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FOREWORD

This report was prepared by the Rocketdyne Division of the North
American Rockwell Corporation under Contract NAS3-12024, This is
the final report and summarizes the results of studies conducted
from September 1968 through March 1969, The contract was adminis-
tered by the Lewis Research Center of the National Aeronautics and
Astrorautics Administration, Cleveland, Ohio. The NASA Project

Manager for the contract was Mr. John W. Gregorye.

The purpose of the contract was to analyze, evaluate, select and
design a pump-fed FLOX/methane engine system. This engine has a
thrust level of 5000-pounds (22200 N) and is completely regeneratively-
cooled with a channel construction thrust chamber.

The investigation was divided into two tasks: (1) Engine Turbopump

Drive Cycle Investigation, and (II) Engine Preliminary Design Evalu-
ation. In Task I, candidate drive cycles were evaluated and the best
system was selected. In Task II, a preliminary design investigation

of a flight-weight engine using the selected pump drive cycle was con-
ducted.
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ABSTRACT

A 5000-pound (22200 N) thrust FLOX/methane engine system for space applica-
tions was investigated. The engine is pump~fed with a milled chanrel,
regeneratively cooled thrust chamber. A series of engine design candidates
and design points were evaluated in terms of performance, complexity,
operational flexibility and development ease. A description of these
components is provided. An expander drive cycle using heated methane

to provide power to two turbines operating in parallel was selected as

the best engine configuration. A chamber pressure of 500 psia (3450 kN/mz)
and a mixture ratio of 5.25 were selected as the best design point.

A preliminary design investigation of the selected engine system, major
components, and operational capability was conducted. Results of this
investigation are described. The engine system has a weight of 89 pounds
(40.4 kg) and is capable of delivering a specific impulse value over

400 seconds (3920 N-sec/kg) within an envelope of 21.4 by 40.9 inches
(53.4 by 104 cm). Tank head start, throttling, idle mode, self-pressur-
ization, and engine thrust uprating capability are provided by the

engine,
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INTRODUCTION

Many space missions require propulsion systems that notonly provide high
performance but whose propellants can be maintained for extended periods of
time in space. The propellant combination using 82.6-percent fluorine/17.5-
percent oxygen (FLOX) as the oxidizer and methane as the fuel is admirably
suited to this purpose. This propellant combination has high specific impulse
with good bulk density and is characterized by relatively mild cryogenic
temperatures. In addition, there is little difference between the usable

tempersature range of the oxidizer and the fuel.

These features have lead to considerable interest in these propellants, and
considerable work has been accomplished in developing component technology.
Contracts such as NAS3-11191 (Ref. 1) and NAS3-12011 (Ref. 2) have developed
injector and thrust chamber cooling technology. Nozzle performance has been
described under Contract NASw-1229 (Ref. 3). Fluorine pump technology is
being developed in Contract NAS3-12022 (Ref. 4).

In the current contract, engine gystem design and operational characteristics
have been investigated using component technology information developed in
contracts such as those described above. Basic requirements of this engine

system are listed below.

TABLE 1
ENGINE DESCRIPTION

Thrust, pound (vacuum) (N) 5000 (22200)

Feed System Pump
Nozzle Bell Contour
Cooling Full Regenerative

Thrust Chamber Construction Nontubular, Channel Construction

Environment Space: Earth, Mars, Moon,
Jupiter, Saturn
Number of Starts 4 or more

Duration, sec (full thrust) 500
Throttling 10:1 (tentative requirement)



With these requirements thrust chamber designs, turbopump drive cycles and pump-—
turbine arrangements were investigated. Candidate configurations were evaluated
considering performance, ease of development, complexity and operational capability.
Tradeoffs between the evaluation criteria were mede to errive at the configuration
most suited to the requirements. The selected engine system configuration was

then investigated to provide a preliminary design description of the components

and system operation.

The investigation was divided into two tasks: Tesk I - Engine Turbopump Drive
Cycle Evaluation and Task II - Engine Preliminary Design Evaluation. 1In Tesk I,
candidate thrust chamber designs, turbopump drive cycles, and pump-turbine
arrangements will be defined and evaluated. The best engine configuration was
selected and & nominal design point specified. In Task II the component and system
features of this engine were investigated to provide a preliminery design and

operational description of a flight weight engine system.



SUMMARY

Investigation of a turbopump-fed FLOX/methane engine was conducted to
determine the charscteristics of the complete engine system. Thrust
chamber design, turbopump drive cycles, and pump~turbine srrangements
were evaluated to define the best engine configuration. A preliminary

design of the selected system was then provided.

TASK I - ENGINE TURBOPUMP DRIVE CYCLE EZVALUATION

Cendidate engine configurations were evaluated to determine the system best
suited to the engine requirements. Emphasis was placed upon attaining high
performance within the framework of technology currently available or being
developed. Regeneratively—cooled designs were first investigated for

channel construction thrust chambers. Design points were selected and

cooling channel configurations were established. Candidate darive cycles

and turbomachinery arrangements were then evaluated at these design points.
Two configurations were selected for further investigation. Based upon

these investigations, the expander drive cycle with dual turbines was selected.
This engine would provide high performasnce and operational versatility with

a reasonable development program.
THRUST CHAMBER ANALYSIS

The first step was the investigation of regeneratively-cooled channel con-
struction thrust chambers for a range of operating conditions. From the
results of this analysis two design points were selected for further thrust

chamber and drive cycle investigation.



THRUST CHAMBER DESIGN POINTS

Chamber Thrust Chamber
Pressure, Expansion ¥ixture Ratio,
psia (kN/m") Ratio (o/F)
500 (3450) 60:1 5.25
800 (5520) 100:1 5.25

The chamber pressures were selected on the basis of cooling analyses and
fabrication considerations. A pressure of 800 psia (5520 kN/hZ) appeared

to be g maximum chamber pressure value for the nickel, channel construction
thrust chamber design. At chamber pressures higher than this, cooling jacket
preassure drops are high and variations in assumptions regarding nominal heat
flux level or method of fabrication can significantly increase pressure drop
and fabrication difficulty. 7The chamber pressure value of 500 psis (3450 kN/mz)
was selected as a point where design feasibility is relatively unaffected by

perturbations in the ground rules.

A thrust chamber mixture ratio of 5.25 was selected. This mixture ratio was
selected at a point less than stoichiometric to provide maximum delivered
specific impulse and low methane temperatures at the cooling jacket exit. An
expension ratio of 100:1 was selected for 800 psia (5520 kN/m?) chamber pressure,
and a value of 60:1 was selected for the 500 psia (3450 kN/h?) chamber pressure

to maintain equivalent thrust chamber envelopes.

For the two design points, a thrust chamber description was derived for each
engine drive cycle. These descriptions included coolant channel design, and
in the case of the auxiliary heat exchanger cycle, the design of a thrust
chamber nozzle heat exchanger for turbine power. A channel design involving
two step variations in channel width was selected as the best compromise be-
tween weight, pressure drop, and ease of fabrication. All channel designs were
feasible for both nominal thrust and throttled operation. The 500 psia



(3450 kN/mZ) designs had relatively large channels and were less sensitive to heat
flux level than the 800 psia (5520 kﬂ/mz) designs. The lower chamber pressure de-

signs represent easier development than the higher pressure (5520 kN/mz) designs.

TURBOPUMP DRIVE CYCLE SELECTION

To provide turbopump power, five major drive cycle candidates were investigated at

the selected design points:

1. Gas Generator (A) - Low flow turbine

2. Gas Generator (B) - High flow turbine, topping arrangement
3. Thrust chamber tapoff

4. Auxiliary heat exchanger

5. Expander

Engine systems and flow schematics were described for each of these drive cycles.
Using the previously described thrust chamber designs, power balances were performed
to define turbopump requirements. Based on these requirements, pump and turbine
designs were established for single shaft, gear driven, and dual shaft turbomachinery
arrangements. Performance was calculated assuming 94-percent specific impulse
efficiency; operational limits, and potential development problems were identified.
Based on these characteristics a turbomachinery arrangement and drive cycle were

selected.

Turbomachinery Arrangement Selection

Performance, design and development characteristics were compared and the dual tur-
bine arrangement was selected for all drive cycles. This arrangement provides an

efficient, simple engine system with turbine flexibility during transient operation.

The single shaft turbopump arrangement was unattractive for all drive cycles. This
turbopump penalized the methane pump and turbine efficiencies by forcing them to run
at the slower, FLOX pump, speed. This led to a small impeller discharge widths for
the methane pump, which increases fabrication difficulty. The large shaft makes the
methane pump inducer have rather small blades which, with reasonsble tip clearance
values, may compromise suction performance. The gear driven and dual turbine arrange-

ments were more attractive, in that each pump operatives at its own speed and high



efficiency can be attained. Methane inducer designs for these arrangements are

unrestricted by the drive shaft and have better suction performance potential.

The dual turbine arrangements have fewer development subcomponents than the gear-
driven arrangement. In parallel flow, dual turbine arrangements, the turbine
designs can, in most cases, be made identical, Therefore, in the sub-component
area the dual turbine arrangement has an additional FLOX bearing while in con-
trast the gear driven arrangement has an additional FLOX valve, gears, additional
methane bearings, and the associated lubrication system.

Associated with the gear-driven arrangement is the start sequence limitation

in which long thermal conditioning times are anticipated, because power applica-
tion to the methane pump must be delayed until FLOX pump power is also desired.
The dual turbine arrangements, particularly the parallel-flow arrangement, are
independent in operation and, therefore, are more flexible for development tests,
engine gystem start and throttling. In the early phases of start, for example,
the methane turbine can be powered while the FLOX turbopump is inoperative. The
power input to the methane pump materielly assists in reducing the methane side
priming time. From this congideration, the dual turbine arrangements were more

attractive.

Drive Cycle Comparison

From an initial comparison of the drive cycles, the expander and auxiliary heat
exchanger cycles were selected for further study. The expander cycle has the
highest performance. Development ease was very reasonable. The auxiliary heat
exchanger cycle is the easiest to develop but has low performance. No other

cycles offered any significant advantages.

Engine specific impulse for the candidate drive cycles is illustrated in Fig. 1.
For both design points the expander and gas generator (B) cycles have the
highest specific impulse. Gas generator (B) performance is somewhat reduced

by a high engine weight. Tne remaining drive cycles have specific impulse
values nominally 1 percent lower. Since engine specific impulse of the low

turbine flow cycles is significantly affected by the drive system character
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(turbine efficiency, pressure drop, inlet temperature), the specific impulse

is shovm as a band.

Drive cycle development problems are summarized in Table 2. The single most
significant potential problem is that of turbine nozzle coking in the cycles
using FLOX/methane combustion products to power the turbines: gas generator
(A), gas generator (B), and thrust chamber tapoff. In the small turbine flow
passages, coking could severely reduce turbine performance and represents a
significant potential development problem. The next most significant item is
the control of the small amounts of hot, corrosive gas in the FLOX/methane—

powered turbine cycles.

Of all the drive cycles, the auxiliary heat exchanger appears to have the
fewest development problems, with the expander cycle being slightly more
difficult, In the expander and gas generator (B) cycles, the pump, turbine
and thrust chamber are closely connected and a variation in one component can
significantly affect the operation of the other components. At the higher
chamber pressure the engine balances for these cycles are sensitive to this
interdependence and in the course of development a component design variation
could easily make it incompatible with the remainder of the feed system.
Expander cycle sen31t1v1ty to this interdependence is greatly diminished at
the 500 psia (3450 kN/m ) design point.

Drive Cyecle Selection

Further investigation of the expander and suxiliary heat exchanger cjcles
resulted in recommendation of the expander cycle operating at 500 psia

(3450 kN/hz) and reasonable development program.

Detailed energy balances were established for the auxiliary heat exchanger
and expander cycles. Throttling and engine system perturbation analyses were
performed. The results of these investigations reaffirm the conclusions of

the general investigation. The 800 psia (5520 kN/ﬁz) expander cycle is the
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highest performing engine, but because of its sensitivity and potential problems
it would be the most difficult to develop. The 500 psia (3450 ki/u®) chamber
pressure auxiliary heat exchanger cycle is the easiest to develop but has low
pexrformance. The 800 psia (5520 kN/hz) auxiliary heat exchanger cycle and

500 psia (3450 kN/mz) expander cycle engines are comparable in performence and
development ease. Engine start and throttling ease are similar, engine uprating
in performance and thrust is more attractive with the 500 psia (3450 kN/m2)
expander, and at equal design points the expander cycle will always out-perform
the auxilisry heat exchanger cycle (Fig. 1). The expander v,cle at 500 psia

(3450 kN/m?) chamber pressure was, therefore, recommended for further investi-
gation.
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TASK II - ENGINE PRELIMINARY DESIGN EVALUATION

A preliminary design vas prepared for a flight-weight FLOX/methane engine
using an expander turbine drive cycle. The engine was designed to reliably
provide high performance for a variety of potential space missions. Cap-
ability for multiple restarts, long duration, and prolonged storage in the
space environment were provided. Versatility of operation was emphasized.
The nominal engine design represents a reasonable balance between these

features and engine system cost.

The engine system has a nominal thrust of 5000-pound thrust (22200 N).
Sufficient power and design margin are included to allow for development
program contingencies. Should these margins not be reguired, engine up-
rating capability to 7000-8000 pound thrust (31100-35600 N) at 700 psia
(4820 kN/mz) is available with no performance loss. A 60:1 expansion ratio
nozzle has been used. Engine performsnce improvement capability is provided

by designing for possible nozzle extensions and mixture ratio changes.

ENGINE SYSTEM DESCRIPTION

The engine system design is illustrated in Fig. 2 and system operation described
in Table 3. In the engine system, separate methane and FLOX tufbopumps are
driveu in parallel by gaseous methane which has been heated in the thrust
chamber coolant cireuit. The thrust chamber is completely regeneratively
cooled and has an expansion area ratio of 60:1. The coaxial element injector
has an integral gimbal block and is welded to the thrust chamber. All ducting
is of rigid lines with welded interconnects to provide economical, reliable
connections for the long duration space mission requirement. Two engine

mounted inlet valves and two hot gas valves are used to control the engine.

The turbine bypass line and bypass control valve regulate the level of

11
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TABLE 3

ENGINE SYSTEM CHARACTERISTICS

Thrust, 1b (N)

Engine Specific Impulse, sec (N-sec)
Engine Mixture Ratio, O/F kg

Thrust Chamber

5000 (22200)

399.2 (3910)
5.25

Chamber Pressure, psia (kN/mz)
Mixture Ratio, O/F

Weight Flow, lb/sec (Kg/sec)
Specific Impulse, sec (N-sec/kg)

Expansion Ratio

Pumps, O/F

Flow, 1b/sec (Kg/sec)

Discharge Pressure, psia (kN/mz)
Number of Stages

Speed, 1000 rpm (1000 rad/sec)
Horsepower (XW)

Turbine, 0/F

Methane Flow, 1b/sec (Kg/sec)
Inlet Temperature, °R (K)

Number of Stages

Bypass, 1b/sec (Kg/sec)

500
5.25
12,52 (5.68)
399.2 (3910)
60

(3450)

10.52/2.00(4.77/.91)
669/1269 (4610/8750)
1/2

39.1/67.2(4.09/7.02)
27.9/42.0(20.8/31.3)

0.74/0.85 (.34/.39)
1300 (722)

1/1

42 (.19)

500 (2220)

%6 (3590)
5.25

55 ( 350)
5.25
1.37 (.62)

366 (3590)
60

1.15/.22 (.52/.10)
79/125 (540/860)
1/2
8.1/12.2(.846/1.27)
.18/.20 (.13/.15)

0.033%/0.034 (.015/.015)
1750 (972)

1/1

.15 (.068)
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total turbine power. A turbine control valve is used on the hot gas inlet
line to the FLOX turbine to proportion power between the methane and FLOX
pumps. BEngine thrust and mixture ratio are controlled by the hot gas valves.
The design of these engine components utilizes technology that is current

or is currently being developed.

At the nominal thrust level a specific impulse value of 399.2 seconds
(3910 N—sec/kg) can readily be attained. Based on results of NASA sponsored
test programs, specific impulse values over 400 seconds (3920 N-sec/kg) are

projected. The engine weight is 89 pounds (40.4 kg).

ENGINE COMPONENT DESCRIPTION

Designs for major engine components are illustrated in Fig. 3.

Turbomachinery

Two separate turbopumps are used to provide control ease in transient
operation and flexibility of component arrangement. Each pump operates

at its optimum speed. The FLOX pump has a single stage with a shrouded
centrifugal impeller. The methane pump is a two-stage pump with centrifugal
impellers. Pump bearings are cooled by the individual propellants. Bearing
DN and seal speeds are less than values to be demonstrated in NAS3-12022
(Ref. 4).

Inducers are used on both pumps to meet low NPSP requirements. To assure
uniform flow to the inducers, a short section of ducting is provided be-
tween the main valves and the pump inlets. Analyses of pump suction

requirements indicate potential for pumping saturated and two-phase pro-

pellants at low pump speeds.

14
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Single~-row velocity compounded turbines with partiszl admission are used to
power both pumps. These turbines use methane as the working fluid in a
parallel flow arrangement.

Thrust Chamber

The regeneratively-cooled thrust chamber is made using advanced fabrication
channel construction techniques. The thrust chamber is of electroformed

nickel with channels mechanically milled. A two-step variation in channel
width is used as a compromise between pressure drop, weight and fabrication
ecase. An 80-percent bell nozzle is used with the nozzle contour designed to
optimize performance within a fixed envelope. An up-pass cooling arrangement
is used to provide good coolant properties in the high heat flux region of

the nozzle. The heat flux profile was based upon data from Contract NAS3-11191.
Thrust chamber construction was based upon regeneratively-cooled thrust chambers
fabricated under NAS3-11191 (Ref. 1).

Injector

Hot methane from the turbine exhaust is collected in the injector fuel mani-
fold and distributed to the injector elements. FLOX enters the oxidizer dome
directly from the pump exit. The injector is a coaxial type with a methane-
cooled copper face. Pressure drops during throttling are maintained by the
recessed element design. Performance is maintained by the high methane
velocity vwhich increases during throttling due to its bulk temperature

increase.

The injector is welded to the thrust chamber to save weight and to increase
reliability. The gimbal bearing is zn integral part of the injector and is a
simple Hooke type with Fabroid bearing surfaces. The injector oxidizer dome

has a single inlet and a tapoff port for tenk pressurization. The annular

16



fuel inlet manifold has three inlets, one from each of the turbines and one

from the bypass valve. A fuel tapoff port is also provided for tank
pressurization.

ENGINE OPERATIONAL FEATURES

Engine characteristics were described for transient conditions and alternate
operationsl modes, as listed in Table 4. Engine transient operations were
investigated using a dynsmic simulation model which provides a step-by-step
desceription of engine operstion during the transient. Engine start transients
were investigated for a range of initial engine temperatures. Control sequences
and valve requirements were defined. Start times of 3 to 6 seconds, including
thermal conditioning and priming, were achieved. With the flexibility allowed
by the dual turbines, no irdication of pump stall, turbine overspeed, or
thrust chamber overheating was observed. Capability for reducing the start
time is indicated. Engine cutoff transients were investigated and a sequence
defined.

Pressure-fed idle-mode was investigated for several control systems and
engine inlet pressures. Transients were described for initial engine temp-
eratures of 250 R (139 K). A region of allowable chamber pressure and
mixture ratio operation was determined based upon chamber wall temperatures.
Depending on inlet pressures, thrust levels of 200-300 pounds (890-1340 N)

can be achieved.

