDEAL 0 .51 DIA. IIN? I .44
MAX TIP SPEED 18b. TIP SPEED 123.

',TAGFS 1. VOL. FLOW 182.
Uf LTA H (ACT) 2.28 HEAD COEF 0.542

CAMMA 1.38 FLOW COEF 0.17,

"'RESS RATIO T/TI) 1.01

•02 TUIBRINE . " 02 PUMtP

EFFICIENCY 0.871 EFFIIENC Y 0.727

HORSFPOwER -10. HORSEPOWER 410.

SPEED (RPM) 742K. SPEED (RPM, 742T5.
MEAN DIA IINI 2.8, 5 SPEED 1523.

(Ff AREA (1N2? 0 43 4EAD (FT) 570!.

I'C I .DEAL1 0 5,4 DIA. (I1) 1-�

MAX TIP SPEED •2R. TIP SPEED 627.

2TACS I. 4:!L. FLOW 181.

DFLTA H (ACT)I 1,0.4 HEAD co0F 0.4O,

"AMMA I.35 Fl OW C:)EF .Iz.
PqESS BATIO (/TII 1.10

kFI;'.'ATI:R DATA

FIEI .!SI P'T L17P

'IfLT. 127.8: - .35

FLOW 5.75 I,,.

LFFECTIV?' 155 0 2"
NTU 0.",

'RATIO c0/

',,;?N 0 25.3.8. 2
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TABLE 64. - FULL-EXPANDER CYCLE WITH REGENERATION - O/F - 5.5

ENGINE PERFORMANCE PAR-'METERS

CHAMBER PRESSURE I b5.9
VAC ENGINE THRUST IRS18.
DEL. VAC. ISP 47-.0
TOTAL ENGINE FLO. RATE 38.8
THROAT AREA 5.54.7
NO'ZLE AREA RATIO 1000.0

ENGINE MIXTURE RATIO S.Sa
CHAMBER/NOZZ'LE COOLANT DP 8"Il.

CHAMBER/NOZZLE COOLANT DT T37.
ETA C. 0.'3
CHA7MBER/NOZZLE Q 100..

ENGINE STATION CONDITIONS

- FUEL SYSTEM CONDIT!78NS
STATION PRESS TEMP FLOW ENTHALPY DENSITY
BP. INLET 18.6 37.4 S.98 -107.5 4.37

E.P. EXIT 101.5 38.5 5-98 -102.9 4.39
P1Up INLET 101.5 38.5 S. I -102.9 4.39
IST STAGE EXIT 1839.4 63. 4 5.98 6.?7 4.41
2w0 STAGE EXIT 3563.3 87.0 5.98 116.5 4.46
PUMP EXIT 5278.7 109. 5.98 210.4 4.52
r"MLD REGEN IN 5223.6 110.1 5.98 220.4 4.50
.-O0 REGEN EX 5166.4 21 .7 5.98 69?.? 2.80
COOLANT IN4LET 516.4 ,1. 7 5-R 697.7 2.80
COOLANT EXIT 4350.1 678.2 5.98 23a81.6 1.0s

TUV INLET 4308.9 678.5 0.0 2381 . 6 1.04
RY EXIT 1925.1 693.0 0.06 2381.6 0.49

LOX TR8 T INLET 1408.9 678.5 5.92 2381.6 1.04
L.0 TRX EXIT 3906.3 665.3 5.92 2325.7 0.98
IW TR8 INLET 3906.3 6.5.3 5.92 2325.7 0.98
M2 TR3 EXIT 2058.5 585.0 5-92 1999.0 0.61
IH TRS DIFF 2025.8 585.2 5.92 1999.0 0.60
IM 8T TR IN 2003.6 585.3 5.q2 I199.0 0.60
WC BST TR: EXIT 1983.0 584.1 5.92 1994.4 0.59
,Z BST T10 DIFF 1968.6 584.2 5>-2 1994.4 0.59
02 8S TRB IN 1946.9 584.3 5.92 1q94.4 0.58
C BST TR8 EXIT 1937.3 583.6 5-92 1991.9 0.58

CC BST TR DIFF 1935.8 583.6 5.q2 I91.9 0.158

I' CANK PRES 18.6 544-. 0. 7-81 1'95.8 0.005q
G13X NEAT EX C IN 1925.1 .84,8 5. l I'S,8 0.57
G3X HEAT EXRH OUT 1915.5 584.5 5.92 l"4.6 0.57
HO T R E GEIN IN 191 5 .5 58 4 .5 5 . , l ,94 .6 0 .57
3OT REGEN EX 18.8.9 '53.1 5.92 151 ,5 0.71

FSV I NLET 1858.9 e53. S .97 1512.5 0.71
FSV EXIT 1811.8 '53.2 5.,7 1512.5 0.69
fl~DMER INJ 1793.4 4,53.3 S.97 1512.5 0.69
OADER 1666.0

• OXYGEN SYSTEM COND:TIONS
STATION PRESS TEMP FLOW ENTKAL PY DENSITY
B.F. INLET 16.0 16,7.7 -2.98 61.q 70.99
S.F. ERIC 145.0 .85.4 3 88 .2.4 70.84
PUMP INLET 145.0 5.4 -,.8 9.2.4 70.84
P1*, EXIT 3006.5 179 .2 32 B 7:64 71.3.

Q? TAIN PRESS 16.0 400.0 3, Z04.7 0.12
POS" INLET 298,.1 179.2 '2 72.4 71.32
POSV EXIT 193!.7 183.4 9.' 72.4 69.69
OCV INWLET 298,. 179." " 291 7.2.4 71.32
OcV EXIT 1838.6 94.7 2. '1 72.4 69.53
PRIMARY iNJ 1884.8 183.6 5 92 72.4 69.61
SECONDARY 1N.J 1807.1 18.9 .l 72.4 9.48
C?'X E8 1665.R

VALVE 7.ATA

VMRt DEL.TAP 4fA 'M Sl'A.
TRV 2384. 3.07 2 .7
FSV 47. 1 507

P•rV I 1'" : ll :t•.14. . 141 . .

