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SECTION I
SUMMARY

A. STUDY OBJECTIVES AND SCOPE

The major objectives of this Low-Thrust Chemical Rocket Engine Study
were to provide parametric data and preliminary designs on liquid rocket
engines for low-thrust cargo orbit-transfer-vehicles (COTV) and to identify
those items where technology is required to enhance the designs.

Specific study objectives were:
° Provide fundamental propellant property, combustion property, and
performance data for 0p/Hp, 02/RP-1, and 0/CH4 engine

concepts.

Establish the combined thrust level and chamber pressure range
over which conventional film-cooled and regeneratively cooled
low-thrust chamber designs are feasible.

Identify potential operating conditions by cunsidering advanced
cooling schemes.

Devise engine system concepts for the low-thrust application.

Generate parametric performance, weight, and envelope data for
viable concepts based upon historical data and conceptual evalua-
tions.

Select a concept and design point for preliminary design.
Prepare a preliminary design of the selected engine concept.

Update the parametric data and provide these data in a format
suitable for use by COTV vehicle system contractors.

To accomplish the program objectives, two major engine design drivers
werc evaluated in the study: (1) cooling and (2) engine cycle. The propel-
lant combinations, coolants, cooling methods, and parametric ranges investi-
yated are sumnarized in Table 1. Pressure-fed and pump-fed engine categories
were investigated for this engine application. Parametric weight, envelope,
and performance data are provided for various cycle options within each engine
category. The cycle options evaluated include conventional pressure-fed,
parallel accumulator, expander, turboalternator, auxiliary power source, and
punp-filled feed tank concepts.
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[, Summary (cont.)

B. RESULTS AND CONCLUSIONS

1. Regenerative Cooling Analysis Results

Tro study showed that cooling with kerosene, RP-1, was not feas-
ible over the entire thrust and chamber pressure ranges using conventional de-
5ign practice and criteria. The thermal data showed that the RP-1 bulk tem-
perature exceeded the coking temperature limit of 1010°R. Therefore, design
features to minimize the enthalpy rise of the coolant were investigated. A
graphite thermal liner, short chamber lengths, and purified RP-1 were assumed
to obtain the results shown in Figure 1. With these features, RP-1 was found
to be a feasible coolant over combined thrust and chamber pressure ranges of
1100 % (250 1bF) and 1.36 atm (20 psia) to 13345 N (3000 1bF) and 47.6 atm
(700 psia). These results were obtained assuming no benefit from carbon de-
position. It was not considered prudent to base the design studies on the
dependence of a carbon layer formation because of uncertainties in the
experimental data base.

Methane, CHg4, provided a larger feasible cooling regime, as
shown in Figurc 1. The cooling limit shown on the figure was obtained for
advanced designs using a thermal liner and short chamber lengths. Without
advanced features, the minimum thrust level that is feasible to cool at 68
atm (1000 psia) chamber presstre was determined to be 7120 N (1600 1bF).

Hydrogen, Hp, provided the largest cooling operating map, as
shown 1n Figure 1. Thermal liners are not required or desired with this cool-
ant. The Timit shown in the figure is for an advanced short chanber; however,
even for longer chamber lengths, ar engine with a thrust level as low as
44438 N (1000 1bF) was found to be feasible to cool at 68 ai~ (1000 psia).

based upor the coolant investigations, the following re-
generatively cooled systems were evaluated in the system concept studies:

Propellant Regen Cooling

Combination Coolant Scheme
0p/RP-1 RP-1 Advanced
0p/Hp Hp Convent icnal

and advanced

0,/CHy CHg Conventional
and advanced
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I, B, Results and Conclusions (cont.)

2. Film Cooling Analysis Results

Th~ results of film cooling studies to establish the upper chamber
pressure limit, based on a 0% performance degradation, are shown i~ Figure 2
for the tiree fuels. The performance degradation is based upon a comparison
with the performance of an engine requiring n film cooling. Hydrogen and
RP-1 provide small film cooliny feasible regimes. Film cooling with methane
was nct found to be feasible unless it was assumed that the CHs decomposes.
Since an analysis of the kinetics of CHq decomposition was beyond the scope
6f this study effort, CHgq film cooling was dropped from the study. The RP-1
film cooling regime was deemed to be too small to be feasible; consequently
onl{ the 02/Hp, Hz film-cooled engines were carried into the concept
evaludtions.

3. Concept Evaluation Results

Various propulsion system concepts were screened to identify those
most promisiny ior the COTV. The basic engine system concepts evaluated are
shown in Figure 3. Engine performance, weight and envelope parametric data,
and system weigh* differences were established to aid in this screening pro-
cess.

As shown by Figure 3, two pressure-fed concepts (i.e., conven-
tional pressure-fed end parallel accumulator) and four basic pump-fed con-
cepts were evaluated. A mixed expander/turboalternator cycle was also
included in the 0p/Hy enginc 1nvestigations. This cycle has the fuel pump
and alternator driven in the expander mode whereas the oxidizer pump is driven
by an electric motor.

Based upon the coolant evaluations and system considerations, the
concepts considered to be applicable for each candidate system and coolant are
shown .n Figure 4. More options are available with 0p/Hy regeneratively
cooled engines.

The ranking of the system concepts in the order of increasing
weight is listed below:
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1, B, Results and Conclusions (cont.)

Additional
Concept Weight Driver
1. Expander Cycle -
2. Mixed Expander/Turbo- Electrical Components
alternator Cycle
3. Turboalternator Cycle Electrical Components
4. Auxiliary Power Sorrce Fuel Cells
5. Pump-Filled Feed Tanks Accumulators
6. Parallel Accumulator Accumulators and
Pressurization
7. Conventional Pressure- Large Tanks and
Fed Pressurization

The results of the concept comparisons showed that film-cooled
engine performance is too low. There is a 10% performance loss when compared
to a regeneratively cooled engine at only moderate (i.e., 6.8 atm (100 psia)
to 13.6 atm (200 psia)) operating chamber pressures. Film-cooled systems are
also only applicable with the heavier-weight system options.

RP-1 systems are also only applicable with the heavier system con-
cepts because heated RP-1 is not a good turbine drive fluid.

Methane regeneratively cooled pressure-fed systems are not practi-
cal because feasible cooling system designs could have only been obtainec if
the coolant pressure had been maintained above the critical pressure of CHp;
45.4 atm (b67 psia). This makes the propellant tanks and pressurization sys-
tem too heavy.

Hydrogen regener.tively cooled engines have the highest perforu-
ance, demonstrating approximately a 120-sec advantage over RP-1 and a 95-sec
increase 1n comparison to CHg. Pump-fed, regeneratively cooled engines are
also the lightest weight system options.

As a result of these concept evaluations, a pump-fed, regenera-
tively cooled, mixed expander/turboalternator J2/Hy engine was selected
tor preliminary design.



I, B, Results and Conclusions (cont.)

4. Preliminary Design Results ~

The engine design point and system schematic selected for prelimi-
nary design is shown 1n igure 5.

The engine cycle selected is a mixed expander and turboalternator
cycle. The expander/turboalternator concept incorporates some of the best
features of the expander and turboalternator cycles. The hydrogen turbopump K
is driven in the expander mode, and the oxidizer turbopump is driven in the )
turboalternator mode. This eliminates a large electric motor and reduces the
size ot the alternator conventionally used for a turboalternator cycle. The
lower horsepower oxygen pump is driven by an electric motor. The advantage
cver an expander cycle is the elimination of a hot-gas bipropellant seal, with
only a minor weight penalty for the alternator and electric motor.

The desicn point thrust and chamber pressure were selected on the
basis of the thermal and power balance results obtained as well as the vehi-
cle study inputs provided by NASA/LeRC. It is on the low side of the systoem
study recommendations but provides a reasonable base point for techrology
wdent fication.

To meet the engine pressure schedule requirements, hyvdrogen is
pumped to a pressure of approximately 62.6 atm (920 psia) for delivery to the
thrist chamber. The hydrogen enters the thrust chamber coolant jacket at an
are. ratio of 23:1 and flows torward through a slotted copper chamber to the
injector headend. [ighty percent of the hydrogen flow 15 used to drive the
LHp TPA turbine and alternator assembly. The remaining heated hydrogen by-
passes the turbine assembly and provides the cycle power balance margin and
thrust control.

The oxyygen is pumped to a pressure of approximately 43.5 atm (640
ps1a) and 1y delivered to the thrust chamber injector in the liguid state to
be mixed and burned with the gaseous hydrogen.

The nozzle extension is radiation-cooled from an area ratio of
23:1 to the exit (¢ = 400:1). FS-35 columbium with a silicide coating has
been tenatively selccted as the nozzle extension material because of its high
temperature capability.

The engine preliminary design and resulting characteristics are
summarized in tigure b. FParametric weight, envelope, and performance data
are shown as a tunction of nozzle area ratro in Figure 7 for the baseline
engine concept.

10
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I, B, Results and Conclusions (cont.)

8.

14

5. Technology Items

tngine component technology programs should be undertaken to
reduce the development risk, verify performance, and confirm the power balance
of the low-thrust engine. The major technolcgy areas are depicted in Figure
Specific items requiring technology are summarized below:

-

Demonstrate the performance of high-speed, high-head rise,
Tow-flow multistage, centrifugal pumps.

Experimentally verify the performance of small, low-flow,
partial-admission gas turbines.

Experimentaily evaluate the chamber coolant stability, verify
the thermal predictions, and investigate thermally enhanced
high heat flux chambers.

Demonstrate high altitude ignition and restart.

Optimize the engine thrust and mixture ratio control system.

Experimentally verify high area ratio nozzle performance.
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SECTION II
INTRODUCTION

A. BACKGROUND

A number of studies have forecast the need for large space structures
such as microwave antennas and reflectors in geosynchronous equatorial orbit
(GEQ). These structures would be launched to low earth orbit (LEO) in a
stowed condition by using the Space Shuttle and would subsequently be trans-
ferred to GEO by way of a high-energy space propulsion system. There are two
options available for placement o7 these types of payloads in GEO. In the
first option, the LEO-to-GEQ transfer would be accomplished with the payload
in the stowed condition, followed by manned or automated deployment and
assembly in GEO. Either high or low thrust could be used for the transfer.
In the second option, manned or automated deployment and assembly would be
carried out in LEO, followed by a LEO-to-GEO transfer with the payload in the
assembled condition. Here, low thrust would be required in order to preclude
high inertia loading which would cause damage to the assembled payload.

Since the early 1970's, NASA and DoD have sponsored a number of studies
which examined both vehicles and engine systems suitable for the high-thrust
option noted above. Considerable effort hus also bean conducted on very low-
thrust solar-electric propulsion systems which have applicatior for missions
in which extended LEO-to-GEQ transfer times are acceptable. Chemical engine
systems suitable for the low-thrust option have not received in-depth atten-
tion. It was the purpose of this work to provide the data necessary for
orbit-transfer-vehicle stuu.us utilizing Tow-thrust chemical propulsion.

B. ENGINE REQUIREMENTS

Engine requirements for the candidate low-thrust COTV engines used in
this study are summarized in Table II.

The engine is planned to be used on a low-thrust orbit transfer vehicle
and is expendable. To perform the mission, four perigee burns and one apogee
burn were baselined for this study. The accumulated run time for these burns
is shown as a function of thrust in Figure 9.

To conduct this study, currently achievable component performance
levels and currently available materials were assumeg.

C. STUDY APPROACH

The study effort was divided into four technical tasks plus a reporting
task. In Task I, properties and/or theoretical performance of the subject
propellants and propellant combinations over the low-thrust range of interest

17
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TABLE TI. - CANDIDATE LOW-THRUST ENGINE STUDY REQUIREMENTS

Thrust, N (LB) 445 to 13345 (100 to
Propellants:
Oxidizer Oxygen, 02
Candidate Fuels Hydrogen, H2

Methane, CHg
Kerosene, RP-1

Engine Mixture Ratio: 0p/Hp 02/CHg 02/RP-1

6.0 3.7 3.0
Propellant Inlet Temperatures, °K (°R):
07 Hp CHg RP-1
9.4 (162.7) 21 (37.8) 112 (201) 298 (537)
NPSH at Pump Inlet, M (FT)

0 H2 CHy RP-1

0.61 (2) 4.57 (15)  1.68 (5.5) 13.7 (45)

Service Life: Five Thermal Cyclas Times a Safety Factor of
an Accumulated Run Time Per Figure 9.

Gimbal Angle: :7° Square Pattern
Engine Nozzle: 90° Contoured Bell
Mission: Expendable Low-Thrust Qrbit Transfer

Meet Orbiter Safety and Environmental Criteria

3000)

4 and
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IT, C, study Approach (cont.)

were determined. Task Il involved analyses to establish the combined thrust
level and chamber pressure range over which conventional film-cooled and
regeneratively cooled low-thrust chamber designs are feasible. In Task III,
en~ine system concepts were devised and evaluated over the thrust chamber film
and regenerative cooiing feasibility range to establish feasible design ranges
if different from the cooling results. In addition, the effect of advance-
ments in cooling technology upon the feasible design range was assessed as
part of Task III. Two sets of parametric data were generated for the viable
concepts. One set was based upon conventional (i.e., film and regenerative)
cooling results; the other upon the advanced cooling predictions. These data
were used to assist in the selection of a concept and design point for pre-
liminary design. In Task IV, preliminary design was accomp!ished on the most
attractive concept whereupon the parametric data for the selected concept were
updated to reflect all study results.



SECTION III
PROPELLANT PROPERTIES AND PERFORMANCE

A. OBJECTIVES

The objectives of this task were to provide propellant and combustion
gas property data and theoretical performance data for the propellants and
propel lant combinations under consideration in this study. These are listed
in Table III.

B. DATA SUMMARY

The primary sources for the physical and thermal property data for the
various propellants considered in this study are listed below:

° Oxygen - References 1, 2, 3, 4
° Hydrogen - Reference 5

° RP-1 - References 6, 7

° Methane - References 8, 9, 10,11

The propellant p-operties data summary is presented in Tabje IV.