Engine thrust variation both in throttling and in uprating was investigated.
Engine cohtrol requirements were identified. Throttling conditions were
defined over a 10:1 range. Effects of tank conditions on the 10:1 throttled
belance were evaluated. Pump speeds in the low thrust range are such that
pumping of saturated or two-phase propellants may be possible, allowing

operation without tank pressurization. By designing the nominsl engine

17



TABLE 4

ENGINE FEATURES

TANK HEAD START
NO START RESTRICTIONS
1) NO PRECONDITIONING
2) NO VEHICLE ORIENTATION RESTRICTION

3) QUICK RESTART CAPABILITY
10:1 THROTTLING

1) LANDING

2) LOW THRUST MANEUVERS
ENGINE THRUST UPRATING
1) NO PERFORMANCE LOSS

2) SMALL HARDWARE MODIFICATION
SELF~PRESSURIZING (NO VEHICLE PRESSURIZATION SYSTEM)

PRESSURE-FED IDLE MODE
1) PROPELLANT SETTLING
2) LOW THRUST MANEUVERS

3) RESIDUAL CONSUMPTION.

18



for 20-percent bypass, there is sufficient power margin to allow engine
uprating to the T000-8000-pound (31100-35600 N) thrust level. The design
points of the turbomschinery are such that this uprating can be accomplished
with little or no modification.

Provisions were made for the engine to provide pressuranis for the pro-
pellant tanks. At thrust levels greater than 500-1000 pounds (2220-4450 N)
sufficient FLOX and methane manifold pressure is available to provide
regulated tank pressures of 60-80 psia (410-550 kN/mz). Turbopump speed

and suction requirements are very low in this region.
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CONCLUSIONS AND RECOMMENDATIONS

The following conc¢lusions and recommendations were made as a result of these.

engine characterization investigations.

1,

2e

4.

6.

Design and development of pump~-fed, regeneratively-cooled engines are
feasible at the 5000 pound (22200 N) thrust level. Several engine
configurations can supply thrust chamber cooling, flexible operation

and reasonable development.

On the basis of channel construction thrust chamber development a
chamber pressure of 500 psia (3450 kN/mz) represents significantly
more development ease than chamber pressures in the 800 psia (5520 kN/mz)

range.

The potential of turbine nozzle coking exists with drive cycles powered
by FLOX/methane combustion products: gas generator (A), gas generator (B)
and thrust chamber tapoff cycles. This represents a pdotentially severe
development problem for these drive cycles. Drive cycles using heated
methane for turbine power (expander and auxiliary heat exchanger) repre-
sent the greatest ease of development because of the clean working fluid

and system simplicity.

An expander cycle engine system operating at 500 psia (3450 kN/mz) chamber
pressure represents the best compromise between performance and develop-

ment ease for the current application.

On the basis of ease of development and flexibility of operation partic-
ularly in engine start, individual turbines for each pump arranged for

parallel flow are the most attractive pump-turbine configuration.

An expander cycle engine designed for a nominal thrust of 5000 pounds
(22200 N) weighs 89 pounds (40.4 kg), can provide over 400 seconds
(3910 N-sec/kg) of specific impulse, and has an envelope of 21 by 41
inches (53.4 by 104 cm).

21



T. The engine can start on tank-head under a variety of conditions,

throttle, provide pressurization, and operate in idle-mode.

8, Although it must be experimentally verified, analytical predictions
of pump suction performsnce indicste the capability to pump saturated
and, potentially, two-phase propellents at low pump speeds.

9. Substantial engine power msrgin exists providing the potentizl for
thrust uprating to the 7000-8000-pound (31200-35600 N) thrust level.
Performance increases are also available through use of nozzle extension

and light-weight nozzle concepts.
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TASK I — ENGINE TURBOPUMP DRIVE CYCLE EVALUATION

Thrust chamber designs, turbopump drive cycles and pump~turbine arrange-
ments were evaluated on the basis of engine performence, weight,
complexity, development ease, and ease of throttling. Considering

these tradeoffs between various evaluation criteria the most promising
engine configuration was selected. This engine configuration was carried

into Task II where a preliminary design evaluation was made.

The Task I effort was divided into four areas. In the first, Regen-
erative Cooling Analysis, thrust chamber cooling characteristics were
evaluated parametrically to guide selection of design points for further
engine evaluation. The second area, Regenerative Thrust Chamber Design,
includes thrust chamber configuration evaluations for different drive
cycles at the two design points and establishment of recommended designs.
In the third area, Turbopump Drive Cycle Analysis, a series of turbopump
drive cycles and turbine-pump arrangements were evaluated and the two
most promising configurations selected. These two configurations were
further evaluated in the Cycle Energy Balance Area, and a final engine
configuration and design point selected. The studies conducted in these

areas are summarized in the following section.
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REGENERATIVE COOLING ANALYSIS

To provide an initial assessment of thrust chamber cooling and a guide
to the selection of engine design points, the methane coolant temperature
rise and pressure drop were determined for a 5000-pound (22200 N)-thrust

regeneratively~cooled chamber as a function of the parameters listed

below.
Chamber Pressure, psia (k:N/Mab 250 - 1000 (1720-6900)
Nozzle Area Ratio 40 - 100
Mixture Ratio (0/F) 4.0 - 5.7
Carbon Lgyer Effectiveness, Qm/qp 0.76 = 1.0
Coolant Inlet Temperature, R (k) 173 - 260  (96-144)

Coolant Qutlet Pressure/Chamba' Pressure, Po/Pc 1.25 - 3.0
DISCUSSION OF ASSUMPTIONS

The results of a parametric study can be greatly influenced by the
selection of the underlying assumptions. Pertinent assumptions are dis-
cussed in the following pages. In the absence of test data, certain
assumptions were made in the paremetric investigation concerning the
methane and combustion product film coefficients. Test data were
acquired in mid-contract and incorporated in the final design of the

thrust chamber,

Thrust Chember Geometry

A conventional thrust chamber geometry with an 80 percent length bell

nozzle was utilized. The nozzle contour produced maximum performance

25



within a given length. A combustion chamber characteristic length of 30

inches (760m) was selected from performance considerations. The selected
chamber contraction ratio of 4 was based on Ref. 5, which indicated

higher contraction ratios resulted in reduced heat load to the regenera-

tive coolant. A convergence half-angle of 15-degrees (0.26rad)was selected and

is representative of current production thrust chambers,

Coolant Passage Parameters

The regeneratively-cooled thrust chambers were of channel (nontubular)
construction throughout ( including the high area ratio nozzle portion).
A channel is characterized by four dimensions. For a given thrust chamber,
specification of these dimensions and the number of channels as a function

of axial length is necessary to define a channel design:

= w(X) = channel width
L(X) = land width

t(X) = wall thickness
= h(X) channel height

n(X) = number of channels

fo—w —f
o ]

it
i

——

B &5 o = =
i

il i b

where % = O is the throat position.

For this parametric investigation, & simplified description of the channels

in which the land width and wall thickness were held constant:

A(x) = 4(0)
£(x) = t(0)

‘was used to permit rapid evaluation.
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The number of channels was allowed to vary through the use of branches
or splices. The branch points were selected from stress considerations.
This approach represents the minimum pressure drop design as it allows

high design wall temperatures throughout the chamber,

At the pesik heat flux position, channel height was made equal to channel
width, and both this dimension and the land width were selected based

on the maximum allowable wall temperature. If a minimum width limit were
encountered, the width was set equal to the limiting value and the height
adjusted to give the maximum allowable wall temperature. With the land
width constant, channel width variation with length is determined by
thrust chamber geometry. Channel height is adjusted to give the desired

gas-side wall temperature profile.

A cooling evaluation of nickel, stainless steel, and Hastelloy X over a
range of chamber pressure in Reference 5, indicated that nickel was
superior at high heat flux levels (nigh pressure) due to high thermal
conductivity. At lower chamber pressure, the choice of material was not
critical from a cooling standpoint. Nickel was, therefore, used for the
thrust chamber.

Restrictions were placed on the channel dimensions based upon considera-
tion of fabrication ease. Based on gtandard machining procedures, a
minimum hot-gas wall thickness is 0.020-0.025 inches (0.051-0.063 cm).
The 0.025-inch (0.063 cm) wall (constant along the chamber length) was
used as nominzal and the thinner wall was investigated in the perturbation
studies. These wall thicknesses are most beneficial in reducing coolant
pressure drops or wall temperature in the combustor and in the throat

region. In the nozzle thicker walls may be preferred.
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The minimum dimensions for channel width (0.040-inch - O.lOZcm),
height (0.025-inch -0.063cm) and land width (0.030-inch -0.076cm)
also represent nominal machining limits based upon standard tolerance

considerations.

Based on the wall thicknesses used in this analysis, a maximum allowable
surface temperature, 1700 F (1200K), was specified for nickel. By
maintaining the wall temperature constant at this maximum value
throughout the thrust chamber, pressure drop would be minimized.
However, in the low heat flux regions of the nozzle, the channel
height necessary to maintain this temperature would be high. To
make the nozzle designs reasconable from a weight standpoint and the
resulting pressure drop information more realistic, the design wall
temperature in the nozzle was reduced to 1000 F (810K). Channel
height at nozzle exit was typically reduced by a factor of two with
thrust chamber weight decreased by 30 - 40 percent.

Combustion~Gas Flow Field

The estimation of the convective heat input is very strongly dependent
on local combustion-gas mass velocity (2V¥) at the edge of the
boundary layer. The mass velocity at the edge of the boundary layer
is determined from the combustion-gas potential flow field in the
vicinity of the wall. In the combustion zone, the combustion—gas
flow is taken to be uniform and parallel with local wall mass
velocities ootained from one-dimensional flow considerations. In

the region of the throat a modified Sauer transonic flow field
solution is utilized to determine the wall sonic point. This

usually occurs only a few degrees upstream of the geometric throat.

Use of a one-dimensional flow field in the nozzle can result in
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considerable error. Therefore, an axially symmetric flow field
analysis (method of characteristics) was used to supply the correct

gas mass velocity at the wall.

Combustion~Gas Convective Heat Input

An integral boundary layer approach was used to predict gas-side film
coefficients. This approach, as described in Ref. 5, requires
definition of the point of boundary layer initiation and an initial
energy thickness. In the absence of FLOX/methane test data in the
desired region, specification of these initial conditions was made

from results of previous investigations.

Peak heat flux values are about 20 Btu/inz-sec (3270j/cm2-sec) at
1000 psia (68.9 kN/MZ) with the peak heat flux occurring slightly
upstream of the geometric throat. Heat flux levels in the nozzle
are lower than predicted by simplified Bartz equation. The accuracy
of the boundary layer equations in the nozzle has generally been
substantiated by data taken under NASA Contracts NASw-1229 and
NAS3-11191 (Ref. 3 and 1).

Coolant Side Assumptions

The cooling analysis used methane only as the coolant. An upper

limit of 1500 F (1090K) was placed on the methane temperature to
prevent decomposition. An up-pass cooling circuit was seiected

based on Ref. 5. A standard semiempirical relationship for forced
convection turbulent flow of the Dittus-Boelter form was selected.

The coolant properties were based on a film temperature as recommended
by McAdams (Ref. 6)., The film temperature utilized was the

arithmetic mean of wall and bulk temperature.

The basic relationship is given below.

0.8 0.4
NNu = 0.023 NRe NPr gézgientrance
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The factors, ﬁc and ﬂR, represent curvature and wall roughness enhance-

ment on the basic cooling capability. The factor, Z ; is an

entrance
entrance region enhancement factor which is very small for this up-
pass cooling method. DBased on considerable heated curved tube ex-
perimental data with hydrogen and nitrogen tetroxide (Ref. 7 and 8),
the nozzle downstream curvature was designed to achieve pesk curvature

enhancements of 1.5.

The enhancement effect of surface roughness was not considered in the
parametric investigation GZR = 1.0) due to the uncertainty of correlating
the roughness parameter with film temperature properties. In general,
roughness enhancement values could amount to about a 10~ to 20-percent
increase in methane cooling capability based upon experimental results
for hydrogen. 4 nominal surface roughness of 100 x 10-'6 inches

(254 x lO_scm) was used in the pressure drop calculations. The total
jacket pressure losses include the momentum loss and exit manifold

loss (one head).
COOLANT TEMPERATURE RISE

The exit bulk temperature of the methane regenerative coolaht was
determined as a function of various parameters. It was found in
Ref. 5 that propellant mixture ratio had a negligible effect on the
integrated heat input to the thrust chamber, and the heat load was
described as a function of chamber geometry, chamber pressure, and

wall temperature profile,
The coolant enthalpy rise was determined from the total heat load (with

corrections for carbon layer) and coolant flowrate. The latter parameter

is directly related to mixture ratio and specific impulse, such that the
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L4

AH = zQ -..-.Q'Qm . Igp (1 + Mr)
Qp

The resulting methane coolant exit temperatures as a function of the pre-
viously noted parameters are presented in Fig. 4 for an inlet temperature
of 173 R (96K). Higher inlet temperatures are reflected almost exactly

in equivalent higher exit temperatures for the nominal high exit values

of interest. The highest exit temperature noted (Fig. 4) is about

1260 R (700K) for the case of Qm/Qp = 1,0, 1000 psia (6890 kN/MZ)

pressure, 100:1 nozzle area rativ, and a 5.7:1 mixture ratio. This would
be about 80 R (44K) higher for the maximum inlet temperature of 260 R (144K)
being studied. Temperatures are about 125 and 275 R (70 and 153K) lower
for Qm/QP = 0,9 and 0.76, respectively. The exit temperature was estimated
for throttled conditions. Exit temperature values are shown in Fig. 5.
Temperatures for the 10:1 throttled condition were 250 - 300 R (139-166K)
higher than the full thrust values.

COCLANT PRESSURE LOSS

Parametric regenerative cooling pressure losses were determined based on
detailed cooling channel designs for the parameters of interést. A para-
metric study of two-dimensional heat flow effects in channels was con-
ducted. The results of the 2-D analysis were used in conjunction with
the peak heat flux levels to determine the channel spacing. The minimum
land width encountered in this study is about 0,045 inches (0.114 cm)
based upon the peak heat flux value of 20 Btu/in.z-sec (3270 j/cmz-seé).
Since the parametric study is with constant land width designs, the

throat represents the most severe region.
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The results of the parametric pressure drop evaluation are presented in
Pig. 6 through 9, Figure 6 shows the effect of chamber pressure and
required jacket outlet pressure on coolant pressure drop for Qm/Qp = 1,0,
The lower pressure drop at higher coolant pressures results from the
increased methane density. It is apparent that high outlet pressures

as would be associated with an expander cycle can reduce the coolant
pressure drop by a factor of two. The coolant pressure drop increases
markedly with chamber pressure (due to increased heat flux level) but

is still quite reasonable (~50%) even at 1000 psia (6890 kN/MZ)

chamber pressure.

The effect of Qm/Qp is shown in Fig. 7. This factor is the most signi-
ficant parameter in terms of affecting pressure drop. The pressure drop

is reduced by a factor of four at high pressure if the lowest value

(Qm/Q = 0.76) is assumed. A 10-percent increase in heat load at 1000 psia
(6890 kN/Mz) raises the pressure drop from 40 to 60 percent. A 25-percent
increase in head load was found to result in a coolant pressure loss

in excess of 100 percent of chamber pressure.

Coolant mixture ratio effects are described by Fig. 8. At the indicated

inlet temperature, the effect of mixture ratio variation is not

particularly significant, amounting to less than 50 psi (3.44 kN/Mz)
difference in coolant pressure loss over the range considered (4.0 < MR £ 5.7).
Increasing the inlet temperature to 260R (144K) results in a more sub-
stantial effect ( ~v140 psi (970 kN/Mz) difference between extremes) of

mixture ratio on pressure drop.

The effects of nozzle area ratio variation are shown in Fig. 9. Area
ratio effects are even less significant than mixture ratio. At a chamber
pressure of 1000 psia (6890 kN/MZ) and a low inlet temperature (Fig. 9),
less than 8 percent pressure drop variation separates € = 40 and € = 100
designs. At 260 R (144K) inlet temperature the pressure loss difference
increases to about 16 percent,
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CHANNEL DIMENSIONS

Channel and land width dimensions at the throat for the nominal heat
transfer ground rules are described in Fig. 10. 4ll the dimensions

are within the acceptable region as defined earlier,
GROUND RULE PERTURBATION

The basic parametric study was extended to examine the effect of four
basic ground rules: (1) curvature enhancement, (2) hot gas wall

thickness, (3) gas-side film coefficient, and (4) channel taper.

The basic parametric study was extended to consider the effect of no
coolant curvature enhancement (¢c = 1.0) in the throat region., Under
such conditions, the required coolant mass flux must be increased to
compensate for loss of the curvature factor resulting in increased
coolant pressure drop. The basic trends are the same as previously
noted, except that the coolant pressure losses have increased as
expected. A direct comparison of the curvature effect is presented

in Fig. 11 for the case of Qm/Q = 1,0. At the maximum chamber pressure,
deletion of curvature enhancement increasses coolant pressure drOp from

40 to almost 60 percent of chamber pressure.

The effect of the curvature enhancement factor on channel dimensions
is illustrated in Fig. 12. The case of a non-curvature enhancement
results in a square channel dimension less than 0.040 inches (0.102cm)
at 1000 psia (6890 kN/MZ) chamber pressure. At 800 psia (5530 kN/MZ)

the channel dimensions are above this value.
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The pressure drop without curvature enhancement can be reduced by
thining the combustion-side wall thickness. The effect of reducing
the thickness to 0.020 inch (0.05lcm)was investigated at the maximum
chamber pressure level, and the results are presented in Fig. 13.

At a nominal PO/PC = 1.25, pressure drop is 430 psi, (2960 kN/MZ)
which compares favorably with the basic curvature case and thicker
wall, It should be pointed out that the pressure drop in all cases
is reduced by thinning the wall. This also affects the channel

dimensions and land width requirements (Fig. 14).

An alternate method of calculating gas-side convective film coefficients
which is commonly used is the Bartz simplified equation. In general,
this method predicts heat fluxes higher than the boundary layer approach.
The resulting Bartz throat heat flux values are approximately 30-percent
higher at the throat than comparable boundary layer equation values,
These higher heat flux levels will reflect in higher coolant pressure
losses at comparable chamber pressures. Parametric results using the

Bartz relation are presented in Fig. 15 and 16,

In general, use of the Bartz simplified approach appears to limif the
application of FLOX/methane propellants to chamber pressures of 800
psia (5520 kN/MZ) (for AP/P_ £ 0.5). The boundary layer approach
would tend to indicate that chamber pressures of 1000 psia (6890 kN/MZ)
are generally achievable. Resolution of these basic differences will

not be possible until hot-firing data becomes available.

41



Square Channel Dimension, inches

MR = 5.0 Wall Thickness = 0.025 inches (0.064 cm)

Tue = 1700 F (1200 K)
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Nickel 200 Channels

Qm/q10 = 1.0
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Boundary Layer Equation Heat Flux.