• Ftgi •• ) i:

'IfJ P MAN .1` .,. :: IS
.91P INJ 103 .44 .'4 I':

A 1.03 ^72
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TABLE 64. - FULL-EXPANDER CYCLE WITH REGENERATION - O/F 5.5

(CONTINUED)

... .... .oe wI i l ....... ............

* TURBOMIACHINERY PERFORMANCE DATA

* H? ROOST TURBINE . . 1H.2 BOOST PUMP

IfEICIENCY 0.7FI EFFICIENCY 0.Y,5

HORSEPOWER 39. hORSEPOWER !q.

SPEED IRPMZ 46313. SPEED (RPM) 46313.

MEAN DIA (IN) (.34 S SPEED 0317.

EFF AREA (IN2 s 2.45 HEAD IFT) 2723.

U/C (IDEAL) 0.485 DIA. (IN) 2.18

MAX TIP SPEED 271. TIP SPEED 440.

STAGES I. VOL. FLOW 6)1.

DELTA H (ACT) 4.62 HEAD COEF 0.452

GAMMA 1.31 FLOW COEF 0.20)

PRESS RATIO (T/TI 1.01

(1M2 TURBINE . . H2 PUMP

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE THREE
......... .. ............

EFFICIENCY 0 FFIIEY 0.666 0.667 0.667

HORSEPOWER 2734. 2734. HORSEPOWER 927. 912. 995.

SPEED (RPM) (23568. 12356a. SPEED (RPM) 123568. 123568. 123568.

MEAN DIA (IN) 2.86 2.86 5 SPEED 828. 833. 838.

EFF AREA (IN,) 0.31 0.40 HEAD (FT) 56800. 55Q40. 54985.

U/C (IDEAL) 0.500 0.492 DIA. (IN) 3.44 3.44 3.44

MAX TIP SPEED 1544. 1544. TIP SPEED 1857. (858. 1858.

DELTA H 163. 165. VO. FLOW 608. 602. 593.

GAMMA (ACT) 1.39 1.39 HEAD COEF 0.530 0.522 0.5(3

PRESS RATIO(T/T 1.34 1.37 FLOW COEF 0.100 0.100 0.100

•02 ROOST TURRI•NC . . 0 BOOST PUMP

EFFICIENCY 0.866 EFFICIENCY 0.7ss

HORSEPOWER 2). MOR SEPO WER
SOEFD (RPM) (22(9. SPEED (RPM) 122(..

MEAN DIA (IN) 3.-9 S SPEED 2705.

EFF AREA (1N2) 3.60 HEAD (FT) 262.

U/C rIDEAL1 0.51 DIA. C l 2.44

MAR TIP jPEED I'7 TIP SPEED 10.
sTAGES (. VOL. FLOW 208.

OEL TA H (ACT) 2.48 HEAD COIF 0.'?

"GAMMA I._' FLOW COEF C.Ih
PAFSS RATIO IT/TI .0C

"03Q TURR(NE . . 02 PO•PE

EFFICIENCY 0.8,5 EFFICIENCY 0.737
HOR SEPOWER 468. HORSEPOWER 4.8.

SPEED (RPM) 76597. SPEED PRHM) 7,597.

MEAN DIA (IN) 8. S SPEED II.-7

ElF AREA IN a) 3.4 1( AD (FT) 577.

U/C (llA.) 0.572 DIA. (IN) I

MAX TIP SPEED '57 TIP SPE•ED

S TAGES (II V. FnW 237.
rEtTA H (ACT) SC,9! HREDEF 3.44a

GAMMA . FLOW CIAF 0.1'

PRESS RAT))) (TIT) 1.1

Rf(,INEAAT.78 DATA

[If (D LPp ' SIDE
t)ELP SS.2t 5,.5,

DEl T (151,5 -(31.40

APIA 4C (5
F71GW S.'8 5.':

NT) 0.'3
FTRATIO 2 Sq

(MIN 1 1

) GEN U 252.-
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TABLE 65. - FULL-EXPANDER CYCLE WITH REGENERATION - /F 6.0

ENGINE PERFORKA)4E PARMWTERS

CHAMBER PRESSURE 178. 0
VAC ENGINE THRUST 268

DEL . VAC. ISP 8.1
TOTAL ENGINE FLOW4 RATE 4-
THROAT AR EA S.S47

NOZZLE AREA RATI 66.0
ENGINE IXTURE RATIO .00
CHAMBER/NOZZLE COOLAN~T OP 274.
CHAMBER/NOZZLE COOL ANT DT SS
ETA C- 06993
CHAMBER/NOZZLE a 11190.

ENGINE STATION CONDTIONS
. . ......................

-F UEL SYSTEM CONDITIONS
STATION PRESS TEIP -- ~ amEMAPY DENSITY

.P. I.ET 18. 37.4 5.9)6 -167.5 4.37
H.p. E:XLIT 100.63 58.5 5.94 -163.0 4.39

PUMP I 4.ET 100.3 38.5 5.14 -1 03. 4.39
IST STAGE EXIT 1882.3 63.9 S.96 P.2 4.11
ZMD STAGE EXIT1 3651.4 88.1 5. 96 119.4 4.44
PUMP9 EXIT S414.2 11,-.2 5.94 22. 4.53
CtOLD REGEN IN 535 9. * 111.7I 5.9" 2. 4.51COLD REGEN EX 5305.2 243.0 5.94 196.2 2,67
COOLANT 1I NET 5305.,2 243,.0 5." 796.2 2.67
COOANT Ex IT 4431.2 747.8 5.94 26. 0.96