The thermodynamic and transport property data for the combustion pro-
ducts were obtained from the One-Dimensional Equilibrium (ODE) Computer Pro-
gram with Transport Properties (TRAN 72), described in Reference 12. This
computer proyram was obtained from NASA/LeRC and includes ODE and frozei spe-
cific impulse and characteristic velocity data in addition to the extensive
conbustion gas transport property output. The thermodynamic and transport
property data were tabulated over the mixture ratio and chambei pressure
ranges shown in Table 11l and presented in Reference 13. This reference con-
tains data on the following parameters:

Characteristic exhaust velocity

Combustion tcmperature (gas stagnation temperature)

Molecular weighi

Thermal conductivity

Ratio of specific heats, equilibrium

Ratio of specific heats, frozen

Dynamic viscosity

Specific heat at constant pressure, equilibrium

Specific heat at constant pressure, frozen

Dittus-Bolelter factor

21



TABLL TIi. - PROPELLANTS AND PARAMETRIC RANGES

“  Propellants - 02. H2, RP-1, CH4

Propellant Combinations

02/H2, 02/RP-1, 02/CH4

Parametric Ranges

Chamber Pressure: 1.36 to 68 atm (. ' to 1000 psia)
Area Ratio: 1 to 1000
Mixture Ratio:

0.,/H,: 4 to 7

22

OZ/RPul: 2.6 to 3.2

OQ/CHA: 3.4 to 4.0
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TABLE 1V. - PROPELLANT PROPERTIES DATA SUMMARY

tat 77°F, Btu/ft-sec-"F)

(2 4330-9)

(1.589x10-5)

(2.2x10°Y)

Oxygen Hydrogen fP-1 Hethane
Formula 02 HZ (CNK)‘2'37 CHy
Molecular Weight 31.9988 2.01594 173.5151 16.042
Freezing Point, “K 54.372 13.835 224.8 90.68
(°r? (-361.818) {-434.767) (-5) (-296.4)
Botling Point, °K 80.188 20.268 492.6 111.64
{°F) (-297.346) (-423.187) [(~427) (-¢58.7)
Critical Temperature, “K 154,581 32.976 679 190.6
(°F) (-181.433) (-400.313) (763) (-116.7)
Critical Pressure, M/m" 5.043 1.2928 2.348 a.60
(psia) (731.4) (187.51) (340) (667)
Density, liquid R R
at 298 18°K, kq/m’ 1140.8° 70.78" 800 422.6"
(at 77°t, W' ftd) (n.23) (4.419) (49.94) {26.38)
Heat Capaci(y, lTrquid . . a
at 29815, J/g-VK) 1.696 9,690 1.98 3.50
(at 7:°h, Btu/1bh-"F) (.405) (2.316) (.478) (0.835)
L
Yiscosity  Tiqurd ” 2 a R
at J9R.16°N,  mN-sec'm) . 1958 K} 1.53 0.1188°
{at 77°F, Top/tt-sec)  [(1.316x10-9 (.887x10-5) (1.04x10° ) (7.76x10"2)
Thermal (onductrivity, hiq. a a a
at 298NN, him-TN L1518 .0980 137 193

3108 10 )

g e e e e

Heat ot Formation, liquid
at 23 1AUR, kcalimod
{at 77°t, Btu/d)

-3.0938
(-174.0)

221348
(-1905)

-6.2°
{-796)

2.3
(-2400)

e v e e e

8at NBP |
bkcal/mn]e CH2 Unit

23



I11, B, Data Summary (cont.)

Main chamber theoretica! performance data were also generated with the
previously referenced TRAN 72 Computer Program. The ODE performance portion
of the program is equivalent to the JANNAF One-Dimensional Equilibrium Pro-
gram. The ODE vacuum specific impulse was calculated over the same chamber
pressure and mixture ratio ranges as the combustion gas property data. Fer-
formance was obtained for expansion area ratios ranging from 1:1 to 1000:1.
The data were plotted for four chamber pressures at 1.36, 6.8, 34.0, and 68.0
atm (20,100, 500 and 1000 psia). A summary of these data, also presented in
Reference 13, is given in Table V.

24



TABLE V. - THEORETICAL ODE SPECIFIC IMPULSE DATA SUMMARY

NOZZLE AREA RATIO = 400

CHAMBER ODE
PROPELLANT MIXTURE PRESSURE IS ,SEC
COMBINATION RATIO ATM (PSIA v
OZ/HZ 6.0 1.36 (20) 482.0
02/CH4 3.7 1.36 (20) 396.0
OZ/RP»l 3.0 1.36 (20) 385.0
02/H2 6.V 68.0 (1000) 485.0
uz’"”q 3.7 68.0  (1000) 404.0

02/RP~1 3.0 68.0 (1000) 393.5



SECTION IV
THRUST CHAMBER COOLING ANALYSIS

A. OBJECTIVES AND GUIDELINES

The primary objectives of this task were as follows:
° Determine the combined thrust level and chamber pressure range
over which low-thrust chamber designs are feasible using conven-
tional cooling methods and design criteria.

Evaluate advanced cooling concepts and schemes to extend the
feasible operating regimes.

Provide heat transfer and hydraulic parametric data for use in
engine system analysis and preliminary design efforts.

It should be noted that the enaines considered in this study were
either regeneratively cooled or film cooled. Combined regen/film cooling,
transpiration cooling, or trans-regen cooling were not considered in this
study.

The guidelines used to conduct the analysis and the criteria used to
establish the maximum and minimum chamber pressure levels are shown in Tables
VI and VII respectively. Except where noted, these study guidelines and cri-
teria were specified by NASA/LeRC in the contract statement of work. They
were used primarily to assess the capability of each coolant through applica-
tion of conventional cooling methods and design criteria. Advanced cooling
scheme evaluations included the following assessments: 1) the effect of the
carbon deposition assumption upon the results; 2) the use of a purified RP-1
that is similar to JP-5; 3) the use of thermal barriers with 0p/RP-1 and
02/CHg systems; 4) oxygen cooling; and 5) a relaxation of the channel
dimensional limit criteria.

Other guidelines were established during the performance of the study.
These included 1) material recommendations; 2) radiation-cooled nozzle attach-
ment area ratio criteria; 3) flow stability criteria; and 4) thrust chamber
geometry definitions. These are discussed briefly herein.

The materials of constiuction that were selacted by ALRC and the temp-
erature limits that were used to conduct the coolant analysis are presented in
Table VIII and Figures 10 through 13. Figure 10 was used in conjuction with
Figure 9 to establish the radiation-cooled nozzle wall temperature Timit at
the attachment point as a function of thrust. The lower limit tempe. .ure
line of Figure 10 was used to construct Figure 11. The chamber and tube :.ndle
nozzle wall temperature limits set by the cycle life and accumulated run time
criteria are shown in Figures 12 ~nd 13, respectively.

PRUCE 7 PLGE BLANK NOT PLv” 27
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TABLE VI. - COOLING ANALYSIS GUIDELINES

°  90% Bell Nozzles ( ¢ = 400:1)

° Coolant Inlet Temperature

H, = 21°K (37.8°R)
RP-1 = 298°K (537°R)
CH, = 112°K (201°R)

°  possible benefit of carbon deposition on hot gas-side wall shall be
neglected for conventionally cooled systems.

Coking limit
RP-1

561°K (1010°R), normal; 700°K (1260°R)* purified
CH

4 978°K (1760°R)

Dimensional Limits

Tubular construction

Minimum wall thickness .0254 cm (.010 in.)

Nontubular construction

Minimum slot width .0762 cm (.03 in.)
Maximum slot depth/width= 4 to 1

.0762 cm (.03 in.)
.063% ¢cm (.025 1in.)
.0889 cm (.035 in.)*

M

Minimum web thickness

Minimum wall thickness

Minimum channel depth

Service Life

Five thermal cycles times a safety factor of four.
Engine run time as shown by Figure 9.

*ALRC recommendation



TABLE VII. - COOLANT EVALUATION CRITERIA

MAXIMUM Pc CRITERIA:

° Regeneratively Cooled Cases

Maximum Velocity of Gaseous Coolant Equal to Mach 0.3.

2. Maximum Velocity of Liquid Coolant Equal to 61 m/sec
(200 feet/second)

3. RP-1 or CH4 Coolant-Side Wall Temperature Equal to Their
Respective Coking Temperature.

° Film-Cooled Cases

Coolant weight flow is at a magnitude which degrades
specific impulse by 10% when compared to an uncooled
case.

MINIMUM °c CRITERIA:

Regeneratively Cooled Cases

1. Coolant state at the jacket discharge must be single phase.
2. Coolant flow through the jacket must be stable.

® FilmeCooled Cases

Coolant weight flow is at a magnitude which degrades specific
impulse by 3% when compared to an uncooled case.

29
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TABLE VIII. - MATERIAL RECOMMENDATIONS

Regen Chambers (all Propellants)

° Zirconium Copper, aged ot 867°K (1100°F)

o}

Electroformed Nickel Closeout

N Film=Cooled Chambers

[s]

Ho Coolant: Haynes 188; Temp. Limit =
1256°K (1800°F) based upon strength degradation.
® CH4 and RP-1 Coolants; FS-85 with a Silicide Coating;

Temp. Limit = 1583 to 1939°K (2390 to 3030°F)
depending upon coating life and thrust level*,
Tube Bundle Nozzle
° Nitronic 40 (21-6-9)

° Radiation~Cooled Nozzle

° FS-85 Columbium with R512 Silicide Coating (see Figure 10
for Temperature Limit)

*Same as radiation-cooled nozzle extension
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IV, A, Objectives and Guidelines (cont.)

The approximate analvtical criterion of Friedly et al., (References 14
and 15) was used as the basis for the prediction of coolant flow oscillations.
This criterion represents an extension of Zuber's analysis (Reference 16) to
include the dynamics of the heat transfer from the wall. Thurston (References
17 and 18) has shown that Zuber's model is in excellent qualicative agreement
with empirical data for the onset of flow instability. The a».roximate
criterion of Friedly, et al. (References 14 and 15) has been shown to be in
reasonabla quantitative agreement with oxygen and hydrogen data. Both
criteria (i.e., Zuber's and Friedly's, et al.) can be written in the form of
Rogers' empirical correlation (Reference 19) which Thurston (Reference 18) has
shown to be in agreement with hydrc;en, nitrogen, and oxygen data. However,
both analyses indicate a dependenc: on additional system parameters not
inciuded in the simple empirical correlation. In addition, the
Rogers-Thurston criteria requires the use of pseudo two-phase properties which
have not been developed for methane. For these reasons, and to provide a
better basis for including the effects of axial variationstin cooling jacket
parameters, the analytical model of Friedly, et al was used in preference to
the Regers-Thurston empirical correlation.

Chamber geometry definitions consisted primarily of establishing length
and constructior. ratio scaling equations for the parametric cooling analysis.
Short chamber lengths alleviate the cooling problem but may not meet perform-
ance criteria (i.e., 98% energy release efficiency). Minimum chamber lengths
were established for both state-of-the-art and advanced chamber/injector
designs. The conventional state-of-the-art scaling is based upon tne Inte-
grated Thruster Assembly (ITA) design (Reference 20) as follows:

o

Minimum Chamber Lengths (L') for Conventional Designs:
®  0p/Hp and 02/CHp based upon scaling ITA design
L' (cm) = 6.35 x/23.1/Pc + 9.9 (Pc in atm)
L' {in.) = 2.50 x/3%0/Pc + 3.9 (Pc in psia)

0,/RP-1 based upon vaporization limited performance calcula-
tions

L fem) = 6.68 x/20.4/Pc + 30.5 (Pc in atm)
L' (in.) = 2.63 x/300/Pc + 12.0 (Pc in psia)
Contraction Ratio:

3.3:1 for both regen and ¥ilm cooling based upon [TA



IV, A, Objectives and Guidelines (cont.)

For the advanced cooling evaluations, the contraction ratio was fixed
at 3.3:1, but the minimum chamber lengths were reduced. The reduction was
based upon an analysis of historical thrust chamber length data, correlated as
a function of thrust and pressure for each propellant combination. The corre-
lation was derived to fit the lower boundary of the historical data as this
correlation is felt to be more representative of recent or advanced
technology. The advanced technology chamber length (L') correlations are:

L' Advanced Design
Propellants Units(1) L' Correlation
02/RP-1 cm L' = 6.50 x (F/Pc)0-23
in. L' = 5.66 x (F/Pc)0.23
02/CHg an L' = 4,22 x (F/Pc)0.23
in. L' = 4.35 x (F/pc)0.23
02/H2 cm L' = 3.24 x (F/Pc)0-23
in. L' = 3.34 x (F/Pc)0.23

{TY When L' is in cm, F is in newtons and Pc is in atmospheres.
When L' is in inches, F is in 1bF and Pc is in psia.

8. REGENERATIVE CCOLING ANALYSIS

1. RP-1 Regenerative Cooling

Standard RP-1 was evaiuated initially as a regenerative coolant by
applying conventional gquidelines and design criteria. The coolant jacket
designs analyzed were ccoled in two passes from the injector end to an area
ratio of 6:1 and back to the injector. The results obtained showed that cool-
ing with RP-1 was not feasible because the RP-1 bulk temperature exceeds the
study coking temperature limit of 561°K (1010°R) for standard RP-1. As shown
by Figure 14, results were obtained over the entire thrust and chamber pres-
sure ranges of interest. The figure also shcws that even with purified RP-1
(i.e., a coking temperature limit of 700°K (1260°R)), the feasible operating
regime would be limited to high thrust and 1ow chamber pressure operation.

Because of the results obtained in the initial evaluations, it
became necessary to investigate the incorporation of design features that
would mii, mize the enthalphy rise of the RP-1 coolant. As a result, a thermal
barrier was included in the chamber barrel section, shorter chamher lengths
(L') were used, and benefits from gas-side carbon deposition were considered.
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MAXIMUM COOLANT BULK TEMP., °K
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Figure 14. RP-1 Conventional Regenerative Cooling Results
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IV, B, Regenerative Cooling Analysis (cont.)

The thickness of the thermal liner was assumed to be 0.1 times the
chamber radius, and the thermal conductivity was assumed to be equivalent to a
graphite at 39.8 watts/m°K (23 BTU/hr-ft-°F). The advanced design chamber
length equation was assumed, and the carbon deposition correlation reported in
Reference 21 was used.

When all three of the new features were incorporated, the entire
thrust and chamber pressure operating map appeared to be feasible with an RP-1
coking temperature limit of 700°K (1260°R). Only the very low thrust and
chamber pressure region resulted in coolant outlet bulk temperatures exceeding
the nominal coking limit of 561°K (1010°R) for "standard" RP-1. The carbon
layer was the major factor that influenced these results. A comparison of the
coolant bulk outiet temperatures with and without the carbon layer is shown in
Figure 15. This figure shows that the coolant bulk temperature is increased
significantly without the carbon layer but that a reasonable operating range
appears to be feasible from the standpoint of the coolant enthalpy rise.
Coolant bulk outlet temperatures of 700°K (1260°R) or less result at thrusts
of 1334 N (300 1b) or greater. A coking > :/mit of 561°K (1010°R) excludes
operation at thrust below 4448 N (100 1b) and at chamber pressures above 6.8
atm (100 psia).

Recent experimental findings do not support the carbon deposition
correlations found in the literature. Tests were conducted under Contract NAS
3-21030 to determine the combustion and heat transfer characteristics of
LOX/RP-1 propellants in the 68 to 136 atm (1000 to 2000 psia) chamber pressure
range. Although the calorimeter chamber used in these tests was blackened by
the testing, the heat transfer data, combined with the very light to
nonexistent scoting near the injector, gave no indication of the existence of
a soct thermal barrier (Ref. 22).