Dittus-Boelter Cooling Correlation.
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Figure 12, Minimum Square Channel Dimension Requirements.,
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Cooclant Pressure Drop, psi

700

FLOX/CH4
Thrust = 5000 pounds
600 | (.00 W)
Te = 1700 F(1200k) +4000
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00
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13000
400
“a
Nickel Wall Thick- S~
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300 .
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(0.064)
200
0.020
(0.0b1) $1000
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0
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Coolant Inlet Pressure/Chamber Pressure

Figure 13. The Bffect of Wall Thickness on Coolant

Pressure Drop.
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Channel Dimension, inches

G.12
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= l.o
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Figure 14 . Effect of Wall Thickness on Channel Dimensions
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The effect of five basic channel design concepts on the coolant pressure
drop and chamher weight was investigated. The results of the study are

presented in Table 5 for the nominal chamber design parameters noted.

Concept 1 results in the minimum pressure loss and weight of the concepts
considered, This is the design approach used in the previous parametric
regenerative cooling studies. The tapered channel without splices (Con-
cept 2) results in 55 psi (380 kN/h?).and 1.5 pound (0.68 kg) increases
in pressure drop and weight, respectively, over Concept 1. In this par-
ticular case, the maximum height in the nozzle was limited to minimize
weight, This height limit results in a lower wall temperature in the
nozzle, (See Table 5.)

Two approaches to Concept 3 were considered: 1) unlimited height, and
2) limited height. With no limit on nozzle channel height (other than
that imposed by a maximum wall temperature) the pressure drop was com-
parable to that of Concept 2; the weight, however, was almost double,
Limiting height to 0.050-inch (0.127 cm) resulted in comparable weight
but increased pressure loss. Concept 4 is seen to result in both
relatively high pressure drop and weight. Concept 5 appears to be
superior to Concept 4 but inferior to comcepts 1, 2, and 3, insofar

as pressure loss and weight are concerned,

The primary benefit of the tapered channel concept is that the increased
channel width decreases both the land width and the channel height. The
constant width design can closely approach the tapered designs as the

number of steps is increased.
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TABLE 5

CHANNEL TAPER DESIGN CONCEPTS

MR = 5,0 Curvature Enhancement
P, = 1000 psia(6890 @/nf)  Wall Thickness = 0.025-inch(.064 cm) (€<4)
€ = 60:1 = 0.040-inch(0.102 cm) (€>4)
*
Concept Description Pressure Weight, Wall Temperature
No. Drop, pounds at Nozzle ?xit,
psi(av/o?)  (Ke) P&
1 Tapered channels with 365 (2520)| 18.5 (8.4) 1000 (811)
branching (branch
points dictated by
stress).
2 Tapered channels, no 420 (2900)| 20.0 (9.1) -94 (203)
branching (maximum
width limited by stress.
3a Stepped width, no 422 (2910)| 38.9 (17.6)| 1000 (811)
branching (no height
limit),
3b Stepped width 462 (3190) 23.4 (10,6)| -147 (174)
no branching (height
limited).
4 Constant width, no 450 (3100)| 42.0 (19.1){ -119 (189)
branching (height A
limited).
5 Constant width with 513 (3540)| 23.9 (10.8)| -165 (164)
branching (height
limited).

*
Weight includes 0.025-inch (0,064 cm) thick back-up panel



DESIGN POINT SELECTION

From consideration of the results of the parametric regenerative cooling
analysis and FLOX/methane test information, two design points were
selected (Table 6).

TABLE 6
THRUST CHAMBER DESIGN POINTS

Chamber 2 Expansion Thrust Chamber

Pressure, (kN/M°) Ratio Mixture Ratio,

psia (o/F)
500(3450) 6021 5.25
800(5520) 100:1 5.25

From a review of the parametric cooling analysis chamber pressure values
of 800 and 500 psia (5520 and 3450 kN/MZ) were selected as design points
for further evaluation. With the nominal ground rules the pressure drop
is over 400 psi (2760 kN/MZ) at a chamber pressure of 1000 psia (6890
kN/MZ) and channel width is near the region of fabrication difficulty.
The perturbation analysis indicated that a change in any one of the
ground rules concerning curvature, heat flux level or fabrication

would significantly increase the pressure drop and fabrication
difficulty at 1000 psia (6890 kN/Mz) chamber pressure. A chamber
pressure of 800 psia (5520 kN/MZ) is the most reasonable maximum

chamber pressure value for this engine. The chamber pressure of

500 psia (3450 kN/MZ) was selected as a design point where design

feasibility is relatively unaffected by perturbations in the ground rules.

Mixture ratio has a relatively small effect on thrust chamber pressure

drop, but significantly affects the methane exit temperature. F¥For lower
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mixture ratios the exit temperatures, particularly in throttling, are
significantly lower than at a mixture ratio of 5.7. In addition, with
FLOX/methane, injector mixing requirements are less strenuous at mix-
ture ratio values below 5.7, the stoichiometric point, and high com-
bustion efficiercy should be easier to attain., This is indicated in
FLOX/methane test results. A thrust chamber mixture ratio of 5.25 was,

therefore, selected for both chamber pressures.

Thrust chamber expansion ratio makes little difference on pressure

drop and ideally would be optimized for each chamber pressure. As an
estimate of a near ontimum value, equivalent thrust chamber envelopes
were maintained. An exnansion ratio of 100:1 was selected for 800 »psia
(5520 kN/mz) chamber vressure and a value of 60:1 was selected for the
500 psia (3450 kN/mz) chamber pressure,
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REGENERATIVE THRUST CHAMBER DESIGN

Regeneratively-cooled thrust chamber design information was provided
for bell nozzle chambers operating at the two design points. Channel
dimensions and taper were optimized considering fabrication ease,
pressure drop and weight. For the resulting fixed thrust chamber and
channel geometry, certain operating conditions and ground rules were
perturbed and their effect on wall temperatures, pressure drop, aqd

coolant condition determined.
GROUND RULES AND ASSUMPTIONS

Most of the assumptions used were the same as for the parametric regenera-
tive cooling investigation. DNominal film coefficients were defined for
Qm/Qp = 1.0. A methane inlet temperature of 245R (136K) reflecting
potential end of flight conditions was used. #dditional limitations
included a minimum 0.050-inch (0.127 cm) channel height in the nozzle

to reduce the possibility of plugging, and maximur gas side wall temp-
eratures of 1700F (1200K) in the throat and 1600F (1120K) in the
combustor. Stress limits were based upon a minimum safety factor of

2.0 with a wall pressure differential equal to the local coolant

static pressure. For determining the coolant side heat transfer coeffi-
cient the Dittus-Boelter equation was used, with no curvature or

roughness enhancement.
CHANNEL CONFIGURATION SELECTION

The principal factors considered in optimizing the channel design were
coolant pressure drop, channel weight, and fabrication costs. Channel
configuration alternatives are listed in Table 5. Throat dimensions
for these alternatives are selected based on the maximum allowable

wall temperature and the peak heat flux as described in Tahle 7.
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TABIE 7
CHANNEL DIMENSIONS AT PEAK HEAT FLUX POSITION

Peak Heat
Chamber Flux, £(0) w(o)=H(o) A(o)
Pressure, Btu/sec/in2 inches inches inches
psia (kN/hz) (3/cmP-sec) (em) (cm) (em) n(o)

500 (3450) | 11.0 (1797) | 0.025 (0.064)] 0.072 (0.183) | 0.079 (0.201) | 55

800 (5520) 16.6 (2712) | 0.020 (0.051)| 0.050 (0.127) | 0.054 (0.137) | 65

Channels with these dimensions can be fabricated with relative ease, since
values less than 0.04-inches (0.102 cm) have been achieved with no difficulty
in test samples. The 0.025-inch (0.063 cm) wall thickness can also be
fabricated with relative ease and is sufficient for the 500 psia (3450 kN/Mz)
chamber. The lower wall thickness of 0.020 (0.051 ecm) inches is attractive
for the 800 psia (5520 kN/M?) chamber in terms of lower pressure drop

and slightly larger chamber dimensions. This wall thickness can be
fabricated but fabrication may be somewhat more time consuming than

for the larger wall thickness,

Channel dimension variations upstream and downstream of the throat were
investigated to select the best channel contour. As shown in Table 5,
configurations ranging from a constant channel width design'(Case 4),
vhich minimize machining requirements, to designs with large variations
in channel width (Cases 1,3) and more complex machining are considered.
Channel height in the combustor was based on meeting allowable wall
temperatures. In the nozzle lower wall temperatures were acceptable,
and limits on chennel height were imposed and the tradeoff between

reduced nozzle weight and increased pressure drop was assessed.

An increased wall thickness in the nozzle was considered to reduce
nozzle machining cost. Wall thickness values of 0.040 inches (0.102 em)
can reduce cost and in the low heat flux region the effect on pressure
drop is slight. Channel width is limited by stress to some multiple

of the wall thickness. The increased wall thickness in the nozzle will,

therefore, allower wider channels.
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Nozzle Optimization

Curves of nozzle weight as a function of nozzle pressure drop were generated
for the different channel concepts to aid in selecting the optimum configu=-
ration. These are shown in Fig. 17 for the 500 psia (3450 kN/MZ) chamber
pressure nozzle. A trade-off evaluation between thrust chamber weight

and the effect of increased pressure drop or specific impulse indicated
that teduction of weight should receive the most emphasis. The branched
and tapered design is lightest, while the constant width, constant number
design is heaviest. Second lightest design is the two-step‘design with

a maximum 0.050-inch (0.12T7 cm) channel height in the nozzle. Since

this is also second from a fabrication cost standpoint, it was chosen

for the final design. The same result trends occur for the 800 psia

(3520 kN/MZ) chamber pressure design. Again, the two-step design is

only slightly heavier than the tapered design with no branches.

Because of the cost, the t wo-step design was also chosen for the

800 psia(5520 kN/Mz) chember (see following section).

Combustor Optimization

Moast of the thrust chamber weight is in the nogzzle, while most of the
pressure drop is in the combustor and there is little trade~off between
weight and pressure drop. In designing the combustor, a méximum throat
wall temperature of 1700F (1200K) and a temperature in the combustion
zone of 1600F (114OK) was used. Reducing the cylindrical combustor
wall temperature to achieve additional margin results in additicnal
pressure drop (see Fig. 18)., Reducing the throat temperature produces
an even greater pressure drop, although a 100F (56K) reduction is
feasible. Higher pressure drops would occur with the 800 psia (5520
kN/M2) chamber pressure design, and for the purpose of comparison it

was decided to use the same wall temperatures for both cases.
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Nozzle Weight, pounds
(No Closeout or Backup Structure)
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Figure 17. Channel Configuration Comparison
Chamber Pressure = 500.psia
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Fabrication Evaluation

A brief study was conducted to determine the relative expense of manufact-
uring the different channel concepts. Table 8 describes the fabrication
process used as a basis for the evaluation., Processes directly affected
by the channel designs were evaluated in terms of required man hours and

included in the relative cost comparison.

TABIE 8

GROUND RULES FOR FABRICATION EVALUATION

+ Nickel 200 Thrust Chamber Blank

« Contour Machining to Inner/Outer Contours

o Machinery Set~Up

» Conventional Milling to Produce Coolant Channels
« Fill Channels with Wax

« Prepare Surface for Electroform

» Blectroform Nickel to Close Out Channels

» Remove Wax Filler

« Final Machining and Clean Up

A relative comparison of the costs of the various concepts may be found in
Table 9. The constant width, constant number of channels 1s cheapest but
also heaviest. The most expensive is fully tapered channels with branch-
ing. Branching is expensive because of the additional number of channels
required. Consequently, the most attractive designs from a fabrication
standpoint are the constant width and the step width designs. The step
designs will have a short taper transition section at the step to avoid
additional pressure drop and also to provide a predictable flow field in

this region.
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TABLE 9

REIATIVE FABRICATION COSTS
(Excluding Setup Time)

Concept Description Machining Electroform

Cost Cost
4 Constant Width Channels 50% 100%

3A One Step Variation in
Channel Width 100% 100%

3B Two Step Variation in
Channel Width 135% 100%

1 Two Branched Channels,
Tapered Width 500% 280%

5 Two Branched Channels,
Constant Width 320% 280%

HEAT EXCHANGER DESIGN

The auxiliary heat exchanger cycle uses a nozzle heat exchanger to provide
energy for the turbine working fluid (methane). Heat exchanger designs

were provided based on heating a methane flow sufficient for nominal thrust

turbine power.

Heat exchanger designs for this engine are described in Fig. 19 and 20.

To obtain 1960R (1090K) temperature, the heat exchanger occupies the nozzle from
an expansion ratio of 30 to the exit., Because of the small flows involved,

this heat exchanger has 0.040 inch (0.102 cm) channels., The main coolant
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would enter the nozzle at an expansion ratio of 30, signif icantly nearer
the throat than on the expander cycle., This results in a lower methane

temperature rise than in the Expander cycle and in different pressure
drops.

As the engire is throttled the heat exchanger cooling requirements rather
than turbine power define the heat exchanger flow required. This is
illustrated in Fig. 19 and 20, where the methane flow necessary to cool
the heat exchanger decreases at somewhat lesser rate than the engine
throttle ratio. The flow required to power the turbines decreases faster
than the throttle ratio. Excess flow bypasses the furbine and is ducted

into the injector to improve throttled performance.

THRUST CHAMBER DESIGNS

Thrust chamber cooling channels were designed using the two-step width
variation configuration and assuming Qm/Qp = 1,0, Primary emphasis

was placed on designs for the auxiliary heat exchanger and expander cycles
since they were appearing to be the most attractive. Cooling jacket
pressure drops and exit temperatures were calculated for the other drive
cycles and, except for the differences due to lower engine mixture ratio

and jacket pressure, were similar to the expander cycle thrust chamber

characteristics.

Channel characteristics for the auxiliary heat exchanger chamber are

in Table 10. The smallest channel width occurs in the heat exchanger

section with the throat width significantly larger at 500 psia (3450 kN/MZ)
pressure and slightly larger at 800 psia (5520 kN/Mz) wall temperature in
‘c.he throat and combustor are slightly lower than the maximum values in

anticipation of engine throttling (discussed in a following section).
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Thrust chamber designs for the expander cycle are described in Table 10,
Minimum channel widths are 0.072 inches (0.183 cm) at 500 psia (3450 kN/M%)
énd 0.042 inches (0.107 cm) at 800 psia (5520 kN/MZ). The methane enters
at the nozzle exit and flows toward the injector. ®Since there is less
methane cooling the thrust chamber than for the asuxiliary heat exchanger

cycle, the methane exit temperature rise is greater.

Perturbations of Operating Conditions

For the nominal thrust chamber designs the effects of throttle ratio, heat
flux level, inlet temperature, and thrust chamber mixture ratio were in-
vestigated. In the investigation pressure drop, exit temperature, and
critical wall temperature variations were described fof each of the cycles

and design points,

Auxiliary Heat Exchanger Cycle. Thrust chamber perturbations for the 800
psia (3520 kN/Mz) design were evaluated. The effect of throttle ratio is
shown in Fig. 21. Thrust chamber wall temperatures do not exceed 1700 F
(1200 X) over the 10:1 thrust range. The methane exit tempe;ature increases
some 400 F (222K) at the 10:1 throttled condition. Phase change will

occur in the cooling jacket at throttle ratios greater than about 1.5.

This phase change, however, occurs in regions of relatively low heat

flux and is not anticipated to be a heat transfer problem.

The overall heat flux level has a significant effect on thrust chamber
wall temperatures. The nominal heat flux profile (C]m/Q,p = 1,0) is
based on the boundary layer equation. Increasing the heat flux level
20-percent above this model results in wall temperatures which are
above the allowable value. This effect is mitigated somewhat by several

factors,
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First, as a safety margin, curvature enhancement has been ignored. Recent
square channel data have indicated throat cooling enhancements similar to
that in tubes. Thus, wall temperature margins of 100-200 F (55-110 K) are
aveilable in the throat region. Second, the channels can be artificially
roughened to provide additional thermel margin. A third factor would be the
flexibility associated with the channel design, in which channel height could

be reduced to increase cooling capability.

Some characteristics of the thrust chamber at higher heat flux values are
listed in Table 11, Both perturbations to the nominal design and cooling
channel redesign effects are shown. In addition to a Qm/Qp = 1.2 case,
the effect of a heat flux profile based on data taken under CGontract
NAS3-11191 was evaluated, It can be seen that for the higher heat flux
values, the 800 psia (5520 kﬂ/ﬁz) design involves either excessive wall
temperatures or, with redesign, very high pressure drops.

Inlet temperature and mixture ratio effects were evaluated. Mixture ratio
increase to 5.7 raised the throat wall temperatwre to 1790 F (1240 K) while
decreasing pressure drop slightly. Inlet temperature reduction reduced the

exit temperature correspondingly and gave a slight decrease in pressure drop.

Perturbation effects are similar for the 500 psia (3450 kN/mz) thrust chamber
design (Fig. 22). Phase-change occurs in the chanmels with about 10-percent

throttling, The lower heat flux levels associated with 500 psia (3450 kN/h?)
chamber pressure slightly diminish the magnitude of the perturbation effects.

Expander Cycle. Thrust chamber perturbations for the 500 psia (3450 kN/mZ)
are shown in Fig. 23, Throttling (Pigure 23) poses no heat transfer
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problem for this cycle since wall temperatures are below 1700 F (1200K).
Phase change will occur at throttle ratios greater than 2, with the

heat flux levels even less than in the auxiliary heat exchanger eycles,
since the phase change region is nearer the nozzle exit. An increase

in heat flux level results in increased wall temperatures. These
increases however, are slightly less than at 800 psia (5520 kN/MZ).
Chamber characteristics at higher heat fluxes are listed in Table 12,

As for the 800 psia (552O'kN/M2) auxilisry heat exchanger, thrust chamber
high wall temperatures result; channel redesigns, however, are more

ressonable,

In the 800 psia (5520 kaM2) expander cycle (Fig. 24), phase change
occurs at throttle ratios greaster than 3. Reasonable wall temperatures
can be maintained over the 10:1 range with the throttling range of 2 to 3
being the most severe. Other effects are similar to those discussed for
the 500 psia (3450 KN/M®) thrust chamber.
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TURBOPUMP DRIVE CYCLE ANALYSIS

Turbopump drive cycle candidates were defined snd evaluasted at the two selected
design points. Engine components capable of meeting the system requirements

were described for each drive cycle. Engine start and throttling were evaluated

and any operating restrictions imposed by the components or systems were identified.
A comparison of the drive cycle capability was made on the basis of performance,
development ease, system complexity and production ease. Both qualitative and
numerical rating comparisons were made. Two drive-cycle configurations were selected

at each design point for further investigation.

ENGINE REQUIREMENTS AND GROUND .RULES

The engine system operating requirements are listed below.

ENGINE OPERATING REQUIREMENTS

Nominal Thrust, 1b () 5000 (22200)
Environment Space
Mission Duration Long

Number of Starts 4-10
Operating Duration, sec ~500
Throttling 10/1

Engine systems were designed to meet these requirements.

The two previously selected design points were used for engine evaluation

Chamber Expansion Thrust Chamber
Pressure, 2 Area Mixture Ratio
sia (kN/m®) Ratio o/F
500 (3450) 60 5.25
800 (5520) 100 5,25
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The thrust chaember mixture rstio is thet of the hot combustion products flowing
through the chamber and nozzle. For topping cycles the thrust chamber and engine
mixture ratios are identical. In other drive cycles, the engine mixture ratio will

be lower than the thrust chamber mixture ratio.