TBy IIET 4386.0 748. 1 0.3 26. 0.95
TBV EXIT 20335 I8s. .6.3 21. 0.46

LOX TRH ~.LET 436. 768. 5.4 2761.6 .95
LOX TRB EXIT 3984 .6 ?53.6 5. 48 ~ 280. 0.88s
M2 788 INLET 3984.6 753.6 5.66 2680.8 0.88

NOTRE EXIT 2159.4 645.3 5.66 _2w .6 0.5
"NO TR 01FF 2127.6 465.5 5.64 22688.4 0.6
wO BST TR. IN 2116.2 "65.4 5.40 228.Z05
NO1 BST TRA EXIT 2.086'.3 464.4 5.40 r2113.6 0.*55
HC BST TR8 D1FF 2012.4 f466.5 5.64 Z233.8 0.55
0? B51 188 IN 2051.5 444.4 5.64 __ 23 .6a 0.54
02 :ST TRH EXIT 2042.2 463.9 5.60 =21.3 0.54
02 HST TRH D01FF 2040.7 63!.9 S.64 22961.3 0.,54

HZ T ANK P RESS I18.6 68' .3 0. 0070 Z104.4 0.0051
GOX HEAT EXCH IN1 230.5 6 71.1 5.6 264.4 0.ý5I

000 HEAT E XCH OUT 201.2ý 6 71.7 IS.4 (0 2!04.9 0.53
NOT REGEN 1N 201. 670.7 5.4 2304.9 0153
NOT REGEN Ex 1966.*2 S0S.4 5.66 17 7.1 0.67
FSV INL.ET 1966.2 505.4. S.9% 1767.1 0.67
FSV EXIT 1916.8 505.6 5.95 1 7 7.1 0.66.. I9ER INJ 1 897.5 505.7 5.95 117.7,1 1.65
CHAM4BER 1764.0

-OXYGEN SYSTEM CONITIONS
STATION PRESS TEMP FLOW EMTMAL.PV DENS ITY
H.P. IN6..ET 16.0 1 6Z.7 35.77 61.9 70.99
S.F. EXIT 134.10 1 65.3 3S.71 f62.3 70.84
P.1 IRVRET 134.0o 1 6%.3 35.77 Z2.3 7 0.84
PLOW9 EXIT 28S4. 178.4 35.77 71.9 11.34
02 TAM6 PRESS 1 6.0 400.0 6.04 041 0.12

POSV INLET S2825. 178.S 5.32 719 71 .30
POSV EXIT 1979. 3 1 81.8 5.32 71.9 6 , qa
OCV INLET 2825S.9 178.5 30.39 711.9 791.30
TrC EXIT 1992.9 a I8. So 30.9 71.9 69.99
PRIMARY INJ 19410.0 181.9$ 5.3Z 71.9 64.q:
SECONDARY INJ 1943.0 181.9 30.39o 71.9 69.92
C HA M BR E R 

1 7 6 " .3

VALVE DATA

VA.LVE DEL TA I ARE 11. x EWA4SS
T~y Z'3LS6. 0.016 0.36 S.97
FY1 4.9 .5302 11 - -
POSY 847. 0.0112 5.12S

RC, 4!. 0.15 310 34

I' I ITO DATA

FL1. *.c)Xl .X

; ARY Sf 1111.2
IfI.P MA~N %110 1l.. 10. SR

DFLP INJ I:e.4 I:o 17 ' -
APFA 10.3 1 T? 0.41

F" Ow10.!,
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TABLE 65. - FULL-EXPANDER CYCLE WITH REGENERATION - O/F = 6.0
(CONTINUED)

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

. TURBOMACHINERY PERFOA-,.NCE DATA •

.................. el...............

IC R- OOST TURBINE * " H2 BOOST PUWP

EFFIC|EICY 0.770 EFFICIENCY 0.765

HORSEPOWER 38. HORSEPOWER 38.

SPEED (RPM) 46052. SPEED (RPM) 46052.
MEAN DIA (IN) 1.34 S SPEED 3049.

EFF AREA 1IN2) 2.4S HEAD IFTI 2683.

U/C (IDEAL) 0.485 DIA. (IN) 2.18
M4AX TIP SPEED 269. TIP SPEED 438.

STAGES I. VOL. FLOW 609.

DELTA H (ACT) 4.79 HEAD COEF 0.450
GAMMA 1.36 FLOW COEF 0.202
PRESS RATIO IT/TI 1.01

* IC TURBINE - HZ PUMP

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE THREE

EFFICIENCY 0.839 0.828 EFFICIENCY 0.667 0.668 0.66.
HORSEPOWER 2792. 2792. HORSEPOWER 946. 931. XIS.
SPEED (RPM) 124577. 124S77. SPEED (RPM) 124577. 124577. 124577.

WEAN DIA IIN) 2.86 2.86 S SPEED 8a8. 823. 827.

EFF AREA (IN2) 0.31 0.40 HEA3 (FT) 58219. 57358. 56415.
U/C (IDEAL) 0.480 0.476 DIA. (IN) 3.44 3.44 3.44
WIA TIP SPEED 1557. 1557. TIP SPEED 1872. 1873. 1873.

DELTA H 176. 176. VOL. FLOW 606. 599. 590.

GAMMA (ACT) 1.36 1.36 HEAD COEF 0.534 0.526 0.517

PRESS RATIO(T/T 1.34 1.37 FLOW COEF 0.098 0.099 0.099

* 02 BOOST TURBINE * 02 BOOST UMP

..; ...........*..•.. ........ •.n......

EFFICIENCY 0.861 EFFICIENCY 0.764
N.RSEPOIER 20. HORSEPOWER 20.

SPEED IRPM) 12293. SPEED (RPM) 12293.
MEAN OIA (IN) 3.69 S SPEED 3036.

EFF AREA 1IN2)] 3.60 HEAD (FTI 240.
U/C (IDEAL) 0.5), DIA. (IN1 2.44

MAX TIP SPEED 198. TIP SPEED 131.

STAGES I. VOL. FLOW 227.