Because of uncertainties in the experimental data base and the
considerations of clean engine starts and carbon layer spalling, it was con-
sidered prudent not to base the design studies on the dependence of a carbon
layer. Any benafit vrom the carbon deposit would provide a further design
safety margin. It is believed that further technology effort is required in
this area before a high-confidence design that depends upon the carbon layer
buildip can be recommended.

Using a combination of a thermal barrier (e.g., graphite) and a
minimum chamber length design (i.e., highly efficient injection and combus-
tion), feasible designs were calculated for RP-1 as the coolant over the
boundary shown in Figure 16. The feasibility boundary runs from F = 13345 N
(3000 1bF), Pc = 47.6 atm (700 psia) to F = 1344N (300 1bF), Pc = 1.36 atm {20
psia). Intercooling (i.e., to cool down RP-1 after the first coolant pass) is
necessary to achieve the high thrust and chamber pressure corner of the feasi-
bility map.
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IV, B, Regenerative Cooling Analysis (cont.)

2. Oxygen Regenerative Cooling

A cursory analysis to assess the feasibility of oxygen cooling for
the 07/RP-1 engines was also performed by using a graphite liner and short
L' chambers. A feasible design was accomplished only when a carbon layer was
assumed. A number of attempts to design for a thrust of 13345 N (3000 1b) at
chamber pressures of 61 atm (900 psia) and 30.6 atm (450 psia) were made by
applying conventional channel design criteria and assuming no carbon layer.
Pressure drops were excessive in all cases. The convergent section of the
nozzle was invariably the point of computational failure, suggesting that
optimizatich of the barrel-nozzle radius of curvature effects on the coolant-
side ccefficient or consideration of unique channel concepts might result in
feasible designs. However, further investigations in this area were beyond
the scope of this study.

3. Methane Regenerative Cooling

During the initial phases of this study, a review of available
design correlations indicated that the ALRC correlation for oxyge: at super-
critical pressure (Reference 23) was most applicable for use with super-
critical methane. This correlation was used to conduct the thermal analysis
of methane as a regenerative coolant in the conventional designs. After this
initial work was completed, a heated tube study of the heat transfer charac-
teristics of propane at supercritical pressures was performed on Contract NAS
9-15958 by ALRC. The resultant correlation is reported in Reference 24.

An analysis was conducted to determine if the use of the propane
correlation would result in significant differences in the study results. As
shown below, the results were comparable, indicating only a small AP reduc-
tion.

Oxygen Propane
Correlation Correlation
Thrust, N (1bF) 13545 (3000) 13345 (3000)
Chamber Pressure, atm (psia) 68 (1000) 68 (1000)
Channel AP, atm (psia) 5 (72.8) 4.6 (67.4)
Max. Mach No. 0.20 0.19

Min. Channel Depth, cm (in.) 0.196 (0.077) 0.198 (0.078)

Because methane and propane are the two lowest molecular weight
members of the saturated aliphatic homologous series, it was decided that the
propane correlation would be more applicable to methane than the oxygen cor-
relation used in the initial work. Therefore, all further thermal analyses
with methane in the advanced cooling concept study were performed by using the
propane correlation.
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IV, B, Regenerative Cooling Analysis (cont.)

The initial studies of methane (CHg) as a regenerative coolant
were conducted by applying conventional guidelines and design criteria.
Chambers were cooled in two passes, with the coolant flowing from the injector
to the radiation-cooled nozzle attachment point and back to the injector. The
cases analyzed and the limiting criteria are presented in Figure 17. Opera-
tion is limited to a high thrust, high chamber pressure region primarily due
to the Mach number criteria. Feasible designs could not be obtained with
CHg below its critical pressure of 45.4 atm (667 psia). Therefore, further
work was conducted by always keeping the coolant jacket outlet pressure abcve
the critical pressure of CHg. This, of course, places the burden upon the
engine pumping system and rules out regeneratively cooled pressure-fed engine
options because tank weights get too heavy. For all cases, the methane
coolant bulk outlet temperature never exceeded the coking limit of 978°K
(1760°R) and thus is not a concern as it was for RP-1.

Further analyses using methane as a regenerative coolant were con-
ducted to determine if the feasible design range could be enlarged. Emphasis
was placed upon ar evaluation of lower thrust levels than were obtained with
the conventional schemes. Thermal barriers and shorter chambers were incor-
porated into the designs, but carbon deposition was not because of the RP-1
thermal results. A propellant intercooler was included as necessary to obtain
a solution. Intercooling consisted of reducing the coolant bulk temperature
to its initial value before the return pass in the two-pass cooling scheme.
The results are summarized in Table IX.

The results of the initial analysis at 4448 N (1000 1bF) and 47.6
atm (700 psia) are included on the table for comparison. This point was pre-
viously determined to be Mach number lTimited. For the new design, the Mach
number slightly exceeds the desian criterion of 0.3, but the channel pressure
drop 1s satisfactory and the mimimun chan.el depth is well above the desired
convent ional fabrication minimum of 0.089 ¢m (0.035 in.). A thrust of 2669 N
(600 1bF) and o8 atm (1000 psia) chamber pressure resulted in an excessive
Mach nunber and pressure drop. When an intercooler is used at this point,
only the channel depth fails to meet the conventional criteria.

Based upon these results, it was estimated that the lower thrust
limit previously determined could be decreased to 355 N (800 1b). The esti-
mated feasible operating regimes for both the ccnventional and advanced cool-
ing schemes are presented in Figure 18.

4. Hydrogen Regenerative Cooling

The coolant-side heat transfer correlation used for hydrogen was
that formulated by Hess and Kunz (Reference 25). While this correlation was
developed for hydrogen at supercritical pressures, it also gives good results
at subcritical pressures at high degrees of superheat. The coclant circuits
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IV, B, Regenerative Cooling Analysis {cont.)

analyzed were primarily single pass, with the hydrogen flowing from the
radiation-cooled nozzle attachment point to the injector. A few two-pass
cases were investigated in an attempt to obtain a design solution.

The heat transfer studies considered both conventional long L'
chambers and short chambers. The long chambers are desirable for engine
cycles which use heated hydrogen as a turbine drive fluid because the hydrogen
bulk outlet temperature increases with chamber length. However, the long
chambers reach the cooling 1imits more quickly than the short L' chambers.
Hence, short chambers result in a larger feasible cooling regime. Thermal
liners were not included in these analyses as they would penalize the engine
power balance.

The cases that were analyzed by using the conventional chamber L*
equaticon are shuwn in Figure 19, along with the limiting conventional design
criteria. A summary of the thermal results is presented in Table X. The
table and figure show that conventional channel Mach number and channel depth
limits constrain operation at low thrust-high Pc and high thrust-low Pc com-
binations. The feasible cooling map with hydrogen covers both the super-
critical and subcritical pressure regimes. The critical pressure of hydrogen
is 12.8 atm (188 psia), and the coolant jacket exit pressure was always held
above this value to obtain practical design solutions. This penalizes
pressure-fed systems with regeneratively cooled engines because high hydrogen
tank pressures would be required. Data also show that relaxing the channel
depth criteria results in enlarging the feasible operating regime. Based upon
these results, the feasible hydrogen regenerative cooling map as shown in
Figure 20 was established.

C. FILM COOLING ANALYSIS

Both gas and liquid film cooling models were used to perform the design
analysis of thin-walled chambers with adiabatic external surfaces. The gas
film cooling model was developed during contractual work performed in the past
by ALRC for NASA/LeR(C. (References 26, 27, and 28). The liquid model is
similar to the gas model downstream of a liquid film. Effects of boundary
layer shear forces on the 1iquid film are based upon Reference 29.

Figure 21 shows the results of the film cooling studies to establish
the upper chamber pressure limit, based upon a 10X perfcrmance degradation,
for the three fuels. This performance degradation is based upon a performance
comparison with an engine requiring no film cooling.

Hydrogen and RP-1 cannot be used as film coolants at thrusts below
about 4448 N (1000 1bF), and their chamber pressure ranges are very limited.
Hydrogen is perialized by the low wall temperature, 1255°K (1800°F) obtainable
with compatible materials, and RP-1 is penalized by the long chamber lengths
required to achieve a minimum study-specified energy release efficiency of
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iy,

i

THRUST
N_(LBFj

13345 (3000)

4448

1334

778

445

(1000)

(300)

(175)

(100)

TABLE X.

NOTE :
CHAMBER CHANNEL
PRESSURE
ATM (PSIA) ATH (951)
68  (1000) 1.82  (20.9)
47.6  (700) 0.71  (10.5)
27.2  (400) 0.60 (8.8)
7.8 (115) 0.95 (14.0)
5.1  (75) 1.20  (17.6)
.36 (20) 1.36  (20.0)
68  (1000) 5.77  (84.8)
47.6  (700) 1.77  (26.0)
27.2 (4v0) 0.31  (4.6)
68 (1000){1) 4.8 (218)
7.8 (115) 0.27  (3.9)
5.1  (75) 0.33 (4.8)
1.36  (20) 0.60 (8.8)
68 (1000)
47.6  (700) 10.5 (154.3)
27.2  (400) 1.61  (23.7)
7.8 (115) 0.10 (1.4)
5.1 (75) 0.11 (1.6)
1.36  (20) 0.15  (2.2)
7.8 (115)  0.38 (5.6)
5.1 (78)  C.10 (:.8)
1,36 (20)  0.11 (1.6)
68 (1000)
47.6  (700)
27,2 (400)
7.8 (115)  5.55 (81.6;
5.1 (1) 1.58 (23.2)
1.3  (20)  0.07 (1.1)

- HYDROGEN REGENERATIVE COOLING THERMAL DATA SUMMARY

*Design Solution Not Achieved

(1) L' Increased From 13.7 c¢m (5.4 in.) to 23.6 cm (9.3 in.)

48

Conventional L' Equation Except Where Noted

COOLANT
OUTLET TEMP.
°k__ (°R)  MACH NO.
172 (310) .09
158 (285) .10
137 (246) .10
124 (223) .29
122 (219) .37
121 (218) .57
279 (503) .18
234 (821) 1
189 (340) .05
a1 (794) .25
189  (341) .16
186  (334) 21
182 (328) .45
L ]
431 (775) .73
375 (675) .27
341 (613) .09
329 (592) DY
315 (567) .21
a5« (821) .07
439 (790" .09
416 (748) 19
*
*
-
621  (1117) .68
596 (1072) 46
559  (1006) 17

MIM.

CHANNEL

DEPTH (1 FASS?

.211
.330
.330
.330
.330
.330

.07¢
.104
.173
.122
.33,
.130
.330

O O O O O OO O O O O O O

.053
.099
.330
.330
0.330

o o © o

0.710
0.730

0.330

0.051
¢.089
0.330

(.083)
(.130)
(.130)
(.130)
(.130)
(.130)

(.031)
(.ca1)
(.068)
(0.48)
(.130)
(.130)
(.130)

(.021)
(.039;
(.130)
(.130)
(.130)

(.028)
(.130)
(.13¢)

{.020)
(.035)

(.130)

(2-PASS)
(2-PASS)

R

*

.
-
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CHAMBER PRESSURE, ATM
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Figure 21. Film Cooling Analyses Results



IV, C, Film Cooling Analysis (cont.)

98%. RP-1 film-cooled engines were dropped from further study because of the
small operating range. Lower-limit chamber pressures corresponding to a 3%
performance degradation were found to be approximately at or below the speci-
fied minimum chamber pressure of 1.36 atm (20 psia).

The feasibility of methane film cooling is highly dependent upon the
kinetics of the methane decomposition. This analysis was beyond the scope of
the current effort, but the sensitivity of the results to the chemistry model
assumption was assessed. If methane decomposes as assumed in Figure 21, it
provides the largest operating range. However, assuming no CHg decomposi-
tion and, thus, no coolant reaction with the entrained core gases, the coolant
requivement exceeds 50% of the fuel and the performance loss exceeds 20%.

With the complete decom,osition assumption, the required coolant flow is about
33% of the fuel flow and the performance loss is 10%. Because of this uncer-
tainty, CHg film-cooled engines were not analyzed further in the study. Data
are required to verify the models.

D. COOLING ANALYSES CONCLUSIONS AND RECOMMENDATIONS

Based upon the results presented herein, the following conclusions were
reached:

° Viable concepts with conventional cooling methods:

° 02/H2, H2 Regen-Cooled
° 02/H2, Hy Film-Cooled
° 02/CHg, CHg Regen-Cooled

° Advanced coolant schemes and concepts are required for 02/RP-1,
RP-1 cooled engines.

° CHg coolant jacket outlet pressure must be held above critical.

° LOX cooling of 02/RP-1 engine is impractical in a conventional
chamber design.

° Carbon deposition assumption creates a major impact on the study
results.

° J2/H2, H; cooled engines have the largest thrust and Pc
cooling feasibility ranges.

° RP-1 film cooling thrust and Pc feasibility range is very small.

° CHa film cooling thrust and Pc feasibility range is dependent
upon decomposition assumption.

51



IV, D, Cooling Analyses Conclusions and Recommendations (cont.)

In addition, the following decisions and recommendations were made for
continuing the study in the conceptual design and parametric phase.

° RP-1 and film-cooled concepts were dropped from further study.

° Pressure-fed CHg regen-cooled concepts are impractical.

° Concepts requiring further conceptual study are:

Propellant Cooling Cooling
Combination Method Coolant Scheme
02/RP-1 Regen RP-1 Advanced
09/H> Regen Ho Convent ional
and advanced
02/H2 Film Ha Convent ional
02/CHy Regen CHg Convent ional

and advanced
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SECTION V
ENGINE SYSTEM CONCEPTUAL DESIGN AND PARAMETRIC ANALYSES

A. OBJECTIVES AND GUIDELINES
The objectives of this phase of the study were:

° Assess the feasibility of various design approaches defined in
Section V, B.

° Establish feasible design ranges if different fron the cooling
results.

° Prepare parametric performance, weight, and envelope data for the
applicable concepts over the feasible design ranges.

° Determine advantages and disadvantages of concepts.

[

Assess technology requirements.

The parametric data were generated over the entire study thrust and
chamber pressure ranges, but the feasible cooling and/or cycle power balance
limits were superimposed on the figures displaying the data.

A1l analyses were conducted at the naminal propellant mixture ratios
and a nozzle area ratio of 400:1.

The conceptual design analysis was conducted using guidelines both spe-
cified by the contract and established during the course of this study. These
guidelines are summarized in Table XI.

B. PROPULSION SYSTEM CANDIDATES

The propulsion system candidates were screened to identify those most
promising for the COTV application. Seven concepts were evaluated: two
pressure-fed and five pump-fed. These ccncepts are described briefly herein.

The pressure-fed system concepts evaluated are skown in Figures 22 and
23.