Delivered thrust chamber performance was determined using a 94 percent
efficiency on the theoretical one-dimensional shifting equilibrium perform-
ance at normal boiling temperatures. This efficiency can rezdily be

attained with the 80 percent length bell nozzles used on the engires. For
topping cycles the delivered engine performance is the same as the thrust
chamber values. For the other cycles, in which turbine exhaust is ducted
overboard, the engine specific impulse is lower. The low turbine flow cycles
(i.e., gas generctor (A), thrust chamber tapo%f, and auxiliary heat exchanger)
had an assumed secondary thrust coefficient of l.5. This assumed value repre-—
sents a mean between the nozzle injection and auxiliary hozzle techniques for
turbine exhaust utilization. It was found that the system specific impulse

variation for the two methods was small.

CANDIDATE PUMP-TURBINE DRIVE CYCLES

The pump-turbine drive cycles which were investigated are shown in Table 13. As
can be seen, these cycles differ in the source of the turbine drive fluid and also
in the utilization of the turbine exhaust gases. Some of the cycle characteristics

are discussed in the following sections.

Gas Generator Cycle (A)

The gas generator cycle (A) utilizes small amounts of propellents tapped from the
main propellant feed system and combusted in a gas generator for turbine drive
fluid. The turbine drive gases expand through the turbine and are either injected

into the main nozzle or an suxiliary noszzle.

The gas generator cycle () has been used to power numerous existing engine systems
with & variety of propellant combinstions. Among these are the J-2 (02/H2), H-1
(OZ/Kerosene), and Titan II (N204/50—50).
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A preliminary engine balance for the gas generator (A) cycle is presented

in Table 14. The gas generator operates at a low mixture ratio (fuel rich)

to provide a turbine gas temperature which allows reasonable turbine materials and
speeds. The low performing turbine exhaust results in 0.5 percent decrease in
engine specific impulse. The turbine working fluid conteins both solid carbon
which may lead to turbine coking and hydrogen fluoride which may cause meterial

compatibility problems.

The turbine exhaust utilization techniques which appezr attractive for the gas
generator cycle (L) are the nozzle injection technique and the use of an auxiliary
nozzle. The nozzle injection technique utilizes the turbine exhaust gases by
choking them into the main nozzle at a point where the pressure of the main nozzle
and turbine exhaust gases are approximately equal. The injected gases produce
performance by expanding to the nozzle exit pressure. This technique provides a
well integrated propulsion system package with no thrust misalignment. When used
in conjunction with a system which throttles, the nozzle injection technique may
encounter pressure matching problems between the mainstream and turbine exhaust
gases. This occurs because the turbine exhaust pressure decreases more rapidly

than the nozzle wall pressure as the system is throttled.

The auxiliary nozzle technique utilizes a separate nozzle to expand the turbine
exhaust gases. It would be theoretically possible to expand the gases to the same
area ratic as the primary nozzle. This would be impractical, however, due to the
large size and weight of the auxiliary nozzle and would still give a specific
impulse loss due to the turbine gas temperature being lower than thet of the main

chamber.

The basic candidate gas generator cycle (A) uses gaseous methane obtained from the
cooling jacket exit for the gas generator. It is also possible to supply the gas
generator with liquid methane tapped from the main fuel duct. Comparison of engine
balance results indicate that the performance and operating parameters of the two

systems are nearly identical.
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TABLE 14

GAS GENERATOR CYCLE (A), THRUST CHAMBER TAPOFF

CYCLE ENGINE BALANCE

Chamber Pressure/Area Ratio, psia (kN/mz)
Engine Mixture Ratio, O/F

Engine Specific Impulse, sec (N-sec/kg)
Total Propellant Flowrate, lb/sec (Kg/ sec)
Secondary Mixture Ratio, O/ F

Turbine Flowrate, lb/sec (Kg/ sec)

Oxidizer Pump Discharge Pressure, psia (kN/mz)
Puel Pump Discharge Pressure, psia (kN/mz)

500/60 (3450)
5.073

397.4 (3894 )
12,58 (5.71)
0.3677

| 0.1029 (.0467)

631.5 (4350)
730.5 (5040)

800/100 (5520)
4.941
402,6
12,42
0.3224
0.1733 (.0786)
980.4  (6760)
1212.4 (8360)

(3945)
(5.63)

TABLE 15

OXIDIZER RICH {(GAS GENERATOR A)

Fuel Oxidizer
Rich Rich
Chamber Pressure, psia (kN/mZ) 500 (3450)| 500 (3450)
Gas Generator Mixture Ratio, O/F 0.3 100
Temperature, R (K) 1960  (1089)| 1960  (1089)
C* Ideal, fps (m/sec) 4220 (1286)1 2540  (T74)
Gas Composition (gm moles/100 gms)
¢ (Solid) 2.15 -
H, 3.85 -
F, - -
HF 1.0 0.25
Turbine Flow (PR = 16), 1b/sec (Kg/sec) 0.12  (.054)| 0.37  (.168)
Engine Specific Impulse, sec (N-sec/kg) 391 (3890)] 39 (3820)

5




The gaseous fuel GG supply system was retained for further analysis

and the liquid fuel GG supply system eliminated for the following reasons:
(1) the gaseous fuel GG supply system has a slightly higher fuel flowrate
available for regenerative cooling; (2) the gaseous fuel GG supply system
presents a less difficult gas generator injector design problem; and

(3) for throttleable systems the gas generator fuel supply flow control

would be simplified if the propellant were a gas.

Gas generator cycle systems have traditionally operated with fuel-rich
combustion in the gas generator thus eliminating the materials corrosion
problems which occur with oxidizer-rich gas generators. Use of an
oxidizer-rich gas generator would, however, eliminate solid carbon from
the exhaust products, as shown in Table 15. To obtain temperatures
comparable to the fuel-rich gas generators, the oxidizer-rich gas genera-
tor must have a mixture ratio of 100, Beczuse of the small fuel flowrate,
control of the flow and efficient combustion would be difficult. Although
no solid carbon is produced, a considerable amount of fluorine is available
and at this temperature would be extremely reactive. In addition, the
energy content of the fluid is lower than for a fuel-rich gas generator
and engine system performance would be degraded, as illustrated for the
gas generator (&) cycle in Table 15. A fuel-rich gas generator, therefore,

is used.

Thrust Chamber Tapoff Cycle

With the exception of a different turbine drive fluid source, the thrust
chamber tapoff cycle is similar to the gas generator cycle (). In

the thrust chamber tapoff cycle, combustion products are tapped from
the primary combustion chamber for use as turbine drive gases (Fig. 24).

This cycle, therefore, has a primary injector mixture ratio which is
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the same as the engine mixture ratio.

in Table 14,

A preliminary balance is shown

Performance, turbine working fluid, and low turbine flow characteris-

tics are identical to the gas generator (A).

The proper turbine

working fluid temperatures are cobtained through an experimental investi-

gation of tapoff port location.

The cycle is simpler than the gas

generator cycle since the auxiliary combustor with its attendant lines

and valves is eliminated.

Auxilisry Heat Exchanger Cycle

The auxiliary heat exchanger cycle differs from the gas generator

cycle (A) in that the turbines are driven by heated methane instead of

combustion gases.

the system is less complex and more easily controlled,

a clean non-corrosive working fluid,

Since only a single combustion process is involved

The methane is

Engine performance estimetes for

€= 100, 800 psia (5520 kN/hz) are shown in Table 16, Specific impulse
values at 500 psia (34507kN/m?), € = 60 are about one percent lower.

TABIE 16

AUXILIARY HEAT EXCHANGER ENGINE BALANCE

TURBINE TEMPERATURE, R (X)
MIXTURE RATIO, O/F

SPECIFIC IMPULSE, SEC (N-sec/kg)
PROPELLANT FILOW, LB/SEC(Kg/sec)
TURBINE FLOWRATE, IB/SEC(Kg/sec)

1160 (644)
4.426
397.6(3890)
12,57(5.70)
364 (.165)

1360 (756)
4,543

399,3(3910)
12.52(5.68)

1560 (867)
4,637

400.5(3925)
12,48(5.66)

.304(.138)

.258(.117)

1760 (978)
4,708

401.4 (3935
12.46(5.65)
225 (.102)

FLOX PUMP PRESSURE,
METHANE PUMP PRESSTRE,

980 psia (6760 kN/mz)
214 »sia (8370 kN/mZ)

7




Several system arrangements are possible for the auxiliary heat exchanger cycle
denending on the exact source of the hot methanes (1) methane tapped for the

thrust chamber cooling jacket, (2) methane from the tank heated in a heat exchanger,
and (3) methane tapped downstream of the pump heated in a heat exchanger.

In the first case the methane temperature is about 1160 R (644 K)

at the cooling jacket exit. In the next two cases, a portion of the

thrust chamber nozzle is used as a heat exchanger to obtain high methane
temperatures 1700 R (943 K) and increase engine performence, As can

be seen from Table 16 the performance of these two cycles is as much as

1 percent higher than where the methane is taken from the cooling jacket,

The nozzle heat exchanger cycle arrangement is, therefore, more attractive.

When fuel is obtained directly from the tank the turbine design is

highly dependent upon the pressure available in the fuel tank., The low
working fluid pressure will result in a turbine design which is relatively
large and heavy. For turbine designs which have a low exit pressure, a
diffuser would be required for testing at sea level. When turbine drive
fluid is obtained from the pump exit, the turbine design is similar to
that of the gas generator cycle (A) and this cycle arrangement was
selected,

Additional flow alternatives for the auxiliary heat exchanger cycle
are illustrated in Table 17. Their characteristics are described for
full thrust and 10/1 throttling with a constant engine mixture ratio.
Injection of the turbine exhaust into the main nozzle (No. 4-6) is
attractive from a packaging standpoint, however there are three

drawbackss

1. Thrust chamber complexity is increased since the gas must

be injected through slots in the lands.,

2, For throttled engines, injection must occur at € = 30
resulting in slight performance loss compared to an

auxiliary nozzle,

%, The turbine exhaust will cool the nozzle portion downstream
of the injection point necessitating a larger heat exchanger.
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TABLE 17
EFFECT OF SECONDARY FLOW UTILIZATION ON SYSTEM OPERATING CONDITIONS.

Thrust Chamber SBecondary Flow
MR Te w Is
— o 3 Rankin | 1p/5ec |Lbr-gec) Comitent
§§ {Kelvin)| ‘S8 sgg/kgj Auxiliary start system required,
15 Results for auxiliary nozzle
5.25 094, 10.30 163 larea ratio = 3.0.
L {687 (0:138) |(a587)
M) V10| 5.7 | 1540 [o.0a8 | 177
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Of the remaining alternatives, No. 2 is most attractive because of the

low secondary flow at throttled conditions and was used in the evaluations.

Gas Generstor Cycle (B)

The gas generator cycle (B) produces turbine drive fluid by combustion
of all the system fuel flow with a suitable amount of oxidizer in a
separate pre-combustor or gas generator, The combustion gases expand
through a low pressure ratio turbine and flow into the main combustion
chamber as shown in Figure 28, A small percentage (5 percent) of this
flow is bypassed around the turbine to ensure system control. The
principal advantage of this cycle is that all of the propellants are
expanded in the primary nozzle and the system does not have the perform-
ance loss associated with the secondary flow system of the gas generator
cycle (A). A further advantage is the fact that the engine and primary
mixture ratios are identical., A preliminary engine balance is shown in
Table 18 .

TABLE 18

GAS GENERATOR CYCIE (B) ENGINE BALANCE

Chember Pressure/Area Ratio (Kl/m) 500/60 (3450 /60) | 800/100 (5520/100)
Engire Mixture Ration, O/F 5025 5.25

Engine Specific Impulse, sec (N-sec/kg) 399.2 (3910) 405.9 (3980)
Total Propellant Flowrate, 1b/sec (Kg/sec) [12.52 (5.68) | 12.32 (5.59)
Precombustor Mixture Ratio, O/F « 3347 .2871

Turbine Flowrate, 1b/sec (Kg/sec) 2.541 (1.153) 2,409 (1,093)
Oxidizer Pump Discharge Pressure,psia(}dq/me)876.2 (6040) 1486.9 (102%0)
Fuel Pump Discharge Pressure, psia (kN/mZ) 989.6 (6820) 1694.9 (11690)
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Turbine working fluid and temperatures are similar to the gas generator
(A). Turbine coking and material compatibility may be problems. The
precombustor requires valves adding complexity to the system. In addition
in this topping-type cycle all feed system components are closely related
and under some circumstance the engine may be very sensitive to the

individual component designs.

Bxpander Cycle

In the expander cycle, fuel is heated in the regenerative cooling jacket,
flows through the turbine, and is injected into the primary combustion
chamber., A small percentage of the fuel (5%) bypasses the turbine to
ensure system control. Since a1l of the propellants are expanded in the
primry nozzle, this cycle has no secondary flow performance losses and
no engine to primary mixture ratio shift. The cycle is basically simple

and the methane provides a clean working fluid.

This fuel-powered cycle has previously been associated with the RL-10
hydrogen-fueled engine., Energy available for turbine power depends on
the temperature of the fuel coming out of the cooling jacket and the
specific heat of the fuel. Methane, like hydrogen, has sufficient

energy to power the turbine. However, the heat capacity of methane is
about one-third that of hydrogen and, at equal temperatures, the energy
potential per pourd of fuel will be substantially less than with hydrogen.
The temperatures associated with 'this FLOX/methane engine are, as shown
in the previous section, substantially' higher than for oxygen/hydrogen

engines and the energy is more than sufficient to provide turbine power,

Preliminary engine balances are shown in Table 19.
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TABLE 19

EXPANDER CYCLE ENGINE BALANCE

Chamber Pressure/Area Ratio (kﬂ/ﬁz)
Turbine Efficiency

Engine Mixture Ratio, O/F
Engine Specific Impulse, sec

(N-sec/kg)

Total Propellant Flowrate, lb/sec (Kg/sec)

Turbine Flowrate, lb/sec (Kg/sec)

Turbine Pressure Ratio

Oxidizer Pump Discharge Pressure, psia (kN/hZ)
Fuel Pump Discharge Pressure, psia (kN/mz)

500/60 (3450/60)

.5

5425
399.2(3910)
12.52(5.68)
1.904(.864)
1.500 '
631.5(4350)
1102.4(7600)

.6
5.25
399.2(3910)
12.52(5.68)
1.904(.864)
1.381
631.5(7350)

.7

5.25
399.2(3910)
12.52(5.68)
1.904(.864)
1,308

631 .5(4350)

1032.1(6820) ‘989.6(7120)

As in the gas generator (B) cycle the feed system components are inter-related,

A change in turbomachinery efficiency for exemple, while not affecting specific

impulse, will change the entire cycle pressure balance.

At some conditions

the engine balance may be sensitive and the engine design should incorporate

sufficient power margin to provide for potential component variations,

THROTTLING EVALUATION

The throttling capability of each of the pump~turbine power cycles was evalu-

ated, Considerstions were:

combustion chamber and in the gas generators,

required for thrust and mixture ratio control,

and  (4) performance losses due to a throttling regquirement.

is summarized in Table 20.
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(2) the control systems

(1) the use of throttling injectors in the main

(3) turbomachinery design,

The evaluation
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Throttline Injectors - Main Combustion Chamber

The goal of main combustion chamber injector design is: (1) to provide
high performance and stable operation and (2) to minimize injector
mwessure losses, It is uswally necessary to accept higher than desired
pressure losses in order to maintain perfomance and stability, The
design pressure drops for throttling injectors vary considerably with the
type of injector and the properties of the propellants mior to injection.

To provide a relatively simple injectoy while at the same time maintaining
reasonable pressure drops, a variety of concepts are available: (1) dual
manifold, (2) gas-gas injection, (3) recessed coaxial element, and

(4) oxidizer heating, DBach of these concepts has been experimentally
investigated with propellants other than FLOX/methane and shown to
function successfully. The net effect of these methods is to give
throttled pressure drops which are high enough to provide stable opera-
tion while full thrust pressure drops are relatively low. The dual
manifold approach is straight forward in application and is particularly
attractive for high throttle ratios. It involves more complex manifold
design and additional valves. Within the 10/1 throttling range the
recessed coaxial element approach is a most attractive design but must

be demonstrated for the FLOX/methane propellants,

The main injectors on all drive cycles appear capable of utilizing these
concepts and no significant difference was found between the drive cycles.
For the system evaluations nominal‘Afa/Ph design values of 0,40 and 0.25
were assumed for the fuel and oxidizer injectors respectively. With the
injector types discussed these values are sufficiently high to maintain

high performsnce and stable operation over the 10/1 throttled range.
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Turbine Throttling Requirements

As the engine is throttled, the turbine power requirements and, therefore,
the flow required decreases more rapidly than the thrust of the main
chamber. For 10:1 engine throttling, the required turbine flow decreases
by 20-30:1 for both the low-flow turbine drive cycles and the high~flow
turbine or topping cycles. The exact turbine flow variation depends upon
system pressure drops and pump inlet pressure. In the expander and thrust
chamber tapoff cycles, this large variation in turbine flow is controlled
with the turbine valves and does not affect the design of other components.

In the remaining cycles, the power source design can be materially affected.

Auxilisry Heat Exchanger. As the engine is throttled the primary design

requirement becomes maintenance of acceptable heat exchanger wall temp-
eratures rather than turbine power. An excess of heat exchanger flow
exists and bypasses the turbine to be dumped overboard or back into

the injector manifold (Table 17). The turbine valves must be designed
to maintain proper heat exchanger temperature as well as control turbine

power.

Gas Generator Cycle. The precombustor in the gas generator cycle (B)
must also be provided with a throttlesble injector. The throttiing
ratio of this injector is the same as the main combustion chamber
injector (i.e., approximately 10 to 1). It would be possible to use
the same injector concept in the precombustor as is used in the main
combugstion chamber. The problem with this concept is that the precom~-
bustor injector pressure losses are quite high since the precombustor

operates at a much higher pressure than the msin combustion chanber.
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Precombustor injector pressure drops shown equivalent in percent to the
main injector values result in pump discharge pressures which are
unacceptably high. The most promising concept for reducing these pressure
drops is the use of the dual manifold. Oxidizer and fuel injector pressure
drops equal to 20 percent of the precombustor pressure were used for the

dual manifold concept.

Gas Generator Cycle (A). The gas generator in the gas generator cycle (A)
is unique in that it must be capable of throttling ratios of 20-30/1 which
were felt to be beyond the capabilities of a fixed area injector. Two
concepts for reducing the gas generator injector throttling ratio were
considered. The first is the use of the dusl manifold concept and the
second is the use of a turbine bypass system. The dual manifold concept
was discussed for the gas generator cycle (B). The only difference for
the gas generator cycle (A) is that both the fuel and the oxidizer inlet
lines will require two control valves. The turbine bypass concept uses
fixed area injectors in the gas generator with a throttling capability

of approximately 10 to 1. For gas generator throttling greater than

10 to 1, the flowrate remains constant and the excess turbine drive gas

is bypassed around the turbine. This concept is attractive because it
both reduces the gas generator throttling ratio and relieves the gas
generator flow control problems. The turbine bypass concept has the
disadvantage of producing higher than the required secondary flowrate

at gas generator throttle ratios greater than 10 to 1. This gives a

slight engine specific impulse loss in the 10/1 throttled condition.
The engine bypass concept was used for the gas generator cycle (A)

because it requires fewer control valves than the dual manifold concept

and because it does not complicate the design of the gas generator.
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Thrust and Mixture Ratio Controls

Table 21 summarizes the control system considerations for a throttleable
engine. It is necessary to control mixture ratio during throttling
because the oxidizer and fuel feed systems do not behave in the same
manner., On the gas generator cycles the mixture ratio of both the engine
end the gas generator must be controlled. The following table lists the
number of control valves which must be operated simultaneously for each

cycles

TABLE 21

NUMBER OF CONTROLS REQUIRED FOR THROTTLING

Ges Generator (4)
Thrust Chamber Tapoff
Auxiliary Heat Exchanger

Gas Generator (B)

N OV W NN

Expander

In the thrust chamber tapoff cycle, an additional control valve may be
required to provide acceptable tapoff gas properties during throttling
since injector charscteristics may vary and affect gas properties at

the tapoff port.