DELTA N (ACT) 2.58 HEAD COEF 0.49

GAMMA 1.36 FLOW COCF 0.201
PRESS RATIO (T/TI) 1.00

0 2 TURBINE * . 02 puMPo

EFFICIENCY 0.850 EFFICIENCY 0.719
HORSEPOWER 483. HORSEPOWER 483.

SPEED (RPM) 76647. SPEED (RPM) 76647.

WAN DIA (IN) 2.86 S SPEED 1803.
EFF AREA (IN2) 0.43 HEAD (FT) 5490.

U/C IIDEAL) 0.505 DIA. (tN) 1.93

MA TIP SPEED 958. TIP SPEED 647.
STAGES 1. VOL. FLOW 225.

DELTA H (ACT) 60.92 HEAD COEF 0.422
GAMMA 1.36 FLOW COEF 0.154

PRESS RATIO (T/TI) 1.10

REGFNFRATOR DATA

COLD SI[E HOT SIDE

OFLP 542'6 55.05
DELT 151.37 -).5,29
ARFA 0.43 0 .52

FLow 5.9, 5,0

EFFECTIVENFSS 0.30
NTU 0.43

CRATIO 0.q2

CMIN 20.26

pRcGEN 0 3ý49..3
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TABLE 66. - FULL-EXPANDER CYCLE WITH REGENERATION - O/F 6.5

ENGINE PERFORMANCE PAPAAP(TRS

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

CHAMBER PREýLURE 1764.0
VAC ENGINE THRUST 20336.
DEL. VAC. ISP 480.3
TOTAL ENGINE FLOW RATE 42.3

THROAT AREA S.%47
NOZZLE AREA RATI 1000.0
ENGINE MIXTURE RATIO 6.50
CHAMBER/NOZZLE COOLANT DP 884.
CHAMBER/NO22LE COOLANT DT 5M.
ETA C. 0.9%3
CHAMBER/NO2ZLE 0 12145.

ENGINE STATION CONDITIONS
.................................

- FUEL SYSTEM CONDITIONS
STATION PRESS TEMP FLOW ENTNALPY DENSITY
B.P. INLET 18.6 37.4 5.65 -107.S 4.37
B.P EXIT 95.5 38.4 5.65 -10.3 4.39
PUMP INLET 95.5 38.4 5.65 -103.3 4.39
IST STAGE EXIT 1804.2 62.9 S.65 4.5 4..I
2ND STAGE EXIT 3498.9 86.1 S.65 110.5 4.46
PUMP EXIT 5184.6 108.4 5.65 214.5 4.52
COLD REGEN IN 5135.3 108.8 5.65 214.5 4.50
COLD REGEN EX 508S.7 292.6 5.65 911.6 2.40
COOLANT INLET 5085.? 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 3060.9 0.80
TBV EXIT 2021.1 88:.8 0.71 3060.9 0.41

LOX TR. INLET 4153.? 870.6 4.94 3060.9 0.80
LOX TRB EXIT 3780.9 854.6 4.94 2995.6 0.75
HZ TR8 INLET 3780.9 854.6 4.94 295.6 0.75
HZ TRR EXIT 2136.8 762.9 e.94 2632.4 0.49
H2 TRB IFF 2108.? 763.0 4.9g 2632.4 0.49
H2 EST TR8 IN 2089.0 763.2 4.94 2632.4 0.48
H2 BST TR8 EXIT 2071.1 761.9 4.94 2627.6 0.48
HZ RST TRO DIFF 2058.6 762.0 4.94 2627.6 0.48
02 BST TRB IN 2039.9 762.1 4-94 2627.6 0.47
02 BST TRD EXIT 2031.5 761.4 4.94 2624.9 0.47
02 RST TR8 DIFF 2030.2 761.4 4.94 2624.9 0.47

H2 TANK PRESS 18.6 789.1 0.0358 2679.4 0.00f5
GOX HEAT EXCH IN 2021.1 776.9 e.94 279.4 0.46
GOX NEAT EXCH OUT 2012.7 776.4 4.-4 2677.7 0.46
HOT REGEN IN 2012.7 776.4 4.94 277.7 0.46
HOT REGEN EX 1963.1 553.1 4.94 1881.1 0.62
FSV INLET 1963.1 5S3.1 5.6 F I1.1 0.62
FSV EXIT 1914.4 553.4 5.64 1881.1 0.60
CHAMBER INJ 1895.5 55S.4 5.64 1881.1 0.60
CHAMBER 1764.1

OXYGEN SYSTEM CONDITIONS
STATION PRESS TEMP FLON ENTNALPY DENSITY
BRP. INLET 16.0 162.7 36.75 61.9 70.99
B.P. EXIT 117.1 165.2 .. 7S .2.3 70.83
PUMP INLET 117.1 165.2 3..75 .2.3 70.83
PUMP EXIT 2607.6 177.3 3..75 71.1 71._8

02 TANK PRESS 16.0 400.0 0.06 204.7 0.12
POSV INLET 2577.0 177.4 4.65 71.1 71.23
POSV EXIT 1928.2 179.9 4.65 71.1 70.22
OCV INLET 2577.0 177.4 32.04 71.1 71.23
OCV EXIT 2006.1 179.6 .2.04 71.! 70.34
PRIMARY INJ 1898.3 180.0 4.65 71.1 70.17
SECONDARY INJ 1961.9 179,8 32.04 7I.! 70.27
CHAMBER 1764.0

VALVE DATA

VALVE DELTA P AREA FLOW S RýPAs
TBV 21"!. 0.036 0.71 12.50
FSV 4. 1.502 5e.4

POSy b49. 3.032, 4..S
OCV 171 0.2!8 r.04

!I f( IrR DATA

•fU~t O XI

PIM•i.V C ,

OELP MAN 'ý..s 1 4
DOfP INJ IIIAT I I
AREA 1.03 0.0/ 0 41

FLOW 4 4 42
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TABLE 66. - FULL-EXPANDER CYCLE WITH REGENERATION - O/F 6.5
(CONTINUED)

...... ..........................
TURBOMACHINERY PERFORMANC DATA

...................... :::al le .a•.........
................