The conventional pressure-fed system concept is shown in Figure 22. In
this concept, the engine run tanks are pressurized to the required pressure
levels by a regulated helium source. The concept is applicable with both
regeneratively and film-cooled engines. A parallel pressurized tank concept
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TABLE XI. - ENGINE SYSTEM STUDY GUIDELINES

Pressure Drop Criteria
° Injectors:
e Liquid!) .
Gas(l)

Valves

° Liquid Contro1(1)

© Gas Contro1(1)

° Shutoff(l)

° Check Valve(z)

(2)

© Pylsation Damper(z)
Liquid Regu'lator(2

Orifice

(2),

Minimum Bearing Diameter

Maxirum Bearing ON, (1)
{RPM} {mm)
Minimum NPSH, (1) m(ft)

Maximum Suction(z)
Specific Speed,

(rpm)(m3/secil/2/(m33/4
[(rpm) (gpm)!/2(ft)3/4]

(Nps) (2g)/¢ 2 (2)

(M

(2)ALRC Derived Guideline

54
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- 10%
- 1%
- 2%
- 1%

10mm

LH2

2 x 10°
4.57 (15.0)
775

[40,000]

1.3

Specified by the Contract Statement Of Work

of
of
of
of
of
of
of

15% of Upstream Pressure

8% of Ups*tream Pressure

Upstream Pressure
Upstream Pressure
Upstream Pressure
Upstream Pressure
Upstream Pressure
Upstream Pressure
Downstream Pressure

Lo,
1.5 x 1n®
0.6 (2.0
581

(30,000]

2.3

CH4

1.5 x 10
1.68 (5.5)
620

[32,000]

2.08

RP-1
1.8 x 10°
1.37 (45.0)
503
[26,000]

3.0
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V, B, Propulsion System Candidates (cont.)

is shown in Fig. 23. In this concept, both the fuel and oxygen are stored in
low-pressure main propellant tanks. Twe small parallel accumulators in each
propellant feed system are located downstream of these main propellant tanks.
These accumulators are alternately filled from the main propellant tank and
pressurized to provide the engine propellan: supply. When the propellant is
expelled, the tank is vented and then refilled from the main tank. While one
tank is being filled, the engine runs off the parallel tank. The advantage of
this system over the basic pressure~-fed concept is a reduction in the high
pressure tankage weight. The accumulators are sized to provide the apogee
burn. Again, the engine can be either regen or film-cooled.

Figure 24 shows a pump-fed concept in which the pumps are driven by
electric motors with fuel cells as the power source. Analysis has indicated
that the weight of batteries is prohibitive. Of course, in comparison to gas
turbine-driven pumping systems, the weight of the fuel cells and electric
motors is also a concept disadvantage. The concept schematic shown has a pul-
sation damper (very small accumulator) downstream of the pumps. This compon-
ent would have been required if positive displacement pumps had been selected
in component screening analysis. However, the results obtained under Contract
NAS 3-21960, Low-Thrust Chemical Propulsion System Pump Technology, for
NASA/LeRC showed that centrifugal pumps were the best choice. Therefore, the
pulsation dampers were eliminated in the final system evaluations.

Figure 25 shows a pump-fed concept with an electric motor drive using a
turboalternator as the power source. This concept has potential application
with heated hydrogen or methane as the turbine drive fluid. A small amount of
the heated fuel bypasses the turbine. This bypass flow provides the power
control. Cycle power balances were performed to determine if the maximum
operating chamber pressure of this system differs from the cooling limits.
This is discussed in the next section. This concept is relatively light-
weight, provided that the horsepower of the pumps is low enough to keep the
weight of the electrical components down.

An expander cycle pump-fed concept is shown in Figure 26. This concept
is also applicable with heated hydrogen or methane as the drive fluid for the
turbines. A series turbine cycle arrangement was selected because the full-
flow oxygen turbine is much more efficient than the extremely low-flow oxygen
turbine in a parallel arrangement. The fuel turbine bypass valve shown on the
figure is used to provide mixture ratio control, whereas the valve bypassing
flow around both turbines is for power control. In addition to proving the
lightest-weight pump-fed system, this is also the simplest because it does not
require any additional components.
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V, B, Prupulsion System Candidates (cont.)

A mixed expander/turboalternator concept is shown in Figure 26a. This
concept incorporates some of the best features of the expander and turbo-
alternator cycles. The hydrogen turbopump is driven in {he expander mode
which eliminates the electric motor required for the turboalternator cycle.
The lower horsepower oxygen pump is driven by an electric motor with the
auvantage over an expander cycle being the elimination of a hot gas
bipropel lant seal. The potential disadvantage s the weight of the electrical
components.

Figure 27 shows a pump-filled feed tank concept. In this concept, the
engine run tanks are filled by pumps from the low-pressure main vessels during
mission coast periods. The possible advantage of this concept is that the
pump flows can be much higher than the engine flows; this may provide a more
suitable operating regime for the pumps (i.e., the pump design is nct
restricted by the engine thrust level). The disadvantage would be the addi-
tional weight of the high-pressure accumulators. A regulator is shown down-
stream of the engine run tanks to maintain constant engine pressures. Without
this regulator, the chamber pressure and engine thrust would decay as the pro-
pellant is expelled. This system is applicable with botk regeneratively or
film-cooled engines.

C. SYSTEM EVALUATIONS AND PARAMETRIC DATA SUMMARY
1. 0p/RP-1 System Evaluations

Based upon the cooling analyses results, only the regeneratively
cooled concepts were analyzed for the 0p/RP-1 systems. Two pressure-fed and
two pump-fed engine concepts are applicable with 0p/RP-1. They are:

o

Conventional Pressure-Fed

(]

Parallel Accumulator

° Auxiliary Power Source

®  Pump-Filled Feed Tank

Engine performance and envelope data applicsble for all concepts
although specific operating points may vary (i.e., pressure-fed concepts
applicable in the 1.36 to 13.6 atm (20 to 200 psia) range and pump-fed sys-
tems more applicable to chamber pressures greater than 6.8 atm (100 psia). The
parametric performance and envelope data at an area ratio of 400:1 are showr
in Figures 28 and 29, respectively. As can be seen, the very low-pressure
engines are extremely large and have low performance levels. Performance
numbers above and to the left of the ccoling limit line represent impractical
engine designs. Similarly, the impractical systems are below and to the left
of the cooling limit on the envelope plot.
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V, C, System Evaluations and Parametric Data Summary (cont.)

The relative weights of the various concepts are compared at a
thrust chamber pressure of 10.2 atm (150 psia) on Figure 30. The relative
weights include the weights of the tanks, accumulators, pressurization system,
and the engine and electrical components. The data show that pump-fed systems
are lighter than pressure-fed concepts. This occurs because the weight of the
fuel cells, pumps, and electrical components are lighter than the additional
tank and pressurization system weights of the pressure-fed system. The auxil-
iary power source concept is the best 02/RP-1 candidate. Parametric weight
data for this concept is shown in Figure 31. The weight of the engine
includes all electrical components. The additional fuei cell weight require-
ments that can be charged to the engine system are also shown on the figure.
The auxiliary power source concept results in the highest performance,
smallest engine envelope, and lightest system weight with 0p/RP-1
propellants.

2. 0p/CHg System Evaluations

Only regeneratively cooled engine corcepts were determined to be
practical. In addition, the high critical pressure of CHg ruled out
pressure-fea systems. Three pump-fed systems were evaluated with 02/CHg.
They are:

o

Auxiliary Power Source

o

Turboalternator
°  Expander

Engine cycle power balance calculations were performed for the
turboalternator and expander cycles to determine if the feasible design ranges
were limited further by the power considerations. Pump discharge pressure
requirements as a function of chamber pressure are summarized in Figure 32.
The maximum pressure obtainable is approximately 47.6 atm (700 psiag, and good
design practice would dictate the selection of a chamber pressure in the 34 to
37.4 atm (500 to 550 psia) range to avoid large system sensitivities to minor
component variations. The power balance upper limit was combined with the
cooling limits, as shown in Figure 33. The auxiliary power source concept
could operate over the total feasible cooling ranges and is applicable with
the short chamber L' because it does not depend upon the heat input into the
CHg to derive cycle power.

Delivered performance and engine envelope data at an area ratio of
400.1 for all three 02/CHg concepts are shown in Figures 34 and 35,
respectively. At the same low thrust design point, the delivered performance
of the 02/CHg engine is much greater than that of the 02/RP-1 engine;
also, the envelope is much smaller because a higher operating chamber pressure
is feasible with 02/CHs. For example:

65



.

’f”"/,,fCONVENTIONAL PRESSURE FED
900 + (2000)"‘.,)\4 0/F = 3.0
\ Pc = 10.2 ATM (150 PSIA)
8004 (1800)+ \
\ FEASIBLE
— v OPERATING
2004 g (1600) \\.‘_ REGIME
= —
T~ N =
2 S . 4001 W | S
Wl o~ )
w 000+ =9 2 2
& 5Z (12004 £ 5
I at s S PARALLEL ACCUMULATORS
= 5001 > = O
& 2% (10004 \/ PUMP-FILLED FEED TANKS
5 a4 S2 —
& g8 (800)4.
Do
2 1 A
53004 £2 (600)4 \ AUXILIARY POWER SOURCE
= o
= N
— -
001 g (400)1-’//,/4
= K WEIGHT oropunp FED
4 =~ Y~ T T """ SYSTEM PROPELLANT
100 (20001 TANKS
0...\.. 0 L + F

0 (10v0)(2000)(3000)
THRUST, (LBF)

[ — . L
| v . 3

0 4 8 12 16
THRUST, KN

Figure 30. OZ/RP-l Propulsion System Weight Data

66



ejeg JybLap
3daduo) auibul paj00)-uabay €82unog 4amog Auel(ixny T&\No ‘1€ 94nbi4

NX “1SNYHL NX LSNYHL
el 8 v p ¢cl 8 v 0
¥ L4 T e s -t $ —
(497) ‘1SNRYHL (497) “1SnuHL
(000€) (000z)  (oool) 0 (ooog)  (0002) (0001) 0
t i L 0 To n + )’ 0 TO
IWI93Y ONILVYIdO I191SV34 _
(osl) z-ol >
4 IWI9IY S
(002) 1 oor  3181Sv34 (002) S {001
3 =
3 s
= (00%) 212 @
he] -4
(cs1) 2-ol 1 (00) g = + (oov) <
+ 002 &~ - T 002
M vn.u.n.. =
(oot) 2°¢12 M & =
o (00L) 9° (¥ -
+(009)F T (009) =
= + 00¢ Hl 1+-00¢
- —
(00L) 9°¢L¢ S (000L) &
. 000l) 89 IWI93Y =
T (008)~ (v1s4) ‘wiy  ONILWi3d0 31a1svaann T (008)
(v o] 3
3
HIGWYH) L 00p = 2
(0001) 89 d(o00t) 0t = 4/0  <4(0001)
(VISd) Wiv
34NSS3ud

43GWVYHD

67

6% ‘$113) 1304 40 LHOI3IM Q3day



68

0X pump
(ALL THRUSTS)

(200)

(400) (600)
CHAMBER PRESS

0 10 20

(800)
URE, (PSIA)
30 40

50
CHAMBER PRESSURE, AT

M



s3wwL] burjeaadp aurtbuj pajooj-uabay v:u\mo *€€ aunbLyg
A CLSNYHL
21 ot 8 9 s 2 0
| ) | h L T T L
(4971) “1SNuHL
(000€g) (00s2) (o002) (o0s1) (oo0L) (006) 0
L S A | 8 ¥ -1
.\ ’
@3100LS °d WOWINIW §
4 (002)
INIDIY INILVY¥IH0 I18ISVI4 31
x=
(1439N02 - (ooy) M
304N0S ¥IMO4 AMVITIXNY ¥04 =3
LIWIT JONYTv8 ¥IMOd ON) o
LIWIT 3INYIVE 43MOd P
$319A2 ¥IANVAXI OGNV HOLVNYILTIVOSuNnL m i
-4 {009) <
-
(visd Nwﬁ =g
WLJ $°SY 3¥NSSIUd WIILIYD YHD m
4 (008) =
0310n1S 0310n1S -
1SNIHL A 1SNYHL
WOWT XYW RAWININW
LSS:

0310NLS °d WOWIXYW .\

(7 LYOHS) Ld3IONOD 324NOS ¥IM0d AYVIIXNY :(,1 9NO1)

=

ot

0Z

0¢

oy

0§

09

174

W1V ‘3YNSS3I¥d YIBWVHD

69

S3INIONI 3TJAD Y¥IANVEX3 OGNV YO1VN¥3LIVOg¥NL
L:oov = 3 L€ =4/0

,,,,, me e - !

—



$3d25u0) p51009-uabay "Hd/%0 L1y 404 5[ pauaatiag pg aunbiy

N 1SNYHL
2t ol 8 9 'l 2 0
I ki ¥ | T 1 1
(497) “1SNYHL
(oo0¢g) (0052) (0002) (0051) (oo00t) (005) 0
1 i 1 1 k] 1
qo0te  _
B
5
=
Q
) 5
| 4 ote m
(02) 9t t _s m
. wy
/) m
) a
P {
.. dose =
(05) v°¢ IWI93Y ONILVYIdO 318ISV34 z
—— =
m
(60L) 89 (YOLYNY3LIVOSYNL ONV ¥IANVAX3) LIWIT ONIT00D 4o00e &
(on)
(324N0S ¥3IMOd AYYITIXNY) LIWIT INIT00I ~_ m
4OLVNY3 L YO8N AL -
ONY ¥IONYAX3 °LIWIT 3ONYIVE ¥IMOd ~
-4 oLt
-
(oov) 2°¢12 I—. TS
“food) 9ty \««4«44,
. = 3
(0001) 89 L:00v
L€ = 4/0 :
(VISd) WiV

70

*3UNSSIYd YIBWVHD

n o el ¢ w



sudjaweaed adojaaul auibuj sjydadsuo) pa|00)-uabay e:U\No *GE aunbiy

1

WO ‘°vIQ L1IX3 371ZZON

N 1SMuML M 1SN¥HL
ozl 0L 8 9 ¥ 0 #L 2L oL 8 9
B B | L A 1 v | L ¥ | ¥ LB
(497 “1SNY¥HL (497) “1SNYHL
(000€) (0002) (ooo01) ) (oo0t) (co02) (oo0t) 0
0 - T T T 0 T T T 0 B
7 \\
l\!
9° ¢y (00L) m 2° 1z (00v) oon) - 002
001 4 . ool
2°¢(2 (oov)
- (08) mm m
-
o 89 (000) = 4 ooy
m
002 x 4(002) ™
89 (Oul) = 00e) 2
- Aoc—.v) e
m ——
o =
00€ .tcoc -
- 008
WLV (VISd) 91 (02)
* 3YNSSIUd (o51)
YIAWVHD 4 (os1 ‘
00t WiV (VISd) “3¥NSSIUd YIAWVH) oom) { 0001
100 = 3
L€ = 4/0
oosq 9€°t {02) 4 (002)

W) ‘HION3T INION3



V, C, System Evaluations and Parametric Data Summary (cont.)