In the suxiliary heat exchanger cycle, it was necessary to control the
heat exchanger flowrate during throttling. It was found that the required
heat exchanger flowrate for any given thrust level was always greater

than or equal to the required turbine flowrate at that thrust level. For
all conditions in which the required heat exchanger flowrate was greater
than the required turbine flowrate, the excess flow was bypassed around

the turbine.
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Turbomachinery

A1l of the 500 psia (3450 kN/mz) turbopump designs were capable of
throttling with the engine balance at 10 percent thrust being dependent
on pump inlet pressures. Differences were more significant at the

800 psia (5520 kN/mz) design point. The design values of pump discharge
pressure are higher due to increased injector pressure drops. The
higher pump discharge pressures result in a reduction in pump effic-

iencies and also a reduction in pump impeller tip widths.

At 800 psia (5520 kN/mz) the gas generator (B) and expander cycle fuel
punp designs are very sensitive to the pressure drop required for
throttling. With high injector pressure drops, the nominal design
discharge pressures exceed 2500 psia (15500 kN/mz) and the associated
impeller designs may be difficult to fabricate because of the small
tip width.

Performance

All pump-turbine power cycles will have a performance loss during
throttling due to increased drag and kinetics losses in the nozzle.

Combustion losses usually also increase during throttling.

In the gas generator (B) and expander cycles, a throttling requirement
does not result in any performance losses other than those discussed
above. A throttling requirement does, however, produce additional per-
formance losses in the low turbine flow cycles. The increased injector
pressure drop requirements result in higher pump discharge pressure and,
therefore, higher turbine flow requirements. The resulting cycle losses

produce a decrease in engine specific impulse. At a chamber pressure of
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800 psia (55.2 kN/mZ) the full thrust engine specific impulse due to a
throttling requirement is 0.2 percent for the gas generator (4) and
thrust chamber tapoff cycles and 0.3 percent for the auxiliary heat
exchanger cycle.

In the thrust chamber tapoff and auxiliary heat exchanger cycles, the
cycle losses decrease as the engine is throttled. This occurs because
the pump power requirements (and, therefore, the turbine flow require-
ments) decrease much more rapidly than the thrust level. In the gas
generator cycle losses will increase as the engine is throttled. This
occurs because of the turbine bypass system used to limit gas generator
throttling.
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CONTROL SYSTEM SELECTION

An engine control system selection study was conducted to establish the most
favorable control configuration for each of the candidate turbine arrange-
ments and turbine drive cycles. The results of this study provided the basic
control system configuration for each of the candidate cycles and provided a
relative comparison of the turbine arrangements and drive cycles, based upon

control system considerations.

Ground Rules

Ground rules that apply to the control system and start system are summarized
below.

1. Multiple start capability (4 or more)

2. Unspecified minimum time between restarts

3. Moderate start and cutoff time requirements

4. All configurations have engine mounted shutoff

valves upstream of pumps.

Additional engine control system features were also established prior to select-
ing the control system for each candidate cycle. The oxidizer pump seal package
design requires that a helium purge be used between the shaft riding intermediate
seals during operation. This purge should be activated whenever propellants were
on either side of the seal to preclude any inter-seal leakage during start pr
cutoff procedures. An oxidizer system purge during the fuel lead and lag por-
‘tions of the start and cutoff transients is used to eliminate the possibility
of contaminates in the oxidizer system and to prevent the fuel from flowing back

through the oxidizer side.

During engine start a fuel lead is assumed since the fuel side (including cool-

ing jacket) primes slower than the oxidizer side. This will assure adequate cool-
ing conditions in the jacket at ignition and will avoid large thrust chamber mixture
ratio excursions during the start transient. Since the pumps are to be cooled and
lubricated with the respective propellants, it was considered necessary that the

propellants be admitted to the pumps (main valves opened) before rotation of the

91



pumps., This will eliminate the possibility of scuffing the passivation film

in the oxidizer pump and the possible damage to the face riding seals.

Engine throttling has also been included as a system feature to provide greater
flexibility in mission applications. Engine mixture ratio control must alsoc be .
provided in conjunction with the wvariable thrust control feature. A4s the engine
throttles, relative changes in fuel and oxidizer pump power requirements must

be compensated for with a mixture ratio control system to maintain a constant
engine mixture ratio and assure simultaneous depletion of the on-board propellants.
It is also desirable to be able to start the engine to any thrust level within

the throttle range.

Start System

Engine start methods were reviewed. The tank head start method is the simplest
and most attractive of the methods considered and was selected as a basis of
engine comparison. Should more rapid priming and preconditioning be needed, a

pneumatic power source could be used for the low flow turbine cycles,

Control System -~ Single Turbine

Por the single turbine arrangement control systems are described in Pig. 25 .

A variable area FLOX valve is used for mixture ratio controi in start and throttl-
ing. Bypass and shutoff valves in the turbine line are used %0 control power.
During start the turbine is isolated from the fuel lead to prevent FLOX pump ro-
tation until the bearings and seals are wet and to allow FLOX line purge during
the fuel lead. The turbine inlet valve is indicated to assure turbine isolation.
The control characteristics of the single turbine are summarized in Table 23 ,

The methane side will thermally condition and prime using the tank pressure alone,

Thermal conditioning times may be 5 to 20 seconds, depending upon initial engine

temperatures and tank pressures.

Control System — Dual Turbines, Series and Parallel

Start and cutoff sequences of single and dual turbine are compared in Fig. 26.

Since the single turbine must be isolated during portions of the start, the fuel
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system must prime using only tank head. In the dusl shaft arrangement, the
fuel turbine is not isclated and provides pump power to assist in priming.
Thus, the priming and preconditioning times would be shorter with less pro-

pellant loss during start.

The resulting control systems for parallel and series turbines are shown in

Fig. 27 and 28. Control components are summarized in Table 24.

PUMP CONFIGURATION EVALUATION

Pump configurations were evaluated for each drive cycle, turbomachinery arrange-
ment and design point. An approach was used in which pump design limits were
imposed upon a parametric description of pump characteristics. Individual pumps
could then be specified for any engine configuration. Pump efficiencies were

estimated for the small pump sizes.
For the specific speed range required for these engine cycles, shrouded centri-
fugal impeller pumps are most appropriate. This configuration will produce

relatively high efficiency and be reasonable to manufacture.

Pump Design Criteria

A study was conducted to define and specify pump design parameter limits for
the parametric analysis of FLOX/methane engine systems. Limits were estab-
lished based upon present technology (1970) as represented by current 12 GPM
fluorine pump design (NAS3-12022) and the projected technology obtainable with
a five-year development program (1975). Table 25 summarizes the pump design

limits which were established.
The pump design limits for methane were based upon present designs operating

in RP~1 fuel. Problems and failures in RP-1 fuel are minimal and, therefore,

these designs are conservative with significant growth potential.
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TABLE 25
PUMP DESIGN LIMITS

FLOX Methane
1970 1975 1970 1975
) -6

Bearing DN x 10 ’
moerpn (mmerad/s)’ 0.75(0.078) | 1.0(.105) | 1,2(.126) | 1.8(.188)
Seal Speed, fps (m/s) 180 (55) 250 (76) | 250 (76) | 400 (122)
Diameter Ratio 0.8 Max.
Wear Ring Clearance, inches (cm) 0.003 Radial (.0076)
Impeller Tip Width, inches (cm) 0.030 to 0.070 (.076 to .178)
Suction Specific Speed,
rom(gpm)0+5 [ rad(f/min)05 30,000 (14868)
£40.75 sec mQ- 15

Bearing DN - FLOX Pump. The fluorine pump of Ref. 4 is designed for a DN of 0.75

X 106 mm=-rpm (0.078 mm-rad/sec). Values of DN in this range have recently been
reported., Consequently, the value of 0.75 x 106 mm rpm (0,078 x 106 mm»rad/sec)
is legitimate state-of-the-art. A value of 1,0 x 106 mom~rpm (0,105 x 106 mm-rad/sec)

was selected as a limit for 1975 as a reasonable projection from current technology.

Seal Rubbing Speed - FLOX Pump. Seals utilizing aluminum oxide against titanium

carbide cermet with a nickel binder running at speeds up to 183 fps (56 m/s) have
been reported (Ref. 9)., This value is currently being used in the fluorine pump
design of Ref. 4, A 1970 FLOX pump seal speed limit of 180 fps (55 m/s) was se-
lected for the parametric study. The 1975 FLOX pump seal speed limit was estimated
as 250 fps (76 m/s). This value was based upon a reasonably expected advancement
in technology.

Diameter Ratio. As in all centrifugal pump designs, the ratio of the impeller

eye diameter to the impeller tip diameter should be below 0.8.

Minimum Wear Ring Clearance. Rocketdyne pumps have been designed with approxi-

mately 0,003 inches (0,0076 cm) radial wear ring clearsnce., This avpears to be about
the minimum that can be held, considering stackup tolerances and bearing looseness,

Axial movement should not be a problem with only shrouded impellers being considered.
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Tmpeller Tip Width, With the low flowrates and small sizes which will be en-

countered in this study, it is possible that the desired impeller configuration
will be impossible to make, consequently the impeller tip width of the candi-
date designs will be checked against various manufacturing techniques to verify
fabrication feasibility. It is estimated that minimum tip width is between
0.030 and 0.070-inch (0.076~0.178 cm).

Suction Specific Speed. Suction specific speeds of 23,000 in fluorine have
been reported (Ref. 10). Due to the small size of these pumps, a limiting

suction specific speed of 30,000 was estimated for use in the parametric study.

Pump Efficiency Prediction

The thrust level of the engine system requires propellant pumps which are small
relative to most current pumps. Efficiency estimates for these small-size pumps
for use in engine system evaluation studies require adjustment from the large pump

efficiency data usually used.

The scaling of large pumps of known performance to a small size does not usually
produce a pump of similar performance. Two of the major reasons for this are the
impeller wear ring clearances and the relative roughness of the fluid passage walls,
both of which increase in the small sizes. The wear ring clearance increases leak=-
age losses while the relative roughness increases the fluid friction losses. This
increase in losses requires a downward adjustment of the pump efficiency estimates.

These adjustments were made assuming an impeller of about one-inch diameter.

The adjusted curve along with the conventional large pump curve is shown in

Fig. 29 . It can be seen in this figure that the adjusted small pump curve

agrees very well with efficiencies computed from an Airesearch curve from Ref, 11
and the information  taken from Ref. 12, The Hydraulic Institute, Byron Jackson,
and Moody adjustments are all based upon adjusting the ratio of the total relative
losses by the ratio of the impeller diameter raised to some power. It can be seen
that the small pump curve also agrees reasonably well with these scaling methods

except possibly at very low specific speeds.
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The "small pump® curve of pump efficiency versus specific speed is used to es-

timate PLOX and methane pump efficiencies for the parametric studies.

Pump Operating Limit Curves

Pump efficiency versus pump speed was plotted for an engine mixture ratio of

5.25 and a series of pump discharge pressures. These are presented in Fig. 30

for one-stage FLOX pumps and for one~ and two-stage methane pumps in Fig., 31 and
32 Cross-plotted on these curves are the seal speed, bearing DN, and impeller

diameter ratio limit regions identified in Table 25 . The limits are plotted as

regions due to variations in the mechanical design of the fturbopump.

These curves were used in selecting the operating speed of pumps being evaluvated
for the requirements of the various engine cycles and chamber pressures. For a
given pump discharge pressure requirement, the pump speed and efficiency were se-

lected to be near the left hand or most conservative boundary.

At high discharge pressures, single-stage pump efficiency decreases as can be
seen in Fig. 31. Where +the efficiency difference was significant,

two-stage methane pumps were selected. OQOne-stage FLOX pumps were used throughout
because discharge pressures were relatively low and to avoid the increased poten-

tial rubbing surface of the two~stage pumps,

Methane-cooled bearings for the FLOX pump were briefly considered but, as can be
seen in Fig. 30 , the FLOX seal speed is as limiting as the bearing DN. There
would be no advantage in pump speed and the increased overhang required to incor-
porate the seal package between the FLOX pump, and a methane bearing presents a

potential rubbing problem., FLOX cooling bearings were, therefore, selected for
the FLOX pump.

Pump Design
Pumps were defined for each engine configuration using the parametric curves.

The FLOX pumps were all single stage. Shaft size and thus bearing and seal dia-

meter increased with higher discharge pressure. To maintain consistent DN and

103



Pump Efficiency, 7/ percent

64 -

60

56

52

48

44

40

36

Diameter
Ratio = 0.8

3

Discharge
Pressure, 2
psia (kN/m )

500 (3450)
S 150 (4825)

A0 N\ DT X 1000 (6895)

P 1250 (10%350)
/ 1500 (10350)
/ 2000 (13790)

Bearing DNc ~ 0.7 x 106

Seal Speed -~ 180 fps (55 m sec)

1 Stage
MR = 5025

rad/sec x 1072

20 30

Figure 30.

Pump Speed, rpm x .10-3

Flox Pump Efficiency and Operating Limits

104




Pump Efficiency, 7 percent
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Figure 31. CH4 Pump Efficiency and Operating Limits
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Pump Efficiency, 7 percent
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seal speed values, rotating speed was decreased as discharge pressure increased.
The FLOX pumps operated at 50,000 rpm (5230 rad/sec) for low discharge pressures
and at 40,000 rpm (4190 rad/sec) for high discharge pressures. Bearing DN and
seal speed values were the same for all PLOX pumps. The NPSP values required
were 12 to 17 psia (0.83 to 1.17 kN/n).

Methane pumps were sized in a similar manner with the seal speed values of 250
fps (76 m/s) predominating and a bedring DN (slightly lower than the selected
design limit value. The low turbine flow cycles at 500 psia (34.5 kN/mz) used
one-stage methane pumps. Two-stage methane pumps were used for the other con-
figurations. In dual shaft and gear-driven configurations, the methane pumps
operated at speeds of 70,000 to 80,000 rpm (7310 to 8360 rad/sec) with the

higher discharge pressure pumps at the lower speed to maintain consistent seal
speeds. In the single-shaft pump arrangement, the methane pump operated at

the FLOX pump speed. NPSP values required were around 5 psia (0.35 kN/mZ).

Design Differences. The resulting pump designs all reflect the same bearing

and seal technology. Differences appear, however, in the impeller and the
inducer of the methane pumps. At high discharge pressures, the impeller tip
width becomes quite small. Values of 0.035-inch (0.089 cm) (recirculation not
included) and lower are required. These are encountered in the expander and
gas generator (B) cycles, particularly in the single shaft arrangements. Some
fabrication difficulty would be involved relative to lower pressure pumps with
tip widths in the 0.060-inch (0.15 cm) range. In the methane pump on the
single-shaft arrangement, the inducer is built around the drive shaft. Within
this annulus the inducer blades become quite small and may cause fabrication

difficulty or inlet performance degradation.

TURBINE ARRANGEMENTS

A series of turbine arrangements were investigated to establish the best con-
figuration for each drive c¢ycle. For each arrangement, turbines were analyzed

and the design giving the best performance was selected. Preliminary design
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sketches were made to assess design problems. Turbine operating temperatures
were varied and a design value was selected based upon performance and develop-
ment ease. Turbine coking, a potential problem with turbines using FLOX/
methane combustion products, was investigated. Assessing performance, develop-
ment ease, and the operaticnal aspects described previously, turbomachinery

arrangements are recommended.

Candidate Arrangements

Pour turbine-pump arrangements were considered as shown in Fig. 23.

Single-Shaft Pumps Back-to-Back. This configuration offers advantages such

as: a) the total horsepower of both pumps being developed in one turbine
allows a more desirable turbine design; b) it is not overly complicated with
either gearing or control problems. This configuration does penalize the

methane pump efficiency, as the speed is limited by the FLOX seal and/or bearing.

Single Turbine Gear-Driven. The gear-driven configuration has the advantage

of developing the total horsepower of both pumps in a single turbine. Both
the pumps and the turbine can be operated at the most desirable speed and
provide good suction characteristics. The additional bearings and gears result

in increased turbomachinery complexity.

Dual Shaft with Turbines in Series or in Parallel. As in the single-geared

pump this configuration minimizes suction performance problems and allows each
pump to operate at its most desirable speed. Chances of catastrophic failure

are minimized by isolating each propellant in its own machine.

Turbine Design Criteria

One of the major turbine design goals is high efficiency. The turbine effi-
ciency which can be attained is closely related to the isentropic velocity

ratio, which is the ratio of the pitch velocity (U) to the isentropic spouting
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velocity (Co)e For high pressure ratio stages such as used in the gas generator
(A) cycle, the isentropic spouting velocity is supersonic. Correspondingly high
pitch line velocity is required to operate at acceptable turbine efficiency.

Low pressure ratio turbine designs used in the gas generator (B) and expander
cycles generally operate below the critical pressure ratio and require lower
pitch line velocities than the gas generator (A) type cycles tc produce high
efficiency.

From consideration of stress, fabrication, and testing certain limits were
placed on the turbine design. Centrifugal stress provided an upper bound on
pitch diameter, rotating speed and blade height. As a simplified bound on the
turbine stress, a maximum tip speed of 1500 fps (457 m/s) was used for material
temperatures below 1500 F (1090K). Preliminary layouts of turbomachinery con-
figurations indicate that because of bearing and seal package size, turbine
piteh diameters will have minimum size limits. A lower limit on pitch diameter
of 2.0-inch (5.08 cm) was established. Turbine blade heights can become very
small for this low thrust level. To promote ease of fabrication and to dimin-
ish the effect of gas leakage on efficiency, blade heights of 0.15-inch (0.38
cm) were judged to be a lower limit. On the low turbine flow drive cycles in
which the gases are dumped overboard, turbine development can be facilitated

by limiting the turbine discharge pressure to values greater .than 14.7 psia
(101 x N/hz). Therefore, outlet pressure in the 20 psia (138 k NVﬁZ) range

were used.
Turbines

Turbines were analyzed and defined to match the pump power and speed require-
ments. A variety of turbines were analyzed for each engine configuration. In
this analysis single-row impulse and two-row velocity-compounded turbines were
considered. For the low flow turbines, both pressure ratio and turbine type
were considered. The turbine operating conditions were selected to minimize
the w eight flow necessary to provide the required pump power. In the high flow
cycles [expander and gas generator (B)], both turbine types were considered and
the pressure ratio was adjusted to give the required pump horsepower. Result-

ing turbine efficiencies are described below.
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Representative Turbine Efficiency
Chamber Low Flow Topping or
Pressure, > Turbines High Flow
psia (kN/m%) Turbines
500 (3450) 0.4 - 0.5 0.45~ 0.65
800 (5520) 0.45- 0,55 0.55~ 0,65

The low flow turbines Lused in gas generator (A)], thrust chamber tapoff,
and auxiliary heat exchanger cycles, generally had two-row turbines, while
the topping cycle turbines for the most part used single-row turbines. For
most of the engines, sbme amount of partial admission was used to give high

turbine performance.