• 12 BOOST TURBINE * #t2 800r PL@eP

EF ICIENCV 0.750 Eff(CIENCY 0.a"5

HORSEP OWER 34. H ORSEPOIWER 3 .

SPEED (RPM) 44288. SPEED (RPM) 46288.

MEAN DIA (IN) ].34 S SPEED 2987.

EFF AREA (IN21 2.45 HEAD (FT) 252?.

U/C (IDEAL) 0.485 DIA. (IN) 2.18

MAX TIP SPEED 259. TIP SPEED 421.

ST AS I. VOL. FLOW 578.

DELTA H (ACT) 4.85 HEAD COEF 0.459

GAMMA 1.38 FLOW . CEF 0.199

PRESS RATIO (T/TI) .01

. .. TURBINE . .. P.....

STAG STAGE 2 STAGE ONE STAGE TWO STAGE THREE
... . * ... ......... m.......... . .... .. . .

EFFICIENCY 0.813 0.810 EFFICIE04CY 0.666 0.667 0.668

HORSEPWER 2541. 2541.. I1SEP 862. 847. 832.

SPEED (RPM) 1212. 1212. SPEED (1") 12121. 12)121. 121)21.

ofAN DIA (IN) 2.86 2.-6 S SPEED 799. 804. 809.

EFF AREA (IN2) 0.31 0.40 HEAD (FIT 55857. ,5010. 54067.

U/C IIDEAL) 0.e48 0.4s5 DIA. (IN) 3.44 3.44 3.44

MAX TIP SPEED 1513. 1511. TIP SPEED 1821. 1821. 1821.

DELTA H (85. (71. OL. FLOW 575. 569. 561.

GAMMKA (ACT) 1.38 1.3" HEAD CIE 0.542 0.534 0.525

PRESS RATIO(T/T 1.34 1.37 FLOW CF 0.096 0.096 0.097

.............. ...............;
2 BOOST TU• 02 T IT PNE .

FF[IC C 0.842 ~ EFFICIENCY 0.753

FTREPOWER 18. HORSEPOWER 18.

SPEED (RPMI 11907. SPEED (RPM) 11907.

MEAN DIA (IN) 3.69 S SPEED $347.

EFF AREA (IN2) 3.60 lAD (Ft) 206.

U/C (IDEAL) 0.514 DIA. (IN) 2.e4

MAX TrP SPEED 192. TIP SPEED 127.

STAGES 1. VOL. FLOW 233.

DELTA H CACTI 2.61 lEAD CF 0.)10

S1.38 FLOW COFF 0.213

PRESS RATIO (T/Tr 1.00

* 02 TURBINE • • 02 PtlE•

EFFICIENCY 0.82) EFPICIENCY 0 . 735

HORSEPOWER 4S7. lMPOWER 457.

SPEED (RPM) 74858. SPEED (RPM) 74858.

MEAN DIA (IN) 2.86 S SPEED 1907.

EFF AREA (IN2) 0.43 HEAD IFT) 5030.

U/C (IDEAL ) 0.468 01A. ([IN 1.93

MAX TIP SPEED 935. TIP SPEED 632.

STAGES I. VLi. FLOW 23).

DELTA H (ACT) 65.35 HEAD COEF 0.4,05

1..MA I . 38 FLOW C00F 0. 1t2

PRESS RATIO (T/TI) 1.10

REGENERATOR "AýA

COLD SIDE HOT SIDE

DELP 4T.2 4' .b

DELT 1857 -82',29

A04-0 ,52

FL W 5. 5 4bs

EF'ECTIVFNESS 0. 3
N'U 0.50

CPATIO 0.8-2

rml. 1-04

R •.E N 0 $'38.60
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TABLE 67. - FULL-EXPANDER CYCLE WITH REGENERATION - O/F = 7.0

ENGINE PERFORFMANCE PARAMETERS

CHAMBSER PRESSURE 1763.9
VAC ENGINE THRUST 20672.

DEL. VAC. ISP 477.5
TOTAL ENGINE FLOW RATE 43.3
THROAT AREA S.547
NGZZLE AREA RATIO 1000.0
ENGINE MIXTURE RATIO 7.00

CHAKMER/NOZZLE COOLANT DP 890.
CHAMBERE/NOZZLE COOLANT DO iso.
ETA C- 0.988
CHMAER/NOZZLE 0 12914.

ENGINE STATION CONDITIONS

- FUEL SYSTEM CONDITIONS

STATION PRESS TEIP FLOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 5.42 -107.S 4.37
B.P. EXIT 91.8 38.4 S.42 -103.5 4.39
PUMP INLET 91.0 38.4 S.42 -103.s 4.39
1ST STAGE EXIT 1748.8 62.2 S.42 1.2 4.41
2ND STAGE EXIT 3 390.2 84.8 5.42 104.1 4.45
PUMP EXIT 5020.7 106.5 5.42 205.1 4.51
COLD REGEN IN 497S.3 106.9 5.42 m0.1 4.49
COLD REGEN EX 4929.1 3116.9 5.42 1013.2 2.20
COOLANT INLET 4929.1 316.9 S.42 1013.2 2.20
COOLANT EXIT 4038.9 967.2 S.42 3197.2 0.71