Chamber Delivered Engine
Propellant Thrust Pressure Is, Length,
Combination KN _(1b) atm, psia sec cm (in.)
02/RP-1 4.45(1000) 10.2(150) 335 218(86)
02/CHg 4,45(1000) 27.2(400) 369 132(52)

The weight of the basic engine (including the additional compon-
ents attributable to the engine) is shown in Figure 36 at a thrust level of
4448 N (1000 1bF). Weight comparisons of 02/CH4 regen-cooled engine con-
cepts in the figurc show that an expander cycle results in the lowest engine
weight because it has the fewest components. The weight of the expander cycle
decreases with increasing pressure because the physical size of the engine
decreases. The electrical components and fuel cell weights become the
dominant factors at chamber pressures above 20.4 and 13.6 atm (300 and 200
psia) for the turboalternator and auxiliary power source concepts, respec-
tively. Below these pressures, the engine weight is dominated by the large
400:1 nozzle.

3. 0p/Hp System Evaluations

Both regeneratively cooled and film-cooled concepts were evaluated
in the system analysis. Parametric data were established for the following
cases:

Concept Cooling Scheme
Conventional Pressure-Fed Film and Regen
Parallel Accumulator Film and Regen
Auxiliary Power Source Film and Regen
Turboalternator Regen
Expander Regen
Pump-Filled Feed Tank Regen
Mixed Expander/Turboalternator Regen

The parametric data which were submitted to NASA/LeRC as part of
an informal data dump are summarized in this section.

Engine cycle power balarre calculations were performed to estab-
lish the power limits for the expander and turboalternator cycles. The
results of the power balance calculations are summarized in Figure 37 and com-
bined with the cooling Yimits in Figure 38. Again, the power limit is the
maximum upper value, and design points at aoout 34 atm (500 psia) chamber
pressure are recommended to achieve reasonable power balance margins. The
02/Hp film-cooled engine operating regime analyzed was established by the
cooling analysis and presented as Figure 39.
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V, C, System Evaluations and Parametric Data Summary (cont.)

02/H engine performance parametric data at an area ratio of
400:1 are presented on Figures 40 and 41 for the regeneratively and filn-
cooled engine cases, respectively. For the regen systems, performance drops
off as thrust and chamber pressure decrease because of increased kinetic
losses. Film-cooled engines were not found to be feasible below a thrust
Tevel of about 4.45 KN {1000 ib). Above approximately 6.8 atm (100 psia)
chamber pressure, the performance of the film-cooled engine decreases with
increasing chamber pressure because of the film-cooling losses. Performance
also drops off at low chamber pressures because of the increased kinetic
losses. Therefore, the film-cooled engines have a chamber pressure at which
performance is maximized, as shown by the figure. The performance of the
regen-cooled engine is 85 secs higker (i.e., 465 vs 380 secs) than that of the
film-cooled engine at a thrust level of 4.45 KN (i090 1b) if it is assumed
that the regen-cooled engine is capable of operating at a chamber pressure of
34 atm (500 psia). Compared to the data presented for the 0p/Clz and
0o/kP-1 systems in the previous section, the 465-sec delivered performance.
value of the 0p/Hp ¢.i_* 2 is 96 and 130 sec higher than that of the
02/CHq and 02/RP-1, :-.yines, respectively.

'/Hp <ngine envelope parametric data are shown in I .gure 42
as funrctions of thrust and chamber pressure. A comparison of these data with
those for the C»/RP-1 and 0p/CHg systems shows that the envelope does
not vary significantly with propellant combination.

The relative system weights of the various 0,/Hy concepts are
compared in Figure 43 at a thrust leve! of 4.45 KN (1000 ]b?. The relative
weight includes the weight of the engine, the difference in prcpellant tank
w.w pPress ization system weights, and any additio:*1 equipment such as
acciou.at o s, fuel cells, electric motors, a <1 al.ernators. The data show
“ha  ump-:.ed systems are significantly lighter :.an the pressure-fed caces.
' ump-fed system weight advantage is even greater than that shown with
92,... -i propellants because the .ydrogen tank is so large.

Tte weights of the pump-fed systems are compared on an expanded
scale in lisure 44. The expander cycle is the lightest-weight engine because
it has the f2west components, although the mixed expanuer/turboaiternator
cycle describeu in Figure 27 weighs only 4.5 to 9 kg (10 to 20 1b) more. The
reasons for the data trends are the same as those explained for the 02/CHg
pump-fed systems in Figure 36.

D. CONCEPTUAL ANALYSIS CONCLUSIONS AND RECOMMENDATIONS

The conceptual desion and parametric analyses showed that a hydrogen
regencratively cooled, pump-fed 02/Hy engine has the following advantages:
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V, D, Conceptual Analysis Conclusions and Recommendations (cont.)

o

Highest Performance
° Lowest Thrust and Highest Pc Capability
° Lightweight Expander or Turboalternator Cycle Feasibility

Small Engine Envelope

A comparison of regen-cooled engine data at the same thrust level (4.45
KN (1000 1bF)) shows:

Design

Chamber Delivered Engine
Propellant Pressure Is, Length, Weight
Combination atm (psia) sec cm (in.) kg (1b)
0o/RP-1 10.2(150} (1) 335 218(86)  77.1(170)(3)
02/CHg 27.2(400)(2) 369 132(52)  43.1(vo)(4)
0p/Hy 34(500) (2) 465 122(48)  (41.7)(92)(4)

(1) Based upon cooling limit

(2) Based upon power balance considerations
(3) Auxiliary power source

(4) Expander cycle

Based upon the cooling and conceptual analyses results, an 0p/Hp
pump-fed, regeneratively cooled engine was recommended and approved by
NASA/LeRC for preliminary design.

%
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SECTION VI
ENGINE SYSTEM PRELIMINARY DESIGN

A. OBJECTIVES AND GUIDELINES

The objectives of this part of the study were to provide preliminary
design information on one engine concept and to update the parametric perform-
ance, weight, and envelope data on the basis of the preliminary design evalua-
tions.

The engine design point was selected on the basis of the obtained
thrust chamber cooling data and engine system conceptual desigr and parametric
analyses results. The design point selected is shown in Table XII. The
thrust level was selected in concert with NASA/LeRC. It is on the low side of
the systcm study recommendations, but does provide a reasonable point of
departure for future technological optimization. The chamber pressure was
selected on the basis of obtained cooling and power balance results and allows
for some design margin.

The engine requirements as defined by the statement of work (SOW) are
listed below:

Propellant inlet Temperature °K (°R)

Hydrogen Pump 21 (37.8)
Oxygen Pump 90.4 (162.7)

° NPSH at Engine Inlet, m (ft)

° Hydrogen 4.57 (15.0)
° Oxygen 0.61 (2.0)
° Service Life 5 thermal cycles (times safeyy

factory of 4) and 11 hrs
accumulated run time (derived
from Figure 9)

o

Gimbal Angle (Square Pattern), degrees +7
The preliminary design parameters include:

Q

Engine assembly and system layout drawings.

o

Engine assenbly weight and center of gravity.
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TABLE XII.- ENGINE DESIGN POINT

Propellant Combination 02/H2
Engine Vacuum Thrust, N (LB) 2224 (500)

Thrust Chamber Pressure,

atm (psia) 34 (500)

Engine Mixture Ratic 6.0

Nozzle Area Ratio 406:1

Thrust Chamber Coolant H,

Cooling Method Regen

Engine Cycle M1xed Expander &

Turboalternator



VI, A, Objectives and Guidelines (cont.)

Engine performance and power balance data at design thrust and
design MR, as well as at +10% design MR.

Description of engine operation and control.

Thrust chamber, injector, and nozzle layout drawings.

External views of turbopumps and valves.

Design and off-design analyses of pumps and drives.

The parametric data were updated foi the selected engine concept as a
function of thrust and chamber pressure over a nozzle expansion area ratio
range from 200 to 1000:1.

B. ENGINE SYSTEM DESIGN

1. Engine System Description

The engine cycle selected for preliminary design is a pump-fed
mixed expander and turboalternator cycle. The expander/turboalternator con-
cept is shown in Figure 45. This concept incorporates the best features of
the expander and turboalternator cycles. The hydrogen turbopump is driven in
the expander mode, and the oxidizer turbopump is driven in the turboalter-
nator mode. This eliminates one large electric motor, thus reduciny the size
of the alternator required for the pure turboalternator cycle. Only the lower
horsepower oxygen pump is driven by an electric motor. The advantage of the
mixed expander/turboalternator cycle ovar an expander cycle is the elimina-
tion of a hot-gas bipronellant seal. A minor weight penalty for the alterna-
tor and electric motor is involved, but this weight penalty is insignificant
when the total system weight is considered.

The hydrogen is pumped to the required discharge pressure for
delivery to the thrust chamber. Series-redundant shutoff valves are shown
downstream of the turbopumps to meet the safety and environmental criteria of
the Orbiter payload bay (i.e., no propellant leakage into the payload bay).
The hydrogen enters the thrust chamber coolant jacket at an area ratio of 23:1
and flcws forward through the slotted copper chamber to the injector head end.
Fighty percent of the hydrogen flow is used to drive the LHp TPA turbine and
alternator assembly., The remaining heated hydrogen bypasses the turbine
assenbly and provides Lhe cycle power balance margin and engine thrust con-
trol. The large bypass flow was selected because of the uncertainty of meet-
ing component naminal performance values (i.e., efficiencies, pressure drops,
and coolant temperature rises) dat these low-thrust levels.
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VI, R, Engine System Design (cont.)

The oxygen is pumpe -~ its required discharge pressure and
delivered directly to the thru. .namber injector in the liquid state to be
mixed and burned with the gaseous hydrogen.

The nozzle is radiation-cooled from an area ratio of 23:1 to the
exit (¢ = 400:1). FS-85 columbium with a silicide coating was preliminarily
selected as the nozzle extension material because of its high temperature
capability. ALRC has obtained considerable experience in the design and manu-
facturing of radiation-cooled nozzles on the Transtage, Apollo, and OMS engine
programs.

The cooling circuit scheme described has bLeen selected because of
tts simplicity. The regeneratively cooled section has only one inlet manifold
and one outlet manifold. Regeneratively cooling a tube bundle nozzle from an
ared ratio of 23:1 to 200:1 would increase the hydrogen temperature slightly
and help the cycle power balance. However, it would increase the mechanicul
desiygn cauplexity and add tube bundle inlet and outlet manifolds.

The engine assenbly layout is shown in Figures 46 and 47. The
engine features side-mounted pump and drive systems which are located in
opposite quadrants. The series-redundant shut-off valves are mounted inline
and approximately 45° away from the pumps. The engine controller is also
side-mounted on the engine. The controller requirements (i.e., size, power,
weight) were estimated to be one third of those required for a 66.7 KN
(15,000 1b) thrust CTV engine (described in Reference 30). The low-thrust
engine controller requirements are estimated as follows:

CONTROLLER REQUIREMENTS

Weight, Kg (1b) 5.44 {12)
Power , watts 96
Volume, m3 (in.3) 7.34 x 10°3  (448)

The above estimate does not include the power supply. With the power supply,
the werght would approximately dout =2,

The engine is 1u..o ¢m (40 in.) Yong and has a 40.6 cm (16 in.)
nozzle exit drameter. To accommoda.c a +7° gimba: requirement, the diameter
15 69.5 cm (25.3 in.).

The enyine center of gravity in the axial direction was calculated
to be 3U ¢n (11.8 in.) from the gimbal center. Referring to Figure 47, the
center of gravity location in the Y and Z axes is +2.21 cem (0.87 in.) and
+#2.29 (0.90 1n.), respectively.
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VI, B, Engine System Design (cont.)

A typica: engine/vehicle installation drawing is shown in Figure
48. The propellant tank configurations and location of the engine gimbal
point were provided by NASA/LeRC for use in determining propellant line
lengths and pressure drops from the tank outlets to the engine inlets. The
engine inlet lines are only required to be 1.59 cm (5/8 in.) to provide the
engine flows. Therefore, these small lines can be flexible. The bends shown
n the lin:s provide for flexibility during engine gimkalling.

2. Nominal Operating Point

The baseline engine performance, weight and envelope data
resulting from the preliminary design activities are shown in Figure 49.
These data were used t~ update the engine system parametric and power balance
model. Typical outputs of the engine model are shown in Tables XIII, XIV, and
XV. The outputs shown are the outcome of an iteration to incorporate modifi-
cations in component weights, efficiencies, etc., tnat have resulted from the
preliminary design. Therefore, values used to initiate the preliminary design
may not be consistent. For example, a hydrogen pur, discharge pressure
requirement of 64.6 atm (950 psia) was initially estimated, whereas the final
iteration shows a fuel pump discharge pressure of 62.6 atm (921 psia).

The engine performance was calculated by using the "JANNAF simpli-
fied performance prediction methodology." The original JANNAF procedures were
defined in 1968 and were limited in scope to thrust chamber performance and an
empirically based method for determining the energy release performance loss.
Subsequent work by JANNAF has led to less restrictive procedures and an
axpanded analytical approach. These updated procedures are defined in CPIA
publications 245 and 246 (References 31 and 32 respectively). CPIA 245
contains the specifications for performance test data acquisition and
interpretation. CPIA 246 contains the specifications for liquid rocket engine
performance prediction and evaluation.

Since the standard procedure is relatively costly in terms of both
engineering hours and computer time, there is a great incentive to use
simpler, more economical procedures to perform parametric «nd point design
analyses. Such techniques have been developed and are included in the JANNAF
procedures {Reference 32).

As described in CPIA 246, the simplified procedure is "less accur-
ate but aquicker and less expensive than the "rigorous™ method and is thus
appropriate for the prelimianry design type analysis required for the baseline
engine definition and generation of engine parametric performance data. The
accuracy of the simplified procedure can be made nearly equivalent tc that of
the more rigorous procedure, preovided the proper performance efficiencies are
cefined and shortcut calculational methods or correlations are calibrated or
anchored over the parametric range under consideration.
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VI, B, Engine System Desiyn (cont.)

An in-house analysis of the experimental performance results
presented in References 33 and 34, with the JANNAF standard analysis tech-
niques (Reference 32) was performed to qualify or anchor the analytical per-
formance procedures when applied to high area ratio (190-400) hydrogen/oxygen
rocket engines. This analysis is reported in Reference 30. These procedures,
once qualified, were used to develop reasonable predictions of attainable
specific impulse for the baseline low-thrust engine. The "calibrated" model
predicts an attainable specific impulse of ipproximately 465.2 sec for the
baseline Tow-thrust engine at nominal operating conditions.