Turbine Inlet Temperature

The effect of turbine inlet temperature on engine performance was investigated,
For the expander cycle, the turbine inlet temperature was the thrust chamber
cooling jacket exit temperature, The temperatures (and the pressure drops
associated with them) were based upon the thrust chamber heat transfer analyses

described previously with Qm/Qp = 1.0. Increases in the heat flux levels could
increase both temperature and pressure drop.

For the auxiliary heat exchanger, the effect of turbine inlet temperature on

performance and the temperature available from a nozzle heat exchanger are shown
"in Pig. 34 . The methane temperature was restricted to below 1960R ({1090K)

to avoid coking. A turbine inlet temperature of 1860R (1030K) was selected.

In the remaining cycles which use FLOX/CH4 combustion products, turbine inlet
temperature is governed by the mixture ratio of the two propellants. For the
gas generator (A) cycle, the effect of inlet temperature on performance and the
gas generator mixture ratio are shown in Fig. 35 , The same curves are also
representative of the thrust chamber tapoff cycle, where the mixture ratio would

be that of the gases tapped from the main combustion chamber., A turbine inlet

temperature of 1960R was selected,
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In the gas generator (B) cycle, engine performance is unaffected by the tur-
bine temperature. However, turbine pressure ratio, and therefore pump dis-
charge pressure, is affected. As gas generator mixture ratio is decreased,
both turbine temperature and the available turbine flow are diminished. This
requires higher turbine pressure ratios and, in turn, higher pump discharge

pressures. A temperature of 1960 R (1090K) was selected.

Turbine Nozzle Coking

Based on experience with LOX/RP-1 engines, turbine coking appears to be a
potential problem which could have a major effect upon a development program.
Typical of the decrease in turbine nozzle area with LOX/RP is that which occurs
with the F-1 engine turbine, as shown in Fig. 36. At 1500 F (1090K) the tur~
bine nozzle area decreases by 9-percent over a 125-second firing. Since the
FLOX/CH4 turbines are considerably smaller and longer firing times (~ 500 sec)

are anticipated, these carbon deposition rates would be totally unacceptable.

By comparing the solid carbon concentration in FLOX/CH4 combustion products at

a given temperature with the concentration in LOX/RP products, turbine data were
scaled to givé an estimate of carbon deposition that might be encountered. These
-are shown in Fig. 37. Comparing these with the turbine nozzle sizes expected
for the FLOX/CH4 engine indicates that the nozzle area reduction would be very
severe, as shown in Fig. 38. The temperatures could be raised above 1800 F
(1250K) and the deposition reduced at the expense of developing a high tempera~
ture turbine. Temperature could be lowered with the possibility of producing
soft carbon; however, performance losses or pump discharge pressure increases
are significant. A third alternative would be to reduce the F2 concentration

in the FLOX to reduce carbon concentration. This would result in significant

performance losses, as shown in Table 26 and the carbon reduction is slight.

From these considerations, turbine inlet temperatures were selected. For the
turbines using FLOX/CH4 combustion products, the selected temperatures avoid
the use of high temperature turbines, however turbine coking remains as a major

development problem.
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TABLE 26
EFFECT OF FLOX CONCENTRATION
(Gas Generator Mixture Ratio 0.3 0.3
Gas Generator Temperature, R (X) 1880 (1044 ) 1887 (1048)
Percent Fz 70 82.5
Carbon Concentration 1.59 1.63

(gm moles/100 gms)

Theoretical Thrust Chambex

Specific Impulse (MR = 5.25), sec 421 (4130) 428 (4200)
(N-sec/kg)
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Turbomachinery Design Evaluation

Figures 39 through 42 present preliminary conceptual layouts of the three
different turbopump arrangements being considered. These layouts were made
to assess the physical and mechanical limitations and problems associated

with the various arrangements and are full size.

Dual shaft configurations are shown in Fig. 39 and 40 . Figure 39 presents

a FLOX pump with FLOX-lubricated bearings, and a seal package containing a

face riding seal, a purged intermediate shaft riding seal, and a face riding

hot gas seal, The cavities between the two face riders and the shaft seal

are drained. The face riding seals ride on the inner bearing race and on the
turbine wheel so that the turbine overhang could be reduced, Figure 40 pre-
sents a two-stage methane pump with methane-lubricated bearings. This pump runs
at about twice the speed of the PLOX pump.

Figure 41 presents a geared arrangement of pumps designed to meet the same
requirements as the previous designs. All bearings, gears and seals run in
methane with the exception of one FLOX-lubricated bearing and the primary FLOX
seal., The FLOX-lubricated bearing reduces the FLOX pump overhang without com-
promising the FLOX pump speed. A single-stage methane pump is shown for compari-
son with the two-stage version in Fig. 42 ., The advantage of the geared arrange-
ment is that all the horsepower is produced in one turbine, thus improving the
turbine design. This improvement must be weighed against the disadvantage of

gears, gearcase, and additional bearings and side loads.

A single shaft arrangement running at the FLOX pump seal speed limit is shown

in Fig. 42 . The bearings are methane lubricated. The long axial stackup and
high torque transmission require a relatively large shaft which may introduce
critical speed problems. The methane inducer inlet and turbine design are com-
promised in this arrangement because of the large shaft and the low speed, re-

spectively.,
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Turbomachinery Arrangement Selection

Design features, performance, and potential development features of the

turbomachinery arrangements for each drive cycle are described in Tables

27 to 34 . Selected arrangements are indicated with an asterisk.

In

general, the single shaft turbopump penalizes the methane pump and turbine

efficiencies by forcing them to run at slower, FLOX pump, speed,, This leads

to small impeller discharge widths for the methane pump, which increases fab-

rication difficulty. This large shaft makes the methane pump inducer

have

rather small blades which, with reasonable clearance values, may tompromise

suction performance,

Associated with these is the start sequence limitation in which long thermal
conditioning times are anticipated, because power application to the methane
pump must be delayed until FLOX pump power is also desired. The single-shaft

arrangement failed to appear attractive for any of the drive cycles,

The gear drive and dual turbine arrangements were attractive in that each pump

can operate at its own speed and higher efficiency can be attained.

dual turbine series flow and the gear-driven arrangements use &8ll the
flow and turbine nozzles are, therefore, slightly larger than for the
flow, dual-turbine arrangement., The gear-driven arrangements have an
control valve, three gears, extra methane bearings and seals, and the
lubrication system. This is offset in the dual turbine system by the
bearing and turbine. The parallel flow turbines can in many cases be

tical.

Both the

turbine
parallel
extra FLOX
associated

extra FLOX
made iden-—

The dual turbine arrangements, particularly the parallel flow arrangement, are

independent in operation and are, therefore, more flexible for development tests,

engine system start and throttling. In the early phases of start, for example,

the methane turbine can be powered while the FLOX turbopump is inoperative, The

povwer input to the methane pump materially assists in reducing the methane side

priming time,

From these considerations the dual turbine arrangements were selected for all

drive cycles.
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DRIVE CYCLE SELECTION

A comparison of candidate drive cycle features was first made on a qualita-
tive basis. Then a numerical rating system was devised and used to make a

selection of two drive cycles at each design point.

Engine descriptions for the candidate drive cycles are given in Tables 35 and
36. For both design points the expander and gas generator (B) cycles have the
highest specific impulse. Gas generator (B) performance is somewhat reduced
by the high engine weight. The remaining drive cycles have specific impulse
values about 4 seconds lower. The pumps operate at the same design values of
DN and seal speed except for the 500 psia (3450 kN/mz) FLOX pumps which,
except in the gas generator (B) cycle, operate at a lower speed to provide
more acceptable impeller geometry. In the 800 psia (552OkN/m2) topping cycles
(expander and gas generator (B), impeller tip width is small and fabrication

may be more difficult than for the other cycles.

In’the turbine area, the topping cycles have the fewer turbine wheels. Blades
heights are essentially the same, but the topping cycles have slightly larger
turbine nozzles. The expander cycle has a lower turbine operating temperature

at full thrust than the other cycles.

Drive cycle development problems are summarized in Table 37. Designations used

in the table are:

NA -~ ©Not applicable.
A - Normal development item.
B -~ Minor development problem. Small technical risk due to fabrication
or sensitivity with component modification possible.
¢ - Significant development problem; moderate technical risk with system
redesign possible.
D =~ Potential major development problem; considerable technical risk

with configuration change or program delay possible.
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The single most significant potential problem is that of turbine nozzle coking
in the cycles using FLOX/methane combustion products to power the turbines:

gas generator (A), gas generator (B), and thrust chamber tapoff. As indicated
previously in the small turbine flow passages, coking could severely reduce tur-
bine performance and represents a significant potential development problem.

The next most significant item is the control of the small amounts of hot, cor-
rosive gas in the FLOX/methane powered turbine cycles. Of all the drive cycles,
the auxiliary heat exchanger appears to have the fewest development problems,
with the expander cycle being slightly more difficult. The minor development
problems indicated for the expander cycle are largely due to the engine bal-
ance sensitivity at the 800 psia (5520 kN/mz) chamber pressure described in

the following section. This sensitivity is greatly diminished at the 500 psia
(3450 kN/m°) design point.

The performance of the drive cycles is directly related to the characteristics
of the engine components. Some cycles are more sensitive to these component
variations than others. With these cycles potential development problems exist
since a small variation in one component could significantly affect the entire
engine. For the drive cycle candidates, a series of compoment characteristic
variations were assumed. Using exchange factors, these variations were related
to changes in pump discharge pressure or to specific impulsé. These are
described in Tables 38 and 39. At the high chamber pressure, it can be seen
that both the gas generator (B) and the expander cycle pump discharge pressures
are very sensitive, particularly to injector pressure drop increase and turbine
efficiency decrease. The pump pressure for the remaining cycles is not as
sensitive, however engine specific impulse is sensitive to component variations.

At the low chamber pressure all systems are less sensitive.

The components, lines, valves and manifolds associated with the drive cycles
are summarized in Table 40 to give an indication of system complexity. The
expander cycle is the simplest of all the cycles, while the gas generator (B)

engine is the most complex.
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TABLE 40

DRIVE CYCLE COMPLEXITY

DRIVE CYCLE
COMPONENT

HEAT
EXCHANGER

EXPANDER

AUXILIARY | GAS
GENERATOR

A

THRUST
CHAMBER
TAPOFF

GAS
GENERATOR
B

1.
2.
3.
4.
5,
6.

Te
8.

9.
10.
11.
12.
13.
14.
15.
16.
17.
18,
19.
20.

Main Valves

Control Valves

Thrust Chamber

Main Injector

Gas Generator Body

Gas Generator Injector
Heat Exchanger

Tapoff

High Pressure Ducts
Low Pressure Ducts
High Pressure Manifolds
Low Pressure Manifolds
Turbopump Body
Pump-Impellers

Pump Bearings/Seals
Purge Lines/Valves
Seal Drains

Turbine Wheels

Gimbal

Actuators

I o\ I
o N

= |

1 & o0
DO LV AW = W o U

NN W WP

o O e N

I LY S C AR IR U R VR LR R A ¢ -

IR H NN

(ST A Y. T B B G R VIR o R A BN LR

I I LG

13

RNOHORD W AN W

Total Subcomponents

44 52

56

49

57
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Engine System Comparison Ratings

Based on the previous system and turbomachinery analyses, the candidate turbo-
machinery arrangements and drive-cycles were compared to arrive at recommended
engine system configurations. To assist in these comparisons a rating system
was used. The ratings combined the multitude of engine design features into
four comparison factors (with 100 being the best value): performance, develop-
ment ease; reliability and production ease. These factors can then be weighed

relative to each other and an overall comparison be determined.

Engine Performance. The primary factor in the performance rating was the
engine specific impulse, which combined the thrust chamber performance at
94-percent efficiency with the cycle losses and turbomachinery leakage. System
weights were evaluated inecluding engine weight and tankage weights. Variation
in the latter weights were due to differences in engine mixture ratio and NPSH
requirements. Weight differences between cycles were converted into an equiva-
lent specific impulse difference using an exchange factor of 15 pounds of
hardware per second of specific impulse. This was added to the engine per-

formance to give an effective specific impulse.

Rating of this effective specific impulse was made with the maximum value
receiving 100 points and lesser values evaluated at one point per second of
effective specific impulse. For a typical mission, the entire range of speci-
fic impulse represents a variation in payload of 170 pounds (77 kg) out of a
total of 8000 (3630 kg). The ratings are presented in Table 41.

Engine Development Ease. From consideration of the design features of both

the turbomachinery arrangements and the drive cycles, certain development prob-
lems were identified. Considering these problems, their significance, and the
usual items in a development program, a rating describing the ease of develop-
ment was determined. Using this approach, the relative ease of development of
the various engine configurations is shown in Table 42. As shown, the auxiliary
heét exchanger cycle is the easiest engine to develop. It is followed in ease

of development by the expander cycle.
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TABLE 41

DRIVE CYCLE PERFORMANCE RATING

DRIVE CYCLE AUXTILIARY GAS THRUST GAS
CHAMBER EXPANDER HEAT GENERATOR CHAMBER GENERATOR
PRESSURE EXCHANGER A TAPOFF B

500 PSIA 93 89 90 90 92

(3450 N/m2)
800 PSIA 100 9, 95 95 99
(5520k N/m%)
TABIE L2
ENGINE SYSTEM DEVELOPMENT EASE RANKING

DRIVE CYCLE AUXILIARY GAS THRUST GAS
CHAMBER EXPANDER HEAT GENERATOR CHAMBER GENERATCR
PRESSURE EXCHANGER A TAPOFF B

500 PSIA T 87 6L 62 L2

(3450k N/m2)

800 PSIA 63 79 51, 53 33

(5520k N/m?)
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Engine System Reliability. Engine system reliability was evaluated on a rela-

tive basis by examination of the subcomponents associated with major engine
components. For each subcomponent, the number, the operating environment
(temperature, pressure, fluid), and the number of operations were used in
assigning a rating. These subcomponent ratings were then summed to give an
indication of the relative reliability of the engine systems. This is shown
in Table 43. The auxiliary heat exchanger and expander cycles rate highest

in reliability.

Engine System Production. A rating of engine production was made to give an
evaluation of the relative ease of production once the engine system had been
developed. Production ease ratings are given in Table 44. The expander cycle

rates highest, due primerily to the small number of components to be fabricated.

Drive Cycle Selection

Ratings for all the drive cycles are summarized in Tables 45 and 46. Based
upon these ratings, the methane-powered expander and the auxiliary heat

exchanger cycles were selected for further investigation.

At 500 psia (3450 kN/mz), the expander cycle has the highest performance and
production ease ratings. Development ease and reliability potential are both
reasonable in rating values., The auxiliary heet exchanger cycle is the easiest
to develop but has the lowest performance rating. Although the other cycles
were intermediate in performance, they were significantly lower in all other
categories. Therefore, the expander and auxiliary heat exchanger cycles were

selected.

At the 800 psia (5520 kN/m2) design point, the expander cycle balance is sensi-
tive and the development rating is lower; a more significant development advan-
tage exists for the auxiliary heat exchanger cycle. However, the two methane-
powered drive cycles are significantly higher rated than the other cycles and

were selected for further investigation.
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TABIE 43

ENGINE SYSTEM RELIABILITY RANKING

CHAMBER
PRESSURE
DRIVE
CYICLE

500 PSIA

(3450 N/m2)

800 PSIA
(5520k N/m?)

AUXILIARY HEAT EXCHANGER
EXPANDER

THRUST CHAMEER TAPOFF
GAS GENERATOR (A)

GAS GENERATOR (B)

85
8L
70
64
54

83
83
| 68
62

Sh

TABLE L

RELATIVE ENGINE SYSTEM PRODUCTION COSTS FOR

CANDIDATE DRIVE CYCLES

AUX. HEAT T.C.
EXPANDER G.G. (4) G.G. (B) EXCHANGER TAPOFF

COMPLEXITY (30) 30 15 18 20 25
FABRICATION 30 15 15 25 20
EASE (30)

ENGINE SYSTEM 30 20 15 25 30
ASSEMBLY (30)

ACCEPTANCE 8 L 2 6 10
TEST (10)

TOTAL 98 54 50 76 85
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TABLE 45

ENGINE DRIVE CYCLE RATING

Chamber Pressure = 500 psia(3450 kN/mZ)
Expansion Ratio = 603l

DRIVE AUXILIARY GAS THRUST GAS
prme O EXPANDER HEAT GENERATOR | CHAMBER | GENERATOR
B
AREAS EXCHANGER A TAPOFF
SPECIFIC IMPULSE 398.9 395.2 395.7 395.7 398.9
sec(N-sec/ks) (3909) (3872) (3877) (3877) (3909)
PERFORMANCE 93 89 90 90 92
RELIABILITY 84 85 64 70 54
DEVELOPMENT EASE 74 87 64 62 42
PRODUCTION EASE 98 76 54 85 50
COMMENT ¢ 1. Single 1, Coking 1. Coking 1. Coking
stage problem, problem, - problem,
methane
pump.
2. Single~ 2. Single=~
stage stage
methane methane
pump., pump .
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TABLE 46

ENGINE DRIVE CYCLE RATING

Chamber Pressure = 800 psia (5520 kﬂ/ﬁz)

BExpansion Ratio = 100:1

AUXILIARY GAS THRUST GAS
EXPANDER HEAT GENERATOR CHAMBER GENERATOR
EXCHANGER A TAPQFF B
SPECIFIC IMPULSE 405.6 400.1 400.6 400.6 405.6
sec (N-sec/kg) (3975) (3921) (3926) (3926) (3975)
PERFORMANCE 100 9 9% 95 99
RELIABILITY 84 83 62 68 54
DEVELOPMENT EASE 63 9 54 53 33
PRODUCTION EASE 98 76 54 85 50
COMMENTS 2 1. Engine sys- 1. Coking l. Coking | 1. Engine
tem very problem, problem sy stem
sensitive very sen-
to component sitive to
design. component
design.
2. Throttling .
limited. 2. Coking
problem,
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CYCLE ENERGY BALANCES

The expander and auxiliary heat exchanger drive cycles selected in the
previous evaluation, were further evalusted at each of the two design
points. Detailed engine schematics and pressure budgets were defined.
Mass and energy balances were performed at both nominal and off-design
conditions. Besed on this information, comparisons of performance,
ease of development, and operational potential were used to select an
engine configuration and design point for the Task II preliminary

design.

NOMINAL ENGINE SYSTEMS

Engine system schematics are shown in Figure 4% . The wvalves

shown are sufficient to control engine start, shutdown and throttling. The 800 psia
(5520 kN/MZ) Expander cycle schematic is a series turbine arrangement and

requires an oxidizer turbine bypass for control in throttlring. During

chilldown and idle-mode operation the methane flows through the bypass

line; oxidizer turbine rotstion is prevented by the control valve at

the turbine inlet.

In the schematics the shaded valves must have low or zero leakage
since they isolate fluid source while the engine is shut down., The
remaining valves do not have stringent leakage requirements. The
auxiliary heat exchanger systems have a pneumatic valve on the start
system, Other pneumatic valves common to all engines and not shown
are for (1) pump seal purges, (2) valve actuation power source, and
(3) FLOX line purge.
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In the schematics, the shaded values must have low or zero leakage since
they isolate fluid source while the engine is ghut down. The remaining
valves do not have stringent leakage requirements. The auxiliary heat
exchanger systems have a wneumatic valve on the start system. Other pneu-
matic valves common to all engines and not shown are for (1) pump seal
purges, (2) valve actuation power source, and (3) FLOX line purge.
Nominal engine balances are presented in Tables 47 and 48 for expander
and auxiliary heat exchanger cycles, respectively. At equivalent design
points the ex ander provides one percent advantage in specific impulse,
and about seven pounds less engine weight. The weight difference is due to
a lighter thrust chamber, fewer valves, and no auxiliary start system.