TBV INLET 3988.8 967.5 0.95 3397.2 0.70
TBV EXIT 2015.4 981.1 0.95 3397.2 0.37

LOX TRA INLET 3988.8 967.5 4.47 3397.2 0.70
LOX TRB EXIT 3637.6 9S0.2 4.47 1328.2 0.66
H2 TRE INLET 3637.6 950.2 4.47 3328.2 0.66
M2 TRS EXIT 2121.5 S53.8 4.47 2954.2 0.44
H2 TRR DIFF 2095.2 853.9 4.47 2954.2 0.44
H2 RST TR8 IN 2077.7 854.0 4.47 2954.2 0.43
HZ 6ST TRB EXIT 2061.2 852.8 4.47 2949.3 0.43
H- RST TRB DIFF 2049.7 852.8 4.47 2949.3 0.43
02 BST TR8 IN 2032.7 852.9 4.47 2949.3 0.42
02 EST TR8 EXIT 2025.0 852.3 4.47 2946.6 0.42
02 BST TRB 0IFF 2023.8 852.3 4.47 2946.6 0.42

HZ TANK PRESS 18.6 687.8 0.0049 3025.5 0.0039
-OX HEAT EXCH IN 2015.4 874.7 4.47 302s.5 0.41

GOX HEAT EXCH OUT 2007.8 874.2 4.47 3023.6 0.41
HOT REGEN IN 2007.8 674.2 4.47 3023.6 0.41
NOT REGEN EX 1962.1 597.9 4.47 2043.9 0.57
FSV INLET 1962.1 597.9 5.41 2043.9 0.57
FSV EXIT 1913.6 S96.2 5.41 2043.9 0.56
CHAMBER INJ 1894.9 S98.3 S.41 2043.9 0.56

CHABIIER 1764.2

* OXYGEN SYSTEM CO[NDITIONS
STATION PRESS TEIP FLOW EN4TNALPY DENSITY
S.P. INLET 16.0 162.7 37.95 61.9 70.99
B.P. EXIT 101.6 165.2 37.95 62.2 70.82
PUMP INLET 101.6 165.2 317.95 62.2 70.82
PUMP EXIT 379.8 176.4 37.95 70.4 71.20

02 TANK PRESS 16.0 400.0 0.06 204.7 0.12
POSV INLET 2347.2 176.S 3.94 70.4 71.15
POOV EXIT 1880.9 178.3 3.94 70.4 70.42
OCV INLET 2347.2 176.5 33.94 70.4 71.15

OCV EXIT 2034.5 177.7 33.94 70.4 70.66
PRIMARY INJ 1859.4 178.4 3.94 70.4 70.39
SECONDARY INJ 196S.1 177.9 S3.94 70.4 70.58
CHAMBER 1763.4

VALVT DATA

VALVE DELTA P AREA FLOW B BYPASS
T3V 1973. 0.053 0.95 17.51

FSV 48. 1. 02 5.41
PoSlV 4bs. 3.032 !.94
OCY 31-,. 3.3-40 3.9

IN ,-"2 DATA

U FUEL • • O:lOE
;,. .-ly ýfc nND

DEFL MAN 19.45 9 45
DELP INJ 111.54 ?7 21.1 0
AREA I.c0 3 0 0.41
FLOW 5.41 " *< 33*4
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TABLE 67. - FULL-EXPANDER CYCLE WITH REGENERATION - O/F 7.0

(CONTINUED)

TL8OHCH!1.ERVl PERFORMA:NCE T

HZI' BOOST TURBINE •HZ BOOST PUMP •

EFFICIENCY 0.734 EFFICIENCY 0.76S

HORSEPOWER 31. HORSEPOWER 31.

SPEED (RPM) 42920. SPEED (RPM) 42920.

MEAN DIA (IN) 1.34 S SPEED 29140.

EFF AREA (1NHZ 2.45 HEAD IFT) 2406.

U/C (IDE AL 1 0 .485 DIA. (IN) '.I8

MAX TIP SPEED 2SI. TIP SPEED 408.

STAGES I. VOL. FLOW 554.

DELTA H (ACTI 4.90 HEAD COEF 0.46S

GAMMA 1.40 FLOW COEF 0.197

PRESS RATIO (T/T) 1.01

•HZ TURBIWE * H2 PUMP

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE THREE
......... ...... . ".... .....

EFFICIENCY 0.792 0.795 EFFICIENCY 0.665 0.6,6 0.667

HORSEPOWER 2365. 236S. HORSEPOWER 802. 789. 774.

SPEED (RPM) 118602. 118602. SPEED (RPM) 118602. 118602. 118602.

MEAN DIA (INC 2.86 2.86 S SPEED 784. 790. 795.

EFF AREA (IN2) 0.31 0.40 HEAD (FTC 54197. 53348. 52410.

U/C ( IDEAL) 0.425 0.438 DIA. (IN) 3.44 3.44 3.44

MAX TIP SPEED 1 482. 1482. TIP SPEED 1783. 1783. 1783.

DELTA M 192. 182. VOL. FLOW 552. 547. 539.

GAMMA (ACT) 1.4.0 1.40 HEAD COEF 0.549 0.540 0.530

PRESS RATIOIT/T 1.34 1.37 FLOW COEF 0.094 0.095 0.095

.......... ............
02 BOOST TURBINE • 02 BOOST PUMP W

EFFICIENCY 0.826 EFFICIENCY 0.721

tMSEPOER I17. HORSEPOWER I?.

SPEED (RPM) 1574. SPEED (RPM) (1574.

MEAN DIA (IN) 3.69 S SPEED 3743.

EFF AREA (IN2) 3.60 HEAD (FT) 174.

U/C IDEAL) 0.5I4 DIA. (IN) 2.44.

MAX TIP SPEED 186. TIP SPEED 123.

STAGES I. VOL. FLOW 241.

DELTA H (ACTI 2.64 HEAD COEF 0.368

GAMMA 1.40 FLOW COEF 0.226

PRESS RATIO (T/TI 1.00

- 02 TURBINE * 02 PUMP

EFFICIENCY 0.796 EFFICIENCY 0.729

HORSEPOWER 436. HORSEPOWER 436.

SPEED (RPM) 73352. S RPM) 73352.

MEAN DIA (IN) 2.86 S SPEED 2029.