A combustion chamber length of 15.2 cm (6.0 in.) was selected to
meet the engine performance and pcwer balance requirements while avoiding
cooling limits. With this chamber length, the coolant jacket exit temperature
and turbine inlet temperature is 305.6°K (550°R). A longer chamber could
increase the turbine inlet temnerature (considered beneficial for the power
balance), but the coolart jacket pressure drop would also increase. A prelim-
inary trade study was conducted to identify an optimum chamber length at the
design point. The thermal data used to conduct the cycle power balances are
shown in Figure 50. The fuel pump discharge pressure results from the power
balance analysis are shown in Figure 51. The figure shows that the fuel pump
discharge pressure could be reduced by approximately 3.4 atm (50 psia) if the
thrust chamber length were increased. The short chamber meets the performance
requirements and results in a design with more thermal margin, maintaining a
lower coolant Mach number. The shorter (15.2 cm/ 6.0 in.) chamber has been
baselined and represents a conservative design approach. This chamber length
could be increased if other components failed to meet their predicted perfom-
ance values. The chamber length should be optimized in more detailed engine
design studies.

3. Off-Design Mixture Ratio QOperation

The results of off-design mixture ratio cycle power balance and
performance analysis for the baseline low-thrust engine are presented in
Figures 52 and 53.

The two off-design mixture ratios assumed were 5.4 and 6.6,
respectively, wnich represents a +10% variation from the baseline mixture
ratio of 6.0. The analysis assumed that thrust (2224 N/500 1bF) remained
constant.
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VI, B, Engine System Design (cont.)

The major effect of operating the baseline engine at a mixture
ratio of 5.4 was a 32°K (58°R) drop in turbine inlet temperature. This temp-
erature drop is due to the higher fuel coolant flow and the lower chamber com-
busticn temperature. Although the fuel flow is higher, this lower turbine
inlet temperature represents a less energetic turbine drive fluid. The higher
fuel flow also results in higher pressure drops in the fuel circuit. This
requires a higher fuel pump discharge pressure to yield the desired chamber
pressure. The reverse of this condition exists in the oxidizer circuit (i.e.,
less flow) which results in a lower required oxidizer pump discharge pres-
sure. The net result is increased total required pump horsepower at the lower
operating mixture ratio. The potential turbine power deficiency is almost
entirely compensated for by the increased turbine pressure ratio (due to
increased flow through the turbine). The remaining turbine power deficiency
is compensated for by decreasing the turbine bypass flow to 19.4% (i.e.,
increasing turbinre flow from 80% to 80.6% of the total fuel flow). This
further increase of flow through the turbine increases turbine pressure ratio
and, hence, available turbine horsepower to match the required pump
horsepower.

The major effects of operating the baselire engine at a mixture
ratio of 6.6 are higher turbine inlet temperature a:i'd lower delivered specific
impulse. The lower specific impulse causes a slightly higher total propellant
flow rate, but the higher mixture ratio still results in a net decreased fuel
flow and increased oxidizer fiow over that of the baseline engine. The higher
turbine inlet temperature is the result of this lower fuel flow and the higher
chamber combustion temperature. In this case, then, there is less turbine
drive fluid available, but the higher temperature represents a more energetic
drive fluid. The lower fuel flow also results in reduced fuel circuit pres-
surc drops, thus reducing the required fuel pump discharge pressure. The
oxidizer pump discharge pressure on the other hand is higher because of the
increased oxygen flow. Since the fuel pump always required proportionally
more horsepower than the oxidized pump, the net effect is less total required
pump horsepower. The combination of lower turbine pressure ratio and fuel
flow and higher turbine iniet temperature and lower required pump horsepower
results in a surplus of available turbine horsepower. This surplus power is
eliminated by increasing the turbine bypass to 23% (i.e., reducing flow
through the turbine to 77% of the total fuel flow).

C. COMPONENT DESIGN ANALYSIS
Layouts of the thrust chamber assenbly, and tne igniter, injector, and
chamber were prepared. In ad’ tion, external views of the pumping systems and

system valves were drawn to show dimensions and to assist in developing the
engine layouc.
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Vi, C, Component Design Analysis (cont.)

This section also contains a discussion of the engine operational
sequence, along with the control system narrative.

1. Thrust Chamber Assembly

The overall thrust chamber assembly layout is shown in Figure 54.
The engine is head-end gimballed and the gimbal is mounted above the igniter.
The cylindrical thrust mount structure is machined from stainless steel and
bolted to the injector on the outboard side.

A chamber structural throat support is required because of the
thin-walled, small diameter throat and the unusually long chamber and nozzle.
To meet this requirement, a conical support structure surrounds the encire
chamber to provide a load path for gimbal, start transient, or vibration-
induced loads from the nozzle. A secondary function of the conical support
structure is to provide for a convenient means of attachm~nt for the other
engine components. The support structure is attached to the forward and aft
Cres 304L manifolds by electron beam welding. Openings in the cone provide
easy access to component attachment points, as well as lower system weight.

The nozzle is radiation-cooled from an area ratio of 23:1 to the
exit (e = 400:1) and boited to the chamber aft manifold. FS-85 columbium with
a silicide coating has been selected as the nozzle extension material because
of its high temperature capability. This material has been used recently at
ALRC for the OME radiaticn-cooled nozzle. Detailed design studies should
assess the merits of C-103 columbium which is easier to weld although it does
not have the temperature capability of FS-85.

2. lIgniter, Injector, and Chamber Design

The integrated igniter/injector/chamber design layout is shown in
Figure 55.

The injector is designed to accept an igniter which is similar to
that used on the Integrated Thruster Assembly (Contract NAS 3-15850) and
Extended Temperature Range Thruster Investigation (Contract NAS 3-16775) pro-
grams (References 20 and 35, respectively). The igniter incorporates a radial
platelet injector which is also a laminate of 304L stainless steel platelets.
Ignition occurs in an oxygen-rich core (M 40) to ensure reliability. The
igniter combustion chamber is made of nickel alloy and is slotted on its outer
diameter to provide for regenerative cooling with hydrogen. At the converging
section of the igniter nozzle, the oxygen-rich core and hydrogen coolant mix
and react, entering the chamber at an overall mixture ratio of 6.0. The
igniter nozzle is made of nickel alloy and electron-beam-welded to the injec-
tor body. Nickel alloy is also used for the spark electrode, and stainless
steel is used for the electrode housing. The electrode and the ceramic insu-
lator are secaled to the housing with flexible metal "0" rings, as this design
represents a significant improvement over earlier ceramic seal designs.
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VI, C, Component Design Analysis (cont.)

The injector must satisfy two important criteria. To attain the
required cycle life and power balance, the injector must maintain a cool run-
ning face and a controlled heat flux to the chamber wall. In addition, excel-
lent vapo—ization and mixing efficiency are required to achieve the maximum
energy reiease efficiency (CRE). The preliminary injector design shown in
Figure 55 is intended to satisfy these requirements.

The injector design utilizes coaxial swirl elements as this type
of element has an extensive operating history with GHp/LO2 propellants
over a broad range of thrust and chamber pressures. As a result of the pack-
aging constraint imposed by the small chamber diameter, there are only six
coaxial elements; ccnsequently, the igniter is designed to act as a seventh
element. The mass flowrate is divided evenly among the coaxial elements and
the iyniter.

Combustion is expected to occur close to the injector face,
because the hydrogen at 281.7°K (47°F) is injected as a gas and the L0p
imnmediately flashes into a gas upon injection. If subsequent design analyses
should indicate that injector face cooling is necessary to meet the required
cycle life, a platelet stack could easily be incorporated into the face
asseubly to provide the necessary cooling. It is anticipated that regenera-
tive cooling of the injector face, coupled with discrete fuel film cocling,
would nrovide the most reliable method of ensuring face integrity. The reqgen-
erativae cooling would be accomplished by the GHp flowing through photoetched
passages within the platelet stack and in the annuli around the oxidizer
tubes. Fuel film-cooling would occur through bleed orifices in the face. The
extremely accurate photoetched flow control passages would assure uniform flow
across the entire injector face. The platelet stack would be a laminate of
304L stainless steel which, in turn, would be brazed to a stainless steel
strongback. Should better thermal properties be required, OFHC could be sub-
stituted with only the gas-side platelet being stainless steel.

[t is anticipated that the injector face assembly does not have to
be physically attached to the injector element oxidizer posts; therefore, the
injector face plate is electron-beam-welded at its outer periphery and near
the center of the injector body. If subsequent stress analysis should reveal
the need for additional support, the face plate could be brazed to the oxi-
dizer posts. The fuel manifold is formed when the injector face plate is
welded to the injector body {which is also 304L stainless steel), since the
manifold cavity is machined fram the face-side of the body.

Uniform propellant mass distribution is necessary to prevent hot

sireaks from occurring on the chamver wall; consequently, the fuel inlet torus
surrounding the injector body is designed Tor constant flow velocity to assure
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VI, C, Component Design Analysis (cont.)

uniform fuel distribution into the fuel manifold. Fuel is fed from the inlet
torus to the manifold through six equally spaced feed holes located circumfer-
entially in the injector body. The six feed holes are positioned midway
hetween the six coaxial elements. The fuel manifold has sufficient size to
provide uniform fuel distribution to the six coaxial elements.

Preliminary dimensions of the injection elements are as follows:

° Ox Tube ID = 0.213 cm (0.084 in.)
° Ox Tube 0D/Fuel Annulus ID = 0.318 cm (0.125 in.)
° Fuel Annulus OD = 0.51 cm (0.20 in.)

The oxidizer torus is machined from the face-side of the injector/
igniter interface. A metering plate with 24 equally spaced metering holes (12
holes each in 2 rows) is birazed to the injector/igniter interface to enclose
the oxidizer torus. The resulting assembly is then electron-beam-welded at
its center and at its periphery to the injector body, thereby forming the
oxizizer manifold. The oxidizer manifold is fed from the metering plate, pro-
viding uniform mass distribution to the oxidizer swirl platelet stack which is
located just upstream of the oxidizer tubes.

The oxidizer tubes, recessed approximately 0.178 cm (0.070 in.)
from the face, are held concentrically within the fuel discharge orifice by
four small tabs integral with the tubes. The tubes can either be integral
with the injector body or brazed into the injector body, as both methods have
been used in previous applications. Nickel tube tip inserts are brazed to the
304L oxidizer tubes, since nickel has a higher thermal conductivity, thus pro-
viding a high therual margin at the tube tip. In addition, the nickel inserts
will be free-floating on the chamber end to prevent thermal stress.

The LOy enters the injector oxidizer tubes tangentially, forming
a hollow cone spray with a 30° half-angle as it exits from the tube into the
surrounding GHp. The tangential flow of the oxidizer is established by the
swirl platelet stack brazed to the upstream side of the injector body. The
stack is a laminate of 304L stainless steel platelets.

The injector assembly is electron-beam-welded to the chamber, with
the igniter bolting to the injector at the injector/igniter interface.

The chamber, illustrated in Figure 55, is a milled-slot, single-
pass design. The chamber contour is comprised of a 3.68 cm (1.45 in.) 1D cyl-
indrical section, 13 cm (5.10 in.) long, which converges at a 30° half-angle
to a throat diameter of 2.03 cm (0.800 in.). From the throat, the contour
diverges along a 90% bell nozzle profile to an area ratio of 23:1, located
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VI, ¢, Component Design Analysis (cont.)

5.25 cm (2.069 in.) below the throat. The hydrogen coolant enters the chamber
at the 23:1 area ratio and fiows toward the forward end along an axial dis-
tance of 20.5 cm (8.069 in.). Uniform coolant distribution is necessary
within the chamber; therefore, the chamber inlet manifold is designed for con-
stant flow velocity. The coolant collects in a manifold outboard of the cool-
ing channels and exits radially into the chamber outlet manifold. The chamber
contraction ratio of 3.3 is the same as that of the Integrated Thruster Design
(ITA), Reference 20. It was selected on the basis of both the performance and
heat transfer requirements discussed in Section IV,A of this report.

Zirconium copper was selected as the material for the gas-side
wall because of the requirement for high conductivity and high strength
throughout the cycle life. The inlet manifold flanye and the outlet manifold
at the aft and forward ends of the chamber, respectively, are made of Cres
304L. These manifolds are desiygned to be brazed directly to the slotted
zirconium copper chamber, Both braze joints are on cylindrical surfaces to
facilitate assenbly and to assure sound braze joints. Cres 304L was selected
for the manifolds primarily because of its excellent electron-beam-welding
(EB) characteristi:s. A1l subsequent EB-welds are made to either of these two
manifolds.

The thrust chamber contains 43 equally spaced coolant slots which
are machined into the backside ot the zirconium copper liner. To permit a
cylindrical (rather than conical) braze joint at the aft end of the chamber,
the first coolant slot of approximately 1.91 cm (0.7% in.) length is fabri-
cated by the electrical discharge machining method. The coolant slots are
closed out with electroformed copper and nickel. Initially, the slots are
closed out with 0.0254 to 0.0508 cm (0.010 to 0.020 in.) thick copper. This
copper layer prevents hydroyen embrittlement of the 0.28 to 0.30% an (0.110 to
0.120 in.) thick structural mickel wall which is subsequently added. No weld-
1ng or brazing to the electroformed nickel is required, thereby avording the
possibility of blistering or cracking the electroformed nickel.

3. Rotating Machinery Design

Operating conditions for the turboalternator, fuel pump, electric
motor, and oxidizer pump were determined for the mixed expander/turbo-
alternator cycle engine. The operating conditions, within the assumed design
limits, dictate a four-stage hydrogen pump and an alternator with a rated
power of approximately 4.5 Kw (6 hp) both of which are driven by a single
stage 13% partial-admission, axial-flow gas turbine. Acceptable camponent
efficiencies are achievable at a limiting shaft speed o° about 200,000 RPM.
The oxidizer pump, driven by the electric motor, has two stages and also
achieves practical efticiency levels at the wminimum NPSH-maximum suction
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VI, C, Component Design Analysis (cont.)

specific speed limits established in the study. Baseline pump operating
characteristics are shown in Table XVI, and the pump drive characteristics are
shown in Table XVII. The electric power to drive the oxidizer pump is
generated by an alternator that is powered by the fuel turbopump hydrogen gas
turbine. The cycle and pump drive selections dictate fuel turbopump operation
at some multiple of the oxidizer pump speed.