For both drive cycles, the area ratic = 100 design point gives ~1,5
percent svecific impulse adventage with only a slight weight increase.
Engine system design and development, however, are more difficult at the

higher chamber pressure,

A brief system perfor.ance comparison was made for a representative space
mission. For the Mars Orbiter Mission (Ref. 9) payload estimates of

about 8000 pounds (3630 kg) were made. The 500 psia (3450 kN/mz) Expander
snd the 800 psia (5520 kN/mZ) auxiliary heat exchanger engine gave the same
payloads, with the 500 psia (3450 kN/mg) auxilisry heat exchanger engine
about 70 pounds (31.8 kg) less and the 800 psia (5520 kN/mZ) Expander

100 pounds (45.4 kg) greater payload.

ENGINE SYSTEM DESIGN VARIATIONS

The nominal engine designs were critiqued and the effect of possible de-
sign changes on engine characteristics were assessed. In the exnander cycles
the design variations are reflected in the pump discharge vressure:; the

engine specific impulse remains the same. These effects are shown in
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Pig. 44. Turbine design changes reflect efficiency and pressure

ratio effects resulting from common turbines, single turbines, or full
admission turbines. The nominal design is based upon dual-shaft, partial
admission turbines., Variations around the turbine inlet temperature of
1860 R are also illustrated. Similsr informaticn is shown in Fig. 45 and 46
for the auxiliary hsat exchan er cycle in terms of specific imwulse vari-
ation, Possible variations in system pressure drops and in the turbine
exhaust performance are also illustrated. The additive effect of these

factors is shown as maximum end minimum performsnce values.
ENGINE SYSTEM THROTTLING

Using engine energy balance techniques deseribed in Appendix A, the can-
didate engine systems were throttled over a 10:1 thrust range. Thrust
chamber characteristics were based upon the heat transfer analyses (such
as Fig. 21). Turbomachinery charscteristics were renresented by head
flow coefficient curves, Pump inlet pressures were: methane - 80 psia
@50 kN/mz) FLOX = 50 psia (345 kN/mZ). Lower values would affect the
throttling balance.

Expander cycle energy balance at 10:1 throttling is presented in Table 49,
BEngine specific impulse values are some 1.5 percent higher than for the
auxiliary heat exchanger cycle., Thrust chamber temperatures are signifi-
cantly higher than at full thrust, and the resulting turbine flowrates
are very small, The bypess flow is equivalent to the flow through the
turbine, For the 500 psia (3450 kN/mZ) expander, engine characteristics
are shown as a function of thrust in Fig. 47 to 49.
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Fig'ure 44,

EXPANDER CYCLE FUEL PUMP DISCHARGE PRESSURE EFFECT OF DESIGN VARIATIONS

. 2 -
Fuel Pump Discharge Pressure, psia (¥/n° %10 3)

3990 JT(20)
-
+ (18)
2300 - Nominal
™ P = 800 psia
¢ 2
T (16) (5520k/m°)
2000 }-(14)
4 (12)
1500 |-
1 (10)
5 E Nominal
L P, = 500 psia
i (3450K/n°)
1000 ,
Bypass Pressure Turbine
Flow Drops Inlet
Temperature
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Figure 48 Methane Pump, Expander Cycle,
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Engine energy balances at the 10:1 throttled condition are shown in

Table 50, This throttling was conducted at constant engine mixture ratio.
Therefore, the thrust chamber mixture ratio varied from the 5.25 value

at full thrust. Because of the small amount of turbine flow, there

is little difference between thrust chamber and engine specific impulse.
Turbine temperature remains at the full thrust value, with most of the
heat exchanger flow bypassing the turbines. For the 800 psia (5520 kN/M2)
auxiliary heat exchanger engine, engine operation as a function of thrust

is shown in Fig. 50 to 52,
OFF DESIGN OPERATION

The heat flux level in the thrust chamber and the propellant inlet
conditions were among the off-design conditions investigated for the
candidate engine cycles, For the fixed designs, the parameters were
perturhed and engine characteristics required to maintain the design
thrust and mixture ratio determined. These effects are illustrated in
Fig. 53 and 54.

In Fig., 53 the effect of variations in heat flux level on the auxiliary heat
exchanger cycle balance at 800 psia (5520 kN/M2) is snown. The higher
heat flux results in treater jacket and injector pressure drops as well

as increased thrust chamber wall temperatures. The increased pressure
drops are provided by a slight increase in pump speed. Additional turbine
flow would be necessary and engine specific impulse would decrease by

0.1 second (5N-sec/kg). Variations in pump speeds due to propellant

inlet temperature variations were evaluated and found to be slight.

Perturbations in the operating conditions of a 500 psia (3450 kN/MZ) expander
cycle engine are shown in Fig. 54. Increases in heat flux level affect

this expander cycle discharge pressure somewhat less than the 800 psia

(5520 kN/Mz) auxiliary heat exchanger cycle because of the lower heat

flux involved and the compensating effect of the increased temperature.

As shown, the turbine bypass flow is approximately double that of the
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Nominal Chamber Pressure = 800 psia (5520 kN/mz)
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nominal design point. If lower heat flux values are encountered there
is some point at which there is insufficient turbine power to drive
the cycle. If these lower values were anticipated, additional bypass

flow should be designed into the nominal engine,

ENGINE SYSTEM UPRATING

A brief investigation of engine uprating was conducted. Two areas were

considered: increased specific impulse, and increased thrust,

Performance Increases

The most direct way of increasing performance is through increasing the
expansion ratio. This is illustrated in Fig. 55, where increasing the
expansion ratio from 60 to 100 raises the specific impulse 5 seconds
(49 N-sec/kg).

The nozzle extension could be regeneratively cooled, film-cooled, or
radiation cooled, with little difference between cycles and design points,
Regenerative cooling at these high area ratios would present little
problem. Additional heat input to the methane would occur,'but the
pressure drop would be very small, Increased engine weight could

offset some of the performance gain., The turbine exhaust of the
auxiliary heat exchange cycle or fluid tapped from the expander engine
downstream of the turbine could be used to film-cool a high performance

extension.
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A radiation-cooled nozzle extension may also be possible. Investigation of
material temperatures are slightly lower for the £ = 100 attachment at 800 psia
(5500 kN/u?) then the € = 60 attachment at 500 psia (3450 «N/u?) material
compatibility with the products of combustion would be a significant consideration

for both design points.

The effect of mixture ratio on theroetical specific impulse is also shown in
Fig. 55. An increase of about 3 seconds is possible (30 N-sec/kg), however,
this may be difficult to attain, since injector mixing requirements to obtain

high combustion efficiency are quite severe at the higher mixture ratio values.

Thrust Increase

Thrust uprating can be accomplished in two ways: throat area increase or

chember pressure increase. Thus uprating to 8000 pounds (%5600 N) completely

by throat area increase would result in thrust chamber redesign. With the exit
area held constant, the expansion ratio would be significantly reduced and specific
impulse would decrease about 1.% percent. To maintain the performence, engine
length would be significantly increased. Pump flowrates would be increased 60
percent. This is applicable to both drive cycles, however, the available turbine

energy would be reduced for the expander cycle and may create a problem.

Thrust uprating by chamber pressure increase can be effected while maintaining
the basic thrust chamber geometry and performance. The designs would be different
for the higher flow and heat flux. Turbomachinery must be designed for both
increased flow and discharge pressure., Since the 800 psia (5520 kN/mz) engines
already have high pump discharge pressures and thrust chamber cooling is a
significent development problem, the chamber pressure uprating is only applicable
to the 500 psia (3450 kN/mz) design point engine.
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Fuel pump discharge pressures for expander cycle uprating to 8000 pound
(35600N) thrust vary considerably with the injector pressure drop and
turbine power avilable. As shown in Fig. 44, an 800 psia (5520 kN/MZ),
5000-pound (22200N) thrust engine with throttling injector pressure drops
has fuel pump discharge pressure requirements of 2400 to 2800 psia (16500
to 19300 kN/M2). A 5000-pound (22200N) thrust, 500 psia (3450 kN/M°)
throttling engine uprated directly to 8000-pound (35600N) thrust would
have discharge pressures in excess of these because of reduced turbine
inlet temperature and the pressure drop increase in the fixed flow
passages. This would require turbomachinery overdesign factors of 3-4
and would be unreasonable., By redesign of the flow passages down-

stream of the turbine, particularly in the injector, fuel pump discharge
pressures of the uprated engine could be in the 2000 psia (8900 kN/Mz)

range, making engine uprating feasible.

In the auxiliary heat exchanger engine, the pump discharge pressures
increase slightly more than 60-percent. The increased pump discharge
pressure will require relatively more turbine flow and engine specific
impulse will be reduced. For uprating to 8000-pound (35600N) thrust,
the specific impulse decreases over 0.8 percent for direct uprating and

slightly over 0.3 percent with some engine modification.
ENGINE SYSTEM DEVELOPMENT EASE

Based upon the engine characteristics defined in the previous sections,
the ease of development of the candidates was evaluated. The evaluation
is divided into three component aress (Tables 51, 52 and 53) each subdivided.

into fabrication, development testing, and potential development problems,.
In the thrust chamber/injector area (Table 51) the 500 psia (3450 kN/MZ)

expander cycle is easiest to fabricate became of the larger channel dimensions.

Development testing is slightly more involved for the expander cycles since feed
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system simulation is necessary. Simulation is desirable for both drive cycles
so this difference is minor. Potential thrust chamber development problems
(more X's indicate more severe problem) are most likely to be encountered in the
800 psia (5520 kN/mz) engines. The 500 psia (3450 kN/hz) expander cycle has

the least potential problems in this area.

A comparison of development ease in the turbommchinery area indicates that the
low pressure engines have the easiest turbomachinery fabrication. In development
testing of the turbines, the expander cycles have higher flowrates and pressures
which would require a somewhat larger heat source than for the auxilisry heat
exchanger cycles. For flowrates of this magnitude, heat source size differences
would not be significant end may be overshadowed by the higher temperature
required of the auxiliary heat exchanger cycles. In the area of potential
development problems, the 800 psia (5520 kN/mz) expander cycle has the most
significant problem areas. The 800 psia (5520 kN/mz) auxiliary heat exchanger
cycle has slightly less significant potential problems than the low pressure

engines.

Engine system and control development (Table 53) comparison indicates a greater
number of control components associated with the suxiliary heat exchanger cycle.
In addition, the gas valves must control flows approximately one-tenth the magnitude
of those in the expander cycle and are consequently more difficult to fabricate.
The expander cycle might need an extra liquid valve for an idle—ﬁode but this

will be avoided, if possible. Development testing requirements are similar except
for the idle-mode testing which is necessary for the expander cycle. Engine
system development problems are most significant for the 800 psia (5520 kN/mZ)
expander cycle, since it is very sensitive to component characteristids and
development problems which result in increased pressure drops The 500 psia

(3450 kN/mz) expander will be more sensitive to engine start and thermal
conditioning problems than the auxiliary heat exchanger cycles, and the system

development may therefore be slightly more complex.
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Prom an overall developmental standpoint the auxiliary heat exchanger
engine at 500 psia (3450 kN/M2) is easiest to develop, followed closely
by the 500 psia (3450 kN/Mz) expander, and then by the 800 psia (5520
kN/MZ) auxiliary heat exchanger engine. The 800 psia (5520 kN/Mz)

expander engine is the most difficult to develop.
DRIVE CYCLE SELECTION

The results of these investigations reaffirm the general conclusions of
the investigation of the previous section summarized in Table 54. The
expander cycle at 800 psia (5520 kN/Mz) chamber pressure is the highest
performing engine, but because of its sensitivity and potential problems
it would be the most difficult to develop. The 500 psia (3450 kN/MZ)
auxiliary heat exchanger is the easiest to develop but has the lowest
performance. The remaining two cycles are comparable in performance and

development ease.

Engine start and throttling ease are similar for the two cycles. Engine
uprating in performance and thrust is more attractive with the 500 psia
(3450 kN/MZ) expander, which at equal design points will always outperform
the auxiliary heat exchanger cycle (Figure 55). Form this standpoint,

the expander cycle at 500 psia (3450 kN/Mz) chamber pressure was recommended
for further investigation,
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TASK 11 - ENGINE PRELIMINARY DESIGN BVALUATION

A preliminary design is provided for a flight-weight FLOX/methane engine
using an expander turbine drive cycle. This engine configuration was
selected in Task I on the basis of high performance, fabrication and
developmental ease, and operational flexibility. For ease of control in
transient operation, dual shaft turbines operating in parallel are used.
Long duration operation and low fabrication cost are provided by use of

a regeneratively cooled channel construction thrust chamber.

The engine is designed to reliably provide high perfomance for a
variety of potential space missions. CJCapability for multiple restarts,
long duration and prolonged storage in the space encironment are
provided. Versatility of operation is emphasized. The nominal engine
design represents a reasonsble baglance between these features and engine
system cost. Where design alternatives exist, they are described for

further consideration,

The preliminary design imvestigation was divided into three parts:

Task IIA - Engine Control System Investigation, Task IIB - Engine System
Design, and Task IIC - Engine Comporent and Subsystem Design. To provide
a concise engine definition, the resulting engine design is described in

the following sections:

l. Engine System

2. Engine Operation

%3e Thrust Chamber Design
4, Injector Design

5. Valves and Controls
6. Turbomachinery Design
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ENGINE SYSTEM DESCRIPTION

Overal’ engine system characteristics are described. Engine system layout"
weight summary, performance description, nominal energy balances, engine
ducting, engine assembly, and vehicle/engine interface requirements are
described. The engine system has a nominal thrust of 5000 pounds (22200N)
at 500 psia (3450 kN/Mz). Sufficient power and design margin is included
to allow for development program contingencies. Should these margins not
be required, engine uprating capability to T000-8000 pounds (31100-35600N)
thrust at 700-800 psia (4760-5520 kN/MZ) is available with no performance
loss. A 60:1 expansion ratio nozzle has been used. Engine performance
improvement capability is provided by designing for possible nozzle ex-

tensions and mixture ratio changes.

ENGINE DESIGN DESCRIPTION

System Description

The engine system design is shown in Fig. 56 and an engine schematic in

Fig. 57. In the engine system, separate fuel and oxidizer turbopumps are
driven in parallel by gaseous methane that has been heated in the thrust
chamber coolant circuit. The cryogenic fuel enters the engine through the
fuel inlet valve mounted upstream of the pump inlet, After passing through
the fuel pump, all the fuel is utilized in a single up-pass coolant circuit,
The fuel is heated and gasified as it passes through the coolant circuit.
The hot methane is then split into three parallel flow circuits: one powers
the methane turbine, one powers the FLOX turbine, and one is a bypass circuit,
The bypass line and valve are used to control total turbine power, From the
turbineexit, the hot gas is ducted to the injector fuel inlet manifold and
into the thrust chamber,
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A turbine control valve is used on the hot ges inlet line to the FLOX
turbine to proportion power between the methane and FLOX pumps. Engine
thrust and mixture ratio are controlled by the hot gas valves. The
three parallel hot gas circuits have separate outlets on the thrust
chamber and separate inlets on the injector. This system is used to
minimize the size of the manifolds on the injertor and thrust chamber
while providing good propellant distribution and low propellant manifold
volumes. By dividing the flow into three parts at its source, the
ducting can be smaller, more flexible and more direct, Temperature drop
across the turbines is very small (~ 40R)(22K) and temperature drops

in the injector manifold shouldnot affect injector performance.

The FLOX enters the engine through the inlet valve mounted upstream of
the pump inlet. It then passes through the pump and is duwted into the
injector FLOX dome.

Design Description
An engine system layout is provided in Fig. 58.

Turbomachinery. Two separate turbopumps are used to provide control

ease in transient operation and flexibility of component arrangement.

Each pump operates at individually optimum speed. The FLOX pump has a
single stage with a centrifugal impeller. The methane pump is a two-étage
pump with centrifugal impellers. In both pumps bearings are cooled by the
individual propellants. Single-row velocity compounded turbines with partial
admission are used to power both pumps. These turbines use methane as the
working fluid in a parallel flow arrangement. Inducers are used on both
pumps to provide low NPSP requirements. To assure uniform flow to the
inducers, a short section of ducting is provided between the main valves

and the pump inlets.
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Thrust Chamber. The regeneratively-cooled thrust chamber is made of nickel

using advanced fabrication, channel construction techniques. An 80-percent
bell nozzle is used with the nozzle contour designed to optimize performance
within a fixed envelope. Methane enters the cooiing jacket through a manifold
at nozzle exit. After flowing through the jacket the hot methane is collected
in a second manifold for distribution to the turbines. This up-pass cooling
arrangement is used to provide good coolant properties in the high heat flux
region and assure that any methane phase change will occur in the low heat flux
region of the nozzle.

Injector. Hot methane from the turbine exhaust is collected in the injector
fuel manifold and distributed to the injector elements. FLOX enters the
oxidizer dome directly from the pump exit. The injector is of a coaxial type
with a methane cooled copper face. Pressure drops during throttling are

maintained by the recessed element design.

Performance is maintained by the high methane velocity which increases during
throttling due to its bulk temperature increase. The injector is welded to the
thrust chamber to save weight and to increase reliability. The gimbal bearing
is an integral part of the injector and is a simple Hooke-type joint with Fabroid
bearing surfaces. The injector oxidizer dome has a single inlet and a tapoff
port for tank pressurization. The annular fuel inlet manifbld has three inlets,
one from each of the turbines and one from the bypass valve. A fuel tapoff port

is also provided for tank pressurization.

Valves. Four valves are used in the system. The two inlet valves, located above

the turbopump, are normally closed, angle-body, poppet-type designs with hard
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seats. These valves are an on~off type using a pneumatic actuator with bellows
seals. They are sized to the same diameter as the pump inlets. The valves

ere structurally attached to the turbopump inlets thrbugh a riding duct

which provides sufficient length to smooth the propellant flow before it enters
the pump inducer. _The bypass and oxidizer turbine valves control mixture ratio
and enters the pump inducer. The bypass and oxidizer turbine valves control
mixture ratio and thrust level. The hot gas valves are pneumatically
actuated, angle~body, poppet-type designs. The poppet is contoured to give

optimum flow control characteristics over the entire throttling range.

Ducting

All ducting consists of solid lines with welded interconnects. This system
eliminates the weight and complexity associated with bolted joints and bellows
and provides a more reliable, lighter weight system. The routing of propellant
lines was chosen to minimize line length, volume and weight while maintaining
flexibility in all directions to limit duct loading on components to a reasonable
value. Clearances are provided for in-place tube welding on all joints. This
clearance consists of maintaining 0.375 inches (.95 cm) of straight line on both
sides of the weld joint and allowing cleersnce for a weld head ﬁhich is three
inches in diameter and three quarters of an inch wide. In addition to the normal
ducting being welded, the inlet valves are welded to the pump inlets and the
turbine exhaust plenums are welded to the exit of the turbine housings. The
number of in-place welds that have to be performed on the engine assembly will

be minimized by including ducting with component sub-assemblies wherever possible.
Since all lines and components are welded together, preliminary system orificing
will be accomplished by calibration of each of the components before assembly.
After final assembly, final calibration of the engine will be done with the hot

gas control valves.
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Gimbal System. A conventional gimbal system was assumed for the system

layout. A simple Hooke type gimbal bearing is incorporated in the top
of the injector. The gimbal angle used is ¥ 2 degrees (0.035 rad).