EFF AREA (INZ) 0.43 HEAD (FTC 4607.

U/C (IDEAL 0.440 DIA. (INI 1.93

MAX 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 CT/TI) 1.10

REGENERATOR DATA

COLD SIDE HOT SIDE

DELP 46.'0 s.S

DELT 210.01 -276.25

AREA 0.40 .52

FLOW S.4_ 4.47

EFFECTIVENESS 0.36

NTU o.s5

CRATI0 0.76

CMIN 15.85

REGEN 0 4177.96
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TABLE 68. - FULL-EXPANDER CYCLE WITH REGENERATION - O/F = 12.0

ENGINE PERFORMANC PARAMETERS

CHAMBER PRESSURE 1160.0
VAC ENGINE THRUST 13474.
DEL. VAC. ISP 396.3
TOTAL ENGINE FLOW4 RATE 34.0
THROAT AREA 5.547
NOZZLE AREA RATIO 1000.0

ENGINE MIXTURE RATIO 1Z.00

CHAMBER/NOZZLE COOLANT DP 417.
CHAMBER/NOZZLE COOLANT DT 193.
ETA C. 0.980
CHAMBER/NOZZLE 0 726ý.

ENGINE STATION CONDITIONS
............*. m e..ie..........

- FUEL SYSTEN CONDITIONS

STATION PRESS TEIMP F1LOW ENTHALPY DENSITY
B.P. INLET 18.6 37.4 2.62 -107.s 4.$7
B.P. EXIT 61.5 38.) 2.62 -104.7 4.37
PUMP INLET 61.5 38.1 2.62 -104.7 4.37
IST STAGE EXIT 1352.4 61.9 2.62 -1.1 4.23
291 STAGE EXIT 2599.2 84.1 2.62 83.6 4.17
PUMP EXIT 3813.S 105.4 7.62 173.9 4.16
COLD REGEN IN 3802.0 105.5 2.62 173.9 4.16
COLD REGAEN EX 3788.2 642.8 2.62 2243.4 0.98
COOLANT INLET 3788.2 642.8 2.62 2243.4 0.98
COOLANT EXIT 3371.4 1436.2 2.62 S031.2 0.41

TBV INLET 3351.4 1436.4 0.01 5031.2 0.41

TBV EXIT 2350.0 1443.9 0.01 5031.2 0.29
LOX TRB INLET 3351.4 1436.4 2.60 5031.2 0.41
LOX TRB EXIT 3146.7 1420.6 2.60 4169.8 0.39
N2 TRB INLET 3146.7 1420.6 2.60 4969.8 0.39
M2 TRB EXIT 2399.2 1347.0 2.60 4689.7 0.32
H2 TRB DIFF 2386.8 1347.1 2.65 4689.7 0.32

PC BST TRB IN 2378.7 1347.2 2.60 4689.7 0.32
K2 BST TRB EXIT 2371.0 1346.4 2.60 4686.9 0.32
..2 BST TRB DIFF 2365.7 1346.5 2.60 4686.9 0.32
O2 BST TRB IN 2357.9 1346.5 2.60 4686.9 0.31
02 BST TRB EXIT 2354.3 1346.1 2.60 4685.3 0.31
02 BST TRB DIFF 2353.8 1346.1 2.60 4685.3 0.31

N2 TANK PRESS 18.6 1364.6 0.0015 4687.1 0.0026
GOX HEAT EXCH IN 2350.0 1146.6 2.60 4687.1 0.31
GOX HEAT EXCH OUT 2346.6 1345.8 2.60 4684.3 0.31

HOT REGEN IN 21346.6 1345.8 2.60 4684.3 0.31
NOT REGEN EX 2326.5 753.7 2.60 2604.1 0.S4

FSV INLET 2326.S 753.7 2.62 2604. 1 0.54
FSV EXIT 1227.1 760.4 2.62 2604.1 0.29
CHAMBER INJ 1218.7 760.4 2.62 2604.1 0.29
CHAMBER 1160.0

- OXYGEN SYSTEM CONITIONS
STATION PRESS TEMP FPLOW ENTHALP DENSITY
B.P. INLET 16.0 162.7 31.44 61.9 70.99
B.P. EXIT 52.1 164.9 31.44 62.1 70.81

PUMP INLET 52.1 164.9 31.44 62.1 70.81
PUMP EXIT 1460.1 172.1 31.44 67.1 11,0.

02 TANK PRESS 16.0 400.0 0.05 Zo0. 7 0.12
POSY INLET 1437.7 172.2 7.7? 67.1 71.00
POSY EXIT 1215.5 173.0 2.72 67.1 70.64
OCV INLET 1437.7 172.2 28.67 67.1 71,00
OCV EXIT 1352.4 172.5 28.67 67.1 70.86
PRIMARY INJ 1205.4 173.0 -.72 67.1 70,62-
SECONDARY INJ 1317.2 172.6 28.67 67.1 70.81
CHAMBER 1159.8

VALVE DATA

VALVE DELTA P AREA 0L14 O BYPASS
TBV 1001. 0.001 0.01 0.51

FSV 1095. 0.100 2.62
POWV 222. 0.032 2.72
OCV 85. 0.184 28.67

INJEC TOR DATA

FUEL . : OXID
PII.ARY SECOND

DELP MAN 8.71 S.0b 17.47

DELP INJ 510.0% 1-5 5• Is,1.
AREA 1.01 0 07 0.41
FLOW 2.67 2 . 21.467
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TABLE 68. - FULL-EXPANDER CYCLE WITH REGENERATION - O/F 12.0
(CONTINUED)

.......................... lm........

- TURBOMACHINERY PERFORMANCE DATA
ai...................=.....•.......

.... .. .. ....llm m . .u . ........ •m.......

-H2 8OOST TURBINE * HZ BOOST PUMP
.................... ...ll•l~e m

EFFICIENCY 0.659 EFFICIENCY 0.647
HORSEPOWER 10. HORSEPOWER 10.
SPEED (RPM) 20390. SPEED (RPM) 28390.