Maximum design speed for the oxidizer pump is 47,755 RPM._ It is
sgt by the maximum suction specific speed 1imit of 580.9 RPM (m3/sec)1/¢/
m3/4 (30,000 RPM GPML/Z/£t3/%) with a minimum NPSH of 0.61 m (2 ft), and
a thermodynamic suppression head (TCH) of 1.22 m (4 ft). Maximum allowable
design speed for the fuel turbopump-alternator is 200,000 RPM. This is set by
the maximum rolling contact bearing DN value of 2 x 106 (mm x RPM) and the
minimum bearing size of 10 mm. Suction specific speed is not limiting if the
potential of the hydrogen thermodynamic suppression head is assumed at a
temperature of 21°K (37.8°R). The design operating speed of 191,320 RPM is
predicated on four times oxygen pump speed (plus slip differences) for the
fuel turbopump-alternator assembly. The hydrogen pump speed was selected after
evaluating its effect upon component efficiencies, sizes, number of pump
stages, and alternator rotor stress and shaft bending critical speed. The
operating speed selection results in high efféciencies and practical sizes
while avoiding the bearing DN 1imit of 2 x 10° mm x RPM. The resulting oper-
ating conditions yield a fuel pump efficiency of approximately 46% and an
oxidizer pump efficiency of 50%, as shown in Table XVI and Figure 56.

External views of the hydrogen turbopump and alternator assembly
and the oxygen pump and AC motor assembly are skown in Figures 57 and 58,
respectively. The hydrogen pump and turbine weigh 2.7 kg (6.1 1b), and the
alternator weighs 2.0 kg (4.3 1b). The oxygen pump and AC motor assembly
weighs 4.7 kg (10.4 1b).

Estimates for “off-design" head-capacity characteristics of the
multistaged hydrogen and oxygen pumps are shown in Figures 59 and 60, respec-
tively. Estimates for "off-design" pump-head loss due to cavitation as a
function of suction specific speed is plotted on Figure 61. The slope of the
curve is based upon empirical data. The assumed loss is based upon a 5% head
loss at design maximum suction specific speed.

The turbine drive required a 1.472 pressure ratio at the maximum
available hydrogen flowrates (0.14 1b/sec). Efficiency is estimated at 62%
for a 13% partial-admission, axial-flow turbine. The turbine performance
curve is shown in Figure 62.
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TABLE XVI.

~ BASELINE PUMP OPERATING CHARACTERISTICS

(S.1. UNITS)

PUMPS DIMENSIONS FUEL
Stages 4
Net Positive Suction Head m 4,57
Suction Specific Speed (rpm)(m3/sec)1/2 351
(m)3/4
vapor Pressure atm 1.22
Thermodynamic Supression Head atm 8.84
Shaft Speed rpm 191,320
Total Discharge Pressure atm 64.9
Total Head Rise (Stage) m 9509 (2377)
Capacity m3/sec 9.91 x 10-4
Specific Speed rpm{m3/sec)1/2 17.66
(Based on Stage Head) e
(m)3/4
Efficiency ¥ 45.8
Shaft Power KW 13.87
lmpeller Diameter cm 2.18

Stages
Net Positive Suction ft
Suction Specific Spred gjn[}_gpmlfz
£13/4
Vapor Pressure psia
Thermodynamic Suppression Hea:d ft
Shaft Speed rpm
Total Discharge Pressure psia
Total Head Rise (Stage) ft
Capacity gpm
Specific Speed [gn__x_,mv_z_
(Based on Stage tead) £13/8
Efficiency s
Shaft Horser wer ho
Impeller Diameter in.

(ENGLISH UNITS)

15
18,114

18

130
191,320
95C

31,196 (7799)

15.7
912

45.8
18.6
0.86

OXIDIZER

0.61
581

1.02
0.272
47,758
41.5

385 (192)

3.66 x 107
17.67

50.3
3.13
2.49

30,000

15
3

47,755

640
1,262 (631)

5.8

913

50.3
4.24
0.98
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TABLE XVII. - BASELINE PUMP DRIVE OPERATING CHARACTERISTICS

DRIVE

Stages

Gas

Shaft Power

Gas Weight Flow (Max)
Gas Inlet Total Temperature
Gas Inlet Total Pressure
Pressure Ratio

Shaft Speed

Efficiancy

Admission

Rotor Diameter

Blade Height

Alternator Efficiency

Stages

Gas

Shaft Power

Gas Weight Flow (Max)
Gas Inlet Total Temperature
Gas Inlet Total Pressure
Pressure Ratio

Shaft Speed

Efficiency

Admission

Rotor Diameter

Blade Height

Alternator Efficiency

(S.I. UNITS)
DIMENSIONS GAS_TURBINE ELECTRIC MOTOR

1
GHp

KW 18.87 3.97

kg/sec .0635

°C/°K 32.2/305.6

atm 58.8

-~- 1.472

rpm 191,320

b3 62 80
13

cm 3.89

cm 0.40

% 90

(ENGLISH UNITS)

1
GH2

hp 25.3 5.33

1b/sec 0.14

°f/°R 90/550

psia 865
1.472

rpm 191,320

b3 62 80

X 13

in. 1.53

in. 0.157

% 90

15



OXYGEN PUMP AT
47,755 RPM
50 |-
> 40F
[ 8]
]
o HYDROGEN PUMP AT 191,320 RPM
e
i 30 -
=
wl
&
a
20
10 |-
0 i 1 1 " 4 j,go
0 20 40 60 80 100

PERCENT DESIGN FLOW AT DESIGN SPEED

Figure 56. Pump Efficiencies at Design Speed
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Figure 59. Hydrogen Pump Head-Capacity Characteristics
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HEAD LOSS DUE TO CAVITATION/NET POSITIVE SUCTION HEAD RATIO
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figure 61. Pump Overall Head Loss Due to Cavitation
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VI, C, Component Design Analysis (cont.)

4. Controls System Design

The primary objective of the control systems design analysis
effort during this phase of the engine study was to provide envelope and flow
port sizing data for the valves and to define the basic engine operational
sequence.

A definition of the engine system valve “2cations and nomenclature
is given in Figure 63. Prior to engine operation, the fuel and oxidizer pro-
pellant lines must be nurged to ensure that no moisture or condensible gases
are present in the engine system. The lines and components required for the
engine purge and relief system and the igniter system should be determined
during future more detailed engine system design efforts.

After the engine is purged, it is chilled down and the operating
sequence is initiated. The_sequence which follows assumes that the engine
prevalves (valves (:) and (:) ) are open and the engine is chilled and bled-in
to the pump discharge valves.

]

Close fuel turbine bypass valve (:).

(-]

%§§n fuel pump discharge and engine fuel shutoff valves(®)and

Energize engine igniter system.

Open(ﬁgz pump discharge and engine LO2 shutoff va!ves(:)
and .

As the fuel pump speed increases, the fuel pump alternator
output is controlled to increase the oxidizer pump motor
speed at a specified ramp rate, and the fuel turbine bypass
valve (3) is shuttled to the nominal operating position.

° Engine steady-state mixture ratio is controlled by sensing
fuel and oxidizer system mass flowrates. This input is com-
pared to set-point parameters, and the error signal is pro-
cessed by the controller to adjust the fuel turbine bypass
valve (3) position and the power input to the LO2 pump

drive motor.
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VI, C, Component Design Analysis (cont.)

To terminate engine operation, the valves are actuated in the
following sequence:

° Close engine LOo shutoff valve (:)
°  (Close L0y pump discharge valve (6)
° Close engine fuel shutoff valve ()
° Close fuel pump discharge valve ()
° Open fuel turbine bypass valve C)
° De-energize engine igniter system

If engine restart is not scheduled within a specified period of
time, the fuel and LO2 prevalves are also closed.

To prevent excessive pressure rise as the engine system warms up
after shutdown, pressure relief provisions can be designed into the pump dis-
charge valves (3) and (6) and the prevalves (1) and (2), or relief valves can
be added to the system.

Based on the relatively small engine size and moderate operating
pressures, it is assumed that the engine valves will be solenoid-operated.
The tradeoff is solenoid weight versus the size and weight of a pneumatic
actuation system which would probably have to be quite large to supply gas
during the anticipated multiple restarts for the intended mission. This
assumption should be reevaluated if it is later determined that actuation gas
could be supplied by the vehicle tank pressurization system. It should be
noted that power input to the solenoids can be minimized by reducing the
applied voltage (i.e., from 28 VOC to 10 VDC) after a valve has been opened,
or by using mechanical latching solenoids.

The preliminary vaive flow port sizing was calculated on the basis
of the predicted flowrates and pressure drops from the engine pressure sche-
dule, (Table XIV) and the cyclie power balance data (Table XV). The resultant
valve flow port sizing and equivalent sharp edge orifice diameters (ESEQOD) are
presented in Table XVIII.

Based on a review of valve vendor literature, it was determined
that the coaxial solenoid poppet valve configuration is desirable in terms of
compact envelope size, high reliability, and cycle 1ife. As a result, this
configuration was chosen for the engine pump discharge and shutoff v~' es., The
approximate envelope dimensions for the fuel and LO; pump discharge an’
engine shutoff valves are shown in Figure 64. It is anticipated that opening
response requirements for these va.ves will not be critical bacause they will
be opened during the start transicnt while system pressures are relatively
Tow.  The valves are spring-loaded and will fai'-safe to the normally closed
position,
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TABLE XVIII. - ENGINE VALVE FLOW PORT SIZING

Flow
Port ESEQD*>
Dia. CD = .65
Valve Type em (in.) em (in.)
Fuel Pump Discharge Shutoff Coaxial Solenoid .95 (3/8) .66 (.26)
Valve
Engine Fuel Shutoff Valve Coaxial Solenoid .95 (3/8) .66 (.26)
LO» Pump Discharge Coaxial Solenoid 1.27 (1/2) .91 (.36)
Shutoff Valve
Engine L0y Shutoff Coaxial Solenoid 1.27 (1/2) .91 (.36)
Valve
Fuel Turbine Bypass Poppet-Control .64 (1/4) .25 (.10)
Valve
Fuel Prevalve Balanced Poppet 1.27 (1/2) 1.17 (.46)
or Gate
L0, Prevalve Balanced Poppet 1.91 (3/4) 1.45 (.57)
or Gate

*Equivalent Sharp Edged Orifice Diameter
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VI, C, Component Design Analysis (cont.)

The fuel turbine bypass valve is a poppet type control valve with
the same overall dimensions as the engine shutoff valves.

Concideration was given to utilizing the coaxial configuration for
the prevalves; however, a coaxial solenoid valve with a 1.45 cm (.57 in.) ES-
EOD would result in a heavy solenoid when the necessary number of ampere turns
are wound on the larger valve diameter. Therefore, a balanced poppet or gate
solenoid valve was selected for this location. Approximate valve envelope
dimensions for the fuel and LO, prevalves are shown in Figure 65.

D. PARAMETRIC DATA UPDATE

Based upon the results of the preliminary design, the engine parametric
data were updated and generated over a nozzle area ratio range from 200 to
1000:1.

As shown in Table XIX, in some cases, the individual component weights
exhibited significant differaences from the preliminary estimates. However,
the total engine weight remained about the same. Changes to the envelope
calculations were minor, and the performance is the same as presented for the
conceptual aralysis. Therefore, all the parametric data presented in Section
V,C are valid.

The parametric performance, weight, and envelope data are summarized in
Figures 66, 67, 68, and 69 as a function of thrust and nozzle area ratio at
the baseline chamber pressure of 34 atm (500 psia). At this chamber pressure,
engines at thrust levels of 890 N (200 1b) or less are not feasible to cool
within the study guidelinec.

Figure 66 shows that performance gains beyond an area ratio of 400:1
are relatively small, but that significant increases in the 200:1 to 400:1
range can be obtained.

The engine weiyht data shown in Figure €7 was generated by inputting

the new baseline component weights in the engine model weight sealing
equations.
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TABLE Yix. - CURRENT VS INITIAL ENGINE WEIGHT STATEMENT

COMPONENT estivate (1) st imte(2) ESTIMATIO

DESCRIPTION kg_ (Ibs) kg (1bs) osts
1. High Pressure Lines 0.50 (1.1) 0.50 (1.1) (M
2. Valves and Actuators 1.86 (4.1) 5.93 (12.2) (2)
3. Injector 0.54 (1.2) 1.04 (2.3) (2)
4. Chamber 0.86 (1.9) 1.86 (4.1) (¢)
5. Rad.-Cooled Nozzte 3.22 (7.1) 2.77 (6.1) (2)
6. Igniter - 2.04 (4.5) 1.72 (3.8) (2)
7. Regen-Cooled nozzle 0.77 (1.7) 2.36 (5.2) (2)
8. Gimbal and Actuator Sys 0.91 (2.0) 1.77 (3.9) (2)
9. Engine Controller 5.44 (12.0) 5.44 (12.0) (1)
10. Miscellaneous 5.72 (12.6) 5.72 (12.6) (1)
1. Low Pressure Lines 0.14 (.3) 0.59 (1.3) (2)
12. Fuel Pump 3.49 (7.7) 1.72 (3.8) (2)
13. Ox Pump 2.45 (5.4) 0.68 (1.5) (2)
14. Turbine Assembly 4.85 (10.7) 1.04 (2.3) (2)
15. A.C. Motor 2.63 (5.8) 4.04 (8.9) (2)
16. Alternator 2.21 (5.0) 1.95 (4.3) (2)
17. Total Engine Weight 37.7 (83.1) 38.7 (85.4) )

(I)Computer model scaling of historical designs and data

(2)Based upon preliminary design results
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SECTION VII
CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations derived from the results of this
study are summarized in Table XX and discussed herein.

Hydrogen regeneratively cooled 0p/H2 engines provide the largest
feasible thrust and chamber pressure ranges with use of conventional cooling
methods and criteria. Thcse engines are also applicable to a large number of
system concepts and pump-fed systems as the availability of heated hydrogen
for a turbine drive Tluia makes them relatively easy to power balance.

Film-cooled systems are only applicable in high-thrust {i.e., >4.45 KN
(1000 1bF) and low chamber pressure operating regions. The film-cooling
Tosses as well as the low operating chamber pres;ures make these engines
unattractive.

Methane regeneratively cooled 02/CHs engines provide a large, feas-
ible operating thrust and chamber pressure regime. To avoid the two-phase
region, the coolant jacket outlet pressure must be held above the critical
pressure (i.e., 45.4 atm (667 psia)) of CHa. This limits the number of sys-
tem concepts for which methane appears attractive.

RP-1 regeneratively cooled 0p/RP-1 systems are feasible for cooling
over small ranges provided that measures are taken to reduce the coolant temp-
erature rise and purified RP-1 with a high coking temperature is assumed.

This Timitation is changed if a carbon deposit is assumed. With a carbon
deposit, the total thrust and chamber pressure range was found to be feasible
to cool. Experimental data findings do not currently support the carbon
deposition correlations found in the literature. Therefore, further evidence
of the benefits nf carbon must be obtained before this design approach can be
recommended.

Pump~fed 0p/Hp, hydrogen regeneratively cooled engines are the
highest-performing system candidates. Their high performance occurs not only
because of the high theoretical performance of the propellant combination
itself, but also because operation at high chamber pressures are feasible.
Operation at low thrusts and high chamber pressures make these engines the
lightest and shortest concepts. In the length-limited Shuttle Orbiter appli-
cation, the length advantage peculiar to this system could be very important.