MEAN DIA (IN) 1.34 S SPEED 2020.

EFF AREA (1HNZ 2.45 HEAD (FTI 1412.

U/C (IDEALI 0.485 DIA. (IN) 2.18

MAX TIP SPEED 166. TIP SPEED 270.
STAGES I. VOL. FLOW 269.

DELTA H (ACT) 2.82 HEAD COEF 0.623
GAMMA 1.36 FLOW COEF 0.144

PRESS RATIO (T/TI 1.01

2 HZ TURBINE * H, PUE'

STAGE I STAGE 2 STAGE ONE STAGE TWO STAGE THREE

EFFICIENCY 0.740 0.789 EFFICIENCY 0.515 0.593 0.597
HORSEPOWER 1032. 1032. HORSEPOWER 354. 543. 354.

SPEED (RPM) 98658. 98658. SPEED IRPM) 98658. 98658. 98658.

MEAN VIA (IN) 2.86 2.86 S SPEED 545. 557. 565.
EFF AREA (IN21 0,31 0.40 HEAD (FT) 43535. 42777. 41976.
U/C (IDEAL)1 0.380a 0 .438 DIA. (IN) 3.44 3.44 3.44
MAX TIP SPEED 1233. 1233. TIP SPEED 1483. 1483. 1483.
DELTA H 155. 125. VOL. FLOW 278. 282. 282.
GAMM4A (ACT) 1.36 1.36 HEAD COEF 0.637 0.626 0.614

PRESS RATIO(T/T 1.34 1.37 FLOW COEF 0.057 0.059 0.060

- 02 BOOST TURBINE . 02 BOOST PUW

EFFICIENCY 0.798 EFFICIENCY 0.715

rRSEPCTER 6. HORS.EPOWER 6.

SPEED (RPM) 8579. SPEED (RPM) 8579.
WEAN DIA (IN) 3.69 S SPEED 4819.

EFF AREA (1N21 3.60 HEAD (FT) 74.

U/C (IDEAL) 0.514 DIA. (IN) 2.44
MAX TIP SPEED 138. TIP SPEED 91.

STAGES I. VOL. FLOW 199.
DELTA H (ACT) 1.60 HEAD COEF 0.283

GAMMA 1.36 FLOW COEF 0.253

PRESS RATIO (T/TI) 1.00

- 02 TURBINE . . 02 PUMP •

EFFICIENCY 0.694 EFFICIENCY 0.721

HORSEPOWER 226. HORSEPOWER 226.
SPEED (RPMI 58806. SPEED (RPM) 58806.
MEAN DIA (IN) 2.86 S SPEED 2123.

EFF AREA (IN2) 0.43 HEAD (FT) 2854.

U/C (IDEAL) 0.349 DIA. (IN) 1.93

MAX TIP SPEED 735. TIP SPEED 496.
.TAGES 1. VOL. FLOW 199.

DELTA H (ACT) 61.39 HEAD COEF 0.373
GAMMA 1.36 FLOW COEF 0.177

PRESS RATIO IT/TI 1.07

REGENERATOR DATA

COLD SIDE HOT SIDE

DELP 13.85 20.11

DELT 547.32 -502.10
AREA 0.40 1.52.

FLOW 2.2 2.60

EFFECTIVENESS 0.48

NTU 0.96

CRATIO 0.ql
CMIN 4.15

RfGEN 0 5415.54

235



Form Approved

REPORT DOCUMENTATION PAGE OMBNo 0704-0188
Public reporting burden for this collection of information is estimated to average I hour per response, including the time for reviewing instructions. searching existing data sou rces.
gathenng an maintaining the data needed. and completing and reviewing the collection of information, Send comments regarding this burden estimate or any other aspect of this
collection of information. including suggestions for reducing this burden, to Washington Headquarters Services. Directorate for Information Operations and Reports, t1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, OC 20503

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

I June 1993 Final Contractor Report

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Advanced Engine Study Program

WU-593-12-11

6. AUTHOR(S) C-NAS3-23858

A.I. Masters, D.E. Galler, T.F. Denman, R.A. Shied, J.R. Black,
A.R. Fierstein, G.L. Clark, and B.R. Branstrom

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Pratt & Whitney
Government Engines & Space Propulsion E-7909
P.O. Box 109600
West Palm Beach, Florida 33410-9600

9. SPONSORINGIMONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORINGIMONITORING

AGENCY REPORT NUMBER

National Aeronautics and Space Administration
Lewis Research Center NASA CR-187217
Cleveland, Ohio 44135-3191

11. SUPPLEMENTARY NOTES

Project Manager, G. Paul Richter, Space Propulsion Technology Division, (216) 977-7537.

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassified - Unlimited
Subject Category 20

13. ABSTRACT (Maximum 200 words)

A design and analysis study was conducted to provide advanced engine descriptions and parametric data for space
transfer vehicles. The study was based on an advanced oxygen/hydrogen engine in the 7,5(X) to 50,0(X) Ibf thrust range.
Emphasis was placed on defining requirements for high-performance engines capable of achieving reliable and ver ;atile
operation in a space environment. Four variations on the expander cycle were compared, and the advant:yes and
disadvantages of each were assessed. Parametric weight, envelope, and performance data were generated over a range of
7,500 to 50,000 lb thrust and a wide range of chamber pressure and nozzle expansion ratio.

14. SUBJECT TERMS 15. NUMBER OF PAGES

Rocket performance; Parametric rocket data; Expander cycle engines; 236

Oxygen/hydrogen engines; Space propulsion; Liquid propellant rockets Al. PRICE CODEAll
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT

OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified Unclassified Unclassified

NSN 7540-01-280-5500 Standard r-,rm 298 (Rev 2-89)
Prescribed by ANSI Std Z39 18
298-102