It is recommended that component technology programs be initiated on a
Taw-thrust 0p/Ho, pump-fed hydrogen regeneratively cooled engine. These
technologies are discussed in the next section of this report. In addition,
advanced cooling studies and evaluations should be conducted to remove the
restrictions imposed by current design ¢riteria, manufacturing techniques, and
cooling configurations.
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TABLE XX. - CONCLUSIONS AND RECOMMENDATIONS

Viable Concepts with Conventional Cooling Methods

° 02/H2, H2 Regen-Cooled - Largest F & P. Ranges
° OZ/HZ’ H2 Film-Cooled - Small, Low Performance Range
° OZ/CH4, CH4 Regen-Coocled - Maintain CH4 above Critical

Advanced Conlant Schemes and Concepts are Required tor OZ/RP-I,
RP-1 Cooled Engires.

Carbcn Deposition Assumption Creates & Major Impact on the
Study Results.

Pump-Fed OZ/HZ Regen-Cooled Engines are the Highest Performance
Option.

Pump-Fed 02/H2 Regen-Cooled Engines Have the Largest F & Pc
Feacible Design Ranges.

02/H2 Pump-Fed, Regen-Cooled Engine Component Critical Technology
Programs Should be Initiated to:

°  Reduce Risk

° Verify Power Balance

¢ Verify Performance

Advanced Cooling Design Experimental Evaluations Should oe
Conducted to Permit Lower Thrust and Higher Chamber Pressure

Designs.
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SECTION VIII
TECHNOLOGY ITEMS

During the course of this study, recommendations for an advanced tech-
nology program which would enhance the low-thrust engine concepts or general
technologies required to improve design and analysis techniques were identi-
fied.

These engine technologies, depicted on Figure 70, cover every major
engine component. The major technology items identified are also summarized
in Table XXI and .iscussed briefly herein.

If the recommended pump-fed system is ultimately selected for the low-
thrust mission, demonstrations of high-efficiency pumps and gas turbines are
required. Experience and/or data in the size ranges covered by this study is
either very limited or nonexistent. These turbomachinery programs should then
be foliowed by an experimental demonstration of the pumps and drives for the
mixed expander/turboalternator crcle to verify the rotating machinery system
performance and to obtain further data on system interactions.

Current turbomachinery designs are limited in speed and performance by
the use of conventional bearings and seals. Substitution of hydrostatic
bearings and seals offers the potential of substantially increasing running
speeds. Technology <tudies should be undertaken to obtain experimental data on
the hydrostatic bearings and seals so that the performance and life of the
rotating machinery components can be increased.

The ingector and combustion chamber are critical components in an
expander or turbcalternator cycle because the system power balance is depen-
dent upon Lhe coolant jacket pressure drop and coolant temperature rise. Ver-
ification of cooling model design predictions is required to assure that the
selected engine design point chamber pressure and thrust can be achieved.

Unitque chamber designs should also be evaluated to assess the possibil-
ity ot ancreasing the coolant temperature while still maintaining low coolant
pressure drops.  These thermally enhanced chamber designs would improve the
engine cooling margin and 1ife and permit operaticn at higher chamber pressure
or provide wore power balance margin.

Although much work has been accomplished in past H/0 torch igniter pro-
grams, data should be ubtained for this pressure-diameter size range. Long
life and reliable ignition and restart capability must be demonstrated for
this application,

The data base on high area ratio (400:1 or greater) nozzle performance
is very small. A test progrem should be conducted with small hardware to
verity the pertormance pregictions. Ot partacular concern are the boundary
layer and kinetic ltoss evaluations,
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TABLE XXI. - MAJOR TECHNOLOGY ITEMS

Demonstrate the Performance of Low Specific Speed, High Head Rise, Low-Flow,
Multi-Stage Centrifugal Pumps

Experimentally Verify the Performance of Smal), Low-Flow, Hydrogen Partial
Admission Gas Turbines

Conduct a Design and Demonstration Program on Pumps and Drives for the Mixed
Expander/Turboalternator Cycle

Evaluate the use of Hydrostatic Bearings and Seals in the Turbomachinery
Design: to Increase Life & Performance

THRUST CHAMBER ASSEMBLY

Experimentally Verify the Forecasted Injector/Chamber Performance for use in
an Expander Cycle

Evaluate Thermally Enhanced High-Flux Chambers to Extend Life, Operating
Capability and Cooling Margin

Evaluate and Demonstrate High-Altitude Ignition and Restart

PERFORMANCE

°

Experimentally Verify High Area Ratio Nozzle Psrformance
(Boundary Layer & Kinetic Losses)

EHGINE_ASSEMBLY

°

o

Conduct a Point Design Engine Optimization Study to Orfve Qut Design and
Technology Issues

® Performance
Life

° Risk

°  Power

Evaluate Methods to Achieve Thrust and 0/F Control and Optimize the Control System

CO0L ING

°©

Experimentally Evaluate Single-Channel Flow Stability for Changing Area
Channels with Heat Addition

Develop a Flow Stability Computer M.de) that Simulates the Chamber Designs

Evaluate Two-Phase and Transition from Two-Phase to Single Phase Flow on
Heat Transfer

Assess Stgnificance of Nucleate Boiling with Subcritical Cryogens

Verify the Liquid Film Cooling Model Extension to Higher Liquic Entrainment
Rates and Account for Boundary Laysr Development
(1.e., Short Liquid Films)

Obtain Film Cooling Data for Dense Supercriti~al and Near Critical Coolants
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VIII, Technology Items (cont.)

The engine design should be carried to the next logical iteration or
point design phase to further optimize the engine design, drive out additional
technology issues, and evaluate component performance. Pump leakage and
recirculation flows should be established so that the overall efficiency can
be determined. This should be undertaken in conjunction with the cooling
evaluations so that the turbine bypass flow requirements can be defined and
the feasibility of the cycle power balance and design point can be estab-
lished. The control system and controller requirements must be defined, and
the best method to achieve mixture ratio control with a mixed expander/
turboalternator cycle should be determined.

The successful completion of the engine component technology programs
will permit entry into the engine development phase with high confidence.

In addition to the engine technologies, several general technologies
were identified in the cooling area. These technologies address shortcomings
in analytical models and are listed in Table XXI.

Models which are available to predict flow instability are based upon
data obtained from constant diameter heated tube tests. Data should be
obtained with specimens simulating a real chamber configuration and then
incorporated into the computer models.

A film boiling model should be incorporated and checked out in engine
regenerative cooling design correlations. This work should include an assess-
ment of the transition from two-phase to single-phase flow. Further effort is
needed to evaluate pressure drop for two-phase flow to better prescribe pres-
sure drop prediction formulation.

Although film-cooled engines were not recommended by this study, they
should not be ruled out for other applications. The use of available film-
cooling models to analyze the study coolants over the ranges of pressures and
engine thrusts suggests a nee# for additional information to improve the
analysis. Film-cooling data for dense supercritical and near-critical
coolants are needed to evaluate the models and demonstrate their applicability
in this region. In addition, experimental verification of the analytical
extension of the Tiquid film mode to higher 1iquid entrainment rates is
needed. This should include accounting for boundary layer development with
short liguid films.

140



10.

1n.

REFERENCES

McCarty, R.D. and Weber, L.A., Thermophysical Properties of Oxygen
From the Freezing Line to 600°R for Pressures to 5000 psia, NBS Tech.
Note 384, National Bureau of Standards, Cryogencis Div., Boulder,

€0, July 1971.

Roder, H.M. and Weber, L.A., ASRD! Oxygen Technology Survey: Volume
I, Thermophysical Properties, NASA SP-3071, National Aeronautics
and Space Administration, Washington, D.C., 1972.

Weber, L.A., Extrapolation of Thermophysica] Properties Data for
Oxygen to High Pressures (5000 to 10,000 psia) at Low Temperatures

-600°R), NASA CR-133 - ational Bureau of Standards,
Cryogenics D1v , Boulder, CO November 1971.

Hanley, H.J., McCarty, R.D., and Sengers, J.V., Viscosity and Thermal
Conductivity Coefficients of Gaseous and Luqyud Oxygen, ﬁKSK CR-2440,
National Aeronautics and Space Administration, Washington, C.C.,
August 1974.

McCarty, R.D. and Weber, L.A., Thermophysical Properties of Para-
hydrogen from the Freezing Liquid Line to 5000°R for Pressures to
10,000 psia, NBS Tech. Note 617, National Bureau of Standards,
Cryogenics Div., Boulder, CO, April 1972.

Liquid Propellants Manual: Unit 20, RP-1, Chemical Propulsion Infor-
mation Agency, The John Hopkins Un1vers1ty Applied Physics Laboratory,
Silver Springs, MD, January 1966.

Dean, L.E. and Shurley, L.A., Characteristics of RP-1 Rocket Fuel,
Tech. Report TCR-70, Contract F04(645)-8, Weapon System 107A,
Aerojet-General Corporation, Sacramento, CA, 14 February 1957.

Goodwin, R.D., The Thermophysical Properties of Methane, from 9y to
500°K at Pressures to 700 Bar, NBS Technical Note 653, Cryogenics Div.,
National Bureau of Stardards, Boulder, CO, 1974

Huang, E.T.S., Swift, G.W., and Kurata, F., "Viscosities of Methane
and Propane at Low Temperatures and High Pressures," A.I.Ch.E. Journal,
12, No. 5 (1966), 932-36.

Swift, G.W., Lohrenz, J, and Kurata, F, “Liquid Viscosities Above
the Normal Boiling Point for Methane, Ethane, Propane, and n-Butane,"
A.1.Ch.E. Journal, 6, No. 3 (1960), 415-19.

Ikenberrv, L.D. and Rice, S.A., "On the Kinetic Theory of Dense Fluids
XIV. Experimental and Theoretical Studies of Thermal Conductivity in
Liquid Ar, Kr, Xe," J. Chem. Phys., 39, No. 6 (1963) 1561,

141



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

142

REFERENCES (cont.)

Svehla, K.A. and McBride, B.J., Fortran IV Computer Program for
Ca]cg]ation of Thermodynamic and Transport Properties of Complex
Chemical Systems, NASA TN D-7056, January 1973.

Low-Thrust Chemical Rocket Engine Study, Monthly Technical Progress
Narrative No. 1, Contract NAS 3-21940, ALRC, 10 September 1979.

Friedly, J.C., et al, Stability Investigation of Thermally Induced
Flow Oscillations in Cryogenic Heat Exhangers, Final Report,
Contract NAS 8-21045, General Electric Research and Development
Center Report S-68-1023, October 1967.

Friedly, J.C., et al, "Approximate Criterion for Prediction of Flow
Oscillations in Supercritical Fluid Heat Exchangers," Advanges in
Crvogenic Engineering, 14 (1969), 258-270.

Zuber, N., An Analysis of Thermally Induceud Flow Oscillations in the
Near-Critical and Super:ritical Thermodynamic Region, Final Report,
Contract NAS 8-11422, General Electric Research and Develcpment
Center Report, May 1966.

Thurston, R.S., "A Time-Delay Analog for Thermal-Acoustic Oscillations,"
Advances in Cryogenic Engineering, 15 (1970), 364-367.

Edeskuty, F.J. and Thurston, R.S., Similiarity of Flow Oscillations
Induced by Heat Transfer in Cryogenic Systems. Los Alamos Scientific
Laboratory Report LA-DC-8595.

Rogers, J.D., Oscillations in Flowing and Heated Subcritical Hydrogen,
Los Alamos Scientific Laboratory Report LA-DC-8725, August 1967.
Printed also in Advances in Cryosgenic Engineering, 13 (1968), 223-231.

Integrated Thruster Assembly Program, Final Report, Contract NAS 3-
15850, NASA CR-134509, ALRC, November 1973.

Cock, R.T., Advanced Cooling Techniques for High-Pressure Hydrocarbon
Fueled Ergines, Final Report, Contract NAS 3-2i38|, NASA CR-159790,
Rocketdyne Division, Rockweil International, October 1979.

Ladotz, R.J., Rousar, D.C., and Valler, H.W., High Density Fuel Com-
oustion _and Cooling Investigation, Final Report, Contract NAS 3-21030,
NASA CR 155177, ALRC, September 1980.

Spencer, R.G. and Rousar, D.C., Sugercritica] nggen Heat Transfer,
Contract NAS 3-20384, NASA CR-135339, C, November 13977.
Gross, R.G., Combustion Performance and Heat Transfer Characterization

of LOX/Hydrocarvon Type Propellants, Monthly Progress Report 153958-M-8,
Contract NAS 9-15958, ALRC, June 1980.

N e 1 rr s e o

A s e 4w



R

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

REFERENCES (cont.)

Hess, H.L., and Kunz, H.R., "A Study of Forced Convection Heat
Transfer to Supercritical Hydrogen," Journal of Heat Transfer,
87, No. 1 (1965), 41-48.

Ewen, R.L., Hydrogen Film/Conductive Cooling, Contract NAS 3-14343,
NASA CR-120926 ALRC, Novemhzr 1972,

Rousar, D.C., and Ewen, R.L., Hydrogen Film Cooling Investigation,
Contracc NAS 3-15344, NASA CR-121235, ALRC, Auqust 1973.

Rousar, D.C. and Ewen. R.L., Combustion Effects on Film Cooling,
Contract NA, 3-17813, NASA CR-135052, ALRC, Nobember 1976.

Gater, R.A., and L'Ecuyer, M.R., A Fundamental Investigation of
the Phenomena that Characterize Liquid Film Cooling, Purdue

University Jet Propulsion Center, Report TM-69-1, January 1969.

Mellish, J.A., Orbit Transfer Vehicle (0TV) Advanced Expander
Cycle Engire °o1nt Des1gn Study, Final Report, Vol. TI: Study

Results, (ontract NAS 8-33574, ALRC, 10 December 1980.

JANNAF Rocket Eng.ne Performance Test Data Acquisition and Interpre-
tation Manual, CPIA Publication 245, December 1973.

ANNAE Liguid Re Rocket [ng\ne Performance Prediction and Evaluation

Deunnjes, P.C., Marker, H.E., and Yost, M.C., Advanced Thrust Chamber

Tochoalegy, Fi inal Report, Contract NAS 3- 17825 NASA CR-~135221,
Rockw-tdyne Division, Rockwell International, July 1977.

Yost, M.C., Preburner of Staged Combustion Rocket Engine, Final
Renort. Nas 3-19713, NASA CR-135356, Rocketdyne Oivision,
Rockwell International, February 1978.

Blubaujh, A.L., and Schoenman, L., Extended Temperature Range
Thiuster Investigation, Final Report Contract NAS 3-16775,
NASA CR-134655, ALRC, August 1974.

R e

143