Actuator attach points have been provided on the engine.

Accessories. The following items are regarded as engine accessories
and are not included in theé nominal engine system, Gimbal actuators of
either electrical or pneumatic design can be provided for the engine,
The actuator type and size will depend on gimbal requirements and the
detail mission tradeoffs imvolved with each type. An interpropellant
heat exchanger can be used to vaporize FLOX for tank pressurization,

The heat exchanger can be either engine or vehicle mounted. Flow meters
will be provided in the pump discharge ducts to maintain mixture ratio

if it is necessary far throttling.

Component Arrangement

The component arrangement is designed to produce a compact, lightweight,
low inertia system while providing maximum accessibility and vehicle
compatibility. Propellant losses upstream of the pumps must remain
at a minimum to provide high NPSP to the pumps. This means placement
of the inlet to the propellant valves in close proximity to the gimbal
plane to be compatible with the warious types of flexible inlet lines
that might be used. The vertical pump orientation was found to best
satisfy the above requirements. The pumps are placed as close to the
thrust chamber as possible to minimize the accelerstion loads imposed
on the pumps and the resulting mounting loads imposed on the thrust
chamber. The axial location places the propellant inlets in close

proximity to the gimbal plane, The circumferential location of the pumps
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was chosen to give the most compact packaging of components while allowing

maximum accessibility for installation and in-place welding..

The thrust chamber acts as the primary engine structural member. The

punp mounts and actuator attach points are welded to the thrust chamber,
Stress calculations indicate that the hot gas ducting is capable of
providing the primery turbopump structural mounts. This mounting technique
minimizes the ducting loads associated with solid lines and also eliminates
the majority of the pump mount structure. Awxiliary mounts will be
employed near the inlet velves to stabilize the pump-valve assembly in the

radial and tangential directions.

The inlet valves are structurally mounted on the pump inlets by a short
section of duct which is used to smooth the flow from the valve before
it enters the pump inducer., The gimbal bearing is integral with the
top of the injector which is welded to the thrust chamber. The hot gas
control valves are mounted on the top thrust chamber manifold. The
components and their respective structural supports are designed to

withstand the ducting loads.

Assembly Sequence

The engine will be assembled from the following major components: the
thrust chamber, injector, gimbal bearing, valves, turbopumps and ducting.
The thrust chamber is the basic structure to which the remsinder of the
components are attached. The first sten is to position and weld the
injector to the thrust chamber. The hot ges valves are then welded to
the thrust chamber outlet manifold. The turbopumps and their respective

inlet valves comprise separate gubassemnblies, The valve exits are welded
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to the turbopump inlets. The turbopump valve subassemblies are then attached to
the thrust chamber at the pump mounts and held in position by an assembly fixture.
The hot gas ducting which forms the major pump mount structure is then fitted

and welded in place. The fixtures are then removed. The propellant ducts are

then fitted and welded in place. The gimbal bearing is then assembled into the
top of the injector.

Cost Reduction Features

In the engine system and component design engine cost was an important consid-
eration. Some of the design features which contribute to lower engine production
cost are described in Table 55. Development cost was also an important factor

as described in the drive system selection of Task I.
ENGINE WEIGHT SUMMARY

The engine system weight summary is shown in Table 56. The weight reflects the
nominal engine design, described in detail in the component sections. As
mentioned above, a number of cost reductions involved compromises in engine weight.
In the design all components are capable of operation at higher than the nominal
chamber pressure for intermittent periods which occur in transient operation or
slight-thrust uprating. Injector, valves, thrust chamber inner wall and turbopumps
are capable of sustained operation at the 8000-pound (35,600 N) thrust level. The
chamber back-up and lines can easily be modified to give the strength needed

for sustained operation at uprated conditions.
DRIVE CYCLE POWER BALANCE

Engine system power balances were performed for nominal, throttled and uprated
conditions. The engine characteristics at nominal thrust conditions are listed
in Table 57. Pressures and temperatures at different locations on the engine are
illustrated in Fig. 59.
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TABLE 55

PRODUCTION COST REDUCTION FEATURES

Thrust Chamber

BElectroform Nickel Corstruction

Milled channels

Step Veriation in Channel Width
Injector

Cast body

Lower half of gimbal bearing integral with dome
Ginbal Bearing

Simplified Hooke design

Pumps

Both impeller stages are the same geometry on the methane pump

System

411 welded construction
Solid lines

Line mounted twurbopumps
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TABLE 56

ENGINE WEIGHT SUMMARY

Description

Dry Weight (1b)

Total System

Dome-Injector-Gimbal
Combustion Chamber

Cooling Jacket

Outer Jacket

Coolant Outlet Manifold
Mount Ring

Outriggers

Nozzle

Cooling Jacket
Outer Jacket
Coolant Inlet Manifold

Turbopumps

Fuel
Oxidizer
Mount Provisions

Valves

Fuel

Oxidizer

Hot Gas, Turbine Control
Hot Gas, Turbine Bypass

Ducting
Controls

89.8

(11.8)
( 7.4)
3
1

1.1
.5’

(46.9)
27.3
18.3

1.3

(11.6)

6.4

4.8
0.4

( .5)
(2.5)
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TABLE 57

NOMINAL ENGINE BALANCES

Thrust, 1b (N)
Engine Specific Impulse, sec (N-sec/kg)
Engine Mixture Ratio, O/F
Thrust Chamber
Chamber Pressure, psia (k N/m?)
Mixture Ratio, O/F |
Weight Flow, lb/sec (kg/sec)
Specific Impulse, sec (N-sec/kg)
Exit Temperature, R (K)
Expansion Ratio
Pumps, O/F
Flow, lb/sec (kg/sec)
Discharge Pressure, psia (k N/mz)
Number of Stages
Speed, 1000 rpm (1000 rad/sec)
Horsepower (kw) !

Efficiency, percent {
Turbine, O/F

Flow, lb/sec (kg/sec)

Inlet Temperature, R (K)

Pressure Ratio

Exit Pressure, psia (k N/m?)

Number of Stages

Efficiency, percent

Bypass, 1b/sec (kg/sec)

5000
399.2
5.25

500
5.25
12.52
399.2
1305
60

10.52/2.00
699/1269
1/2
39.1/67.2
27.9/42.0
71.0/61.8

0.74/0.85
1300
1.40/1.46
673

1/1
49.7/58.8
0.42

(22,200)
(3912)

(3450)
(5.65)

(3912)
(720)

(4.75/0.9)
(46;0/8700)
(4.08/7.0)
(20.8/31.3)
(0.34/0.39)
(720)

(4610)

(0.19)
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Eng:Lne specific impulse is based upon 94-percent specific impulse
efficiency at full thrust. Prediction of the performance potential of

the engine based on data from NASw-1229 and NAS3-11191 indicate potential
specific impulse values significantly above 400 seconds (3920N-sec/kg) at

nominal thrust.

Engine System Perturbations

The dual turbine arrangement and the engine power margin provide con-
siderable operational flexibility., This is further illustrsted in the

following examples of variations in engine inlet conditions and design

values,

Engine operation over a range of mixture ratios is shown in Fig. 60.
At lower mixture ratios, there is more methane to be pumped and the
turbine inlet temperatur: is loser. A higher pump speed and discharge

‘pressure is required as is indicated,

The nominal engine design is based upon temperatures which might be
expected at the end of flight (Ref «13 ). These temperatures, where pro-
pellant density is lowest, require the greatest amount of pump power.

As the propellant inlet temperatures decrease, the propellant density
increases and pump power requirement diminishes, With the decrease in
methane temperature, turbine inlet temperature is also diminished, The

net results of these temperature variations are shown in Fig. 6110 63. Fig.
61 and 62 illustrate individual propellant temperature effects;

Pig. 63 shows the combined effect,

Inlet pressures to the pumps were selected based upon studies from Ref.13

and in Task I, A variation in these pressures has little effect on the

engine power balance at full thrust.
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In the course of engine development, engine design parameters (pressure
drops, temperatures, etc.) may change, The effects of some of these
variations on nominal thrust operation are shown in Fig. 64 to 66.
Turbine inlet temperature, system pressure drop, and turbomachinery
efficiency variations are considered. As can be seen in these and the
engine uprating section, the engine has sufficient power margin to assure

satisfactory operation.

ENGINE PERFORMANCE UPRATING

Engine performance can be improved both through specific impulse

increases and through weight reduction.

Specific Impulse Increases

The specific impulse used for the nominal thrust level performance is
based on 94-percent of theoretical specific impulse for 82,6-percent
F2 ~ 17. &percent 02 with methane, Some specific impulse improvements

are listed below,.

(a) Test Results - Reduction of nozzle performance data
of NASw-1229 and the injector performsnce of NAS3—11191(Ref. 3, 1)
to operating corditions of the present engine indicate
several seconds increase in specific impulse over the

current value,

(b) Hisher Expansion Reatio Nozzle - Use of a higher expansion

ratio nozzle or attachment could increase specific

impulse 1-1,2 percent.
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Weight Reduction

Several areas in which engine weight reduction is possible are described
below, Some of these would involve potentisl cost increase or operational

restrictions which would necessitate more detailed evaluation.

The largest single weight item in the engine is the milled channel nozzle
which accounts for over half the engine weight. Thrust chamber weight

reduction can be accomplished by

(a) Channel Geometry Modification - Use of additional steps

or continuous variation in channel width,

(b) Channel Number Variation - Use of blind channels or a

change in channel number.

(c) Alternate Nozzle Construction -~ Use of tubes with electro-
form backup or radiation-cooled construction for the

nozzle, Higher strength nozzle materials.

(d) Combustor Backup -~ Wire wrap and electroform to provide

composite material backup.

(e) Manifold Refinement - Variable cross-section and wall

thickness in the manifold.

The weight savings with any of the first three items could be 10 - 20 pounds
(4.5 -gkg) With the last items weight reduction of about l-pound (O.Skg) could be

accomplished,

Other areas of weight reduction are possible but the reductions potential
is not as great as in the thrust chamber., One method would be through

stressing for the 500C-pound(22200N) thrust operation only. This could reduce
weight by several pounds,
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ENGINE/VEHICLE INTERFACE

Interface connections between the engine and the vehicle are described.
Three mechanical connections are necessary: the thrust mount and the

two gimbal actuators. PFive fluid interfaces are shown, all involving
welded connections. The main propellant lines are low-pressure, low-
temperature lines which contain liquid propellant throughout the mission,
In addition to the pressure forces, they must sustain forces from thermal
expansion of engine lines during firing as well as forces from gimballing
of the engine. The »ressurant lines are at higher temperatures and
pressures, the actual values being determined by the vropellant tank re-
quirements., Gaseous propellant is contained only during engine operation.
A gingle pneumatic interfzce is required to provide for pump seal purge,
for FLOX line purge, and for valve actuation. This line is at high pressure
but low temperature. Isolation valves are located on the vehicle so this

line may contain gas only during engine operation,

Two electrical interfaces are reguired: one is for electrical power to
actuate the solenoid valves which control the pneumatics; the second elec~
rical interface is for command signals from the vehicle to the engine,
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ENGINE OPERATION

Engine operational features were investigated to provide a description of engine
characteristics at other than nominal conditions. Some of these engine features.
are listed inTable 58. From these cheracteristics engine control requirements

were defined.

ENGINE START

Engine start operation was investigated to describe engine transient character-
istics during the start phase. Two types of start, both using fuel lead were
considered. In the first type, the fuel turbine is allowed to rotate during fuel
side priming while the oxidigzer turbine inlet valve is closed. Because the fuel
turbine delivers power to the fuel pump, pump head is developed during this early
phase of start and contributes to the rapid thermal conditioning of the pump.
Following fuel prime, power is introduced to the oxidizer pump and pump-fed
operation begins. In the second type of start, energy to both turbines may be
restricted. Oxidizer is introduced following fuel priming, and the engine
operates in a pressure-fed mode. This "idle mode" operation can be used for
propellant settling, low-thrust maneuvers, and to provide an energy source for
engine start where %hrust chémber temperature is low. After a specified time of
idle mode operation, power is introduced to the turbines and pump-fed operation

is initiated.

Another variation exists for both the above start types; namely, powered idle mode
used for low-thrust maneuvers and with an autogenous pressurization system. This
mode of operation is at an intermediate thrust level with the pumps powered and is
very similar to starting the engine at throttled conditions. With completely
autogenous pressurization, pump operation with two-phase fluids may be necessary
in the early portion of the pump-fed idle-mode when the tank pressure is building

up L]
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TABLE 58

ENGINE FEATURES

Engine Start

1.
2.
3.
4.
5.

Tank Head

Minimum Preconditioning
Minimum Controls/Sensors
Range of Initial Temperatures

Quick Restart

Pressure-Fed Idle Mode

Engine Cutoff

1.

2.

Consistent Impulse

Simple Segquence

10/1 Throttling

1.

Minimum Controls

Engine Thrust Uprating

1.

2,

No Performance Loss

Small Hardware Modification

Self-pressurization
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Engine Start Conditions

Engine start investigation was directed toward determining a common start sequence

for three initial hardware temperatures:

Temperature, R (K)

Description Pump and Ducting Thrust Chamber
Quick Restart 250 (140) From Cutoff
Analysis
Thermal Equilibrium
Engine Facing Sun 530 (295) 530 (295)
Engine Awsy from Sun 250 (140) 250 (140)

A sequence designed to these extreme conditions would allow the engine to start

under any foreseen initial engine thermal condition or vehicle orientation.

To provide maximum simplicity in the start sequence, a common sequence was devised
for the entire range of initial conditions. Only pressure sensors and timers were
used to control the start. The addition of temperature sensors or preflight
knowledge of the vehicle orientation would allow design of the start sequence for
more restrictive initial conditions with possible reduction in start times. An

unrestricted start sequence was felt to be desirable at the present time.

For these start investigations, liquid or low gquality propellants were defined to
be available at the inlets to the main valves with. the engine completely unprimed.
This assumes that the propellants have either been settled or that a propellant
"{rap" is used in the propellant tanks. Sufficient NPSH is assumed to be available
at the pump inlets to allow operation at all thrust levels. The engine start

sequence is defined to allow start to any thrust level. These areas are discussed

in subsequent sections.
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Engine Start Analysis

Start and cutoff transient operation was analyzed with a mathematical model to
simulate the low-frequency dynamic behavior of the engine. This available model

was modified to represent the FLOX/methane expander cycle under investigation.

Studies were conduéted by changing an independent variable (e.g., orifice diameter,
valve'sequencing time), computing the values of the dependent varisbles (e.g.,

pump speeds, pressures, flows), and then comparing the computed independent
variables to previous solutions or to absolute requirements. In this sense, the
mathematical model is used like a physical engine where optimization is achieved
through a trial-and-error procedure. This modeling technique has been successfully
used on F-1, J-2 and SDI programs to model start and cutoff transients, and slso

to model the low-frequency cooling tube oscillations which result from two-phase
flow through the thrust chamber cooling tubes,

Based upon the detailed energy balances from Task I, nominal flows, pressure drops,
and temperatures were defined and incorporated into the model along with

the defined engine characteristics. From the initial engine system design layout,
duct and menifold volumes were specified. Preliminary pump descriptions were used
to estimate flow volumes, rotating hardware inertias and breskaway torque. Flow
passages in both the thrust chamber and pump were defined to aliow for heat

transfer during the thermal conditioning and start operation.

With this specific engine description, start and cutoff operation of the engine
system was investigated. Control sequences were varied until start and cutoff

were achieved with no indiéations of potential hardware dammsge, and the actuation
requirements reflected reasonsble control design. Emphasis was placed on obtaining

reasonable, safe starts rather than minimum start time.

Direct Start

For the direct engine start in which fuel turbine power is unrestricted, a common
engine start sequence has been devised for the three initial engine temperatures.

For the higher values of initial thrust chamber temperature, start times to
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90~percent full thrust, were 2 to 3.5 seconds. Following introduction of power

to the FLOX turbine, the thrust buildup was very rapid and proper valve sequencing
was necessary to avoid pressure overshoots. For the low temperature start, very
little energy is available from residual heat in the hardware. In addition, a
considerable decrease in methane density occurs in the cooling jacket when
combustion begins and heat is transferred to the walls. Because of this density
decrease the methane velocity in the cooling jacket is reduced and excessive

wall temperatures may be encountered. A start from the low-temperature conditions
was achieved without excessive wall temperature. The start time was approximately
6 seconds (90 percent of full thrust).

Start Sequence. All starts were made with the pumps and ducting unprimed. Thus

the start sequence was designed to allow for thermal conditioning and priming of
the pumps and ducting. Thermal conditioning of the fuel side is slow relative to
the oxidizer side due to the resistance to flow of the thrust chamber channels.
To avoid high mixture ratio during start, the fuel pump was given time to prime
before oxidizer was admitted into the thrust chamber. To start the engine under
these three conditions without knowledge at time of engine start of the actual
thermal condition of the engine, the sequence described in Fig. 67 was chosen.
Two pressure switches were used to signal the completion of each phase of engine

start--fuel pump prime and oxidizer side prime.

At engine start, the mein fuel valve is opened full and the turbine bypass valve

is opened to 200 percent of mainstage position. These positions are held until

the fuel pump and high pressure ducting are primed. A pressure switch monitoring

fuel pump discharge pressure and set to trigger at 200 psia (1380 kN/MZ) was used

to indicate fuel side prime. When the fuel pressure switch signals fuel prime,

the oxidigzer prevalve is opened full and the oxidizer turbine control valve is

opened to 8 percent of the mainstage position. Again, all positions are held until

the oxidizer side primes. This condition is signalled by a pressure switch set to
trigger at oxidizer injector manifold pressure of 60 psia (415 kN/Mz)when the oxidizer
side has primed, both the turbine bypass valve and the oxidizer control valve are

ramped to their meinstage positions.
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Because of the hypergolicity of the propellants an inert gas purge of the FLOX

line will probably be necessary during priming of the methane side. This feature
would be included in the development engine. The possibility of eliminating this
purge would be determined at that time in the light of experimental data. This purge
would be upstream of the FLOX turbine and is identical to the shutdown purge

described in the following section.

Valve Positions. Valve positions are shown in Fig.68~70. The initial position

of the oxidizer turbine control valve (8 percent of full open) was chosen to
prevent excessive oxidizer pump speed before oxidizer prime (possible damage to
oxidizer pump) and also %o prevent a hard oxidizer prime (possible high main

chamber pressure spike and mixture ratio overshoot).

The initial position of the turbine b pass valve was based upon a compromise
between two of the start conditions. The immediate restart condition provides
excess energy to the turbines during the start (possible turbopump overspeed),
while the cold start is a very low energy start. To reduce the energy of the
immediate restart and to prevent turbopump overspeeds, and yet not to reduce the
energy of the cold start to such an extent that an excessive amount of time would
be required, an initial bypass valve position of 200 percent of meinstage was

chosen.

During the first phase of a cold start, the thrust chamber chennels fill with
liquid methane due to the very cold temperature of the thrust chamber. A rapid
incresse in heat flux to the chamber océurring when oxidizer is admitted can

cause a rapid change in methane density. The resultant increase in pressure can
possibly cause a local stoppage of coolant flow and damage to the chamber. To
prevent this, the oxidizer turbine valve is ramped to mainstage slowly (500 ms)
while the turbine bypass valve is ramped to meinstage rapidly (100 ms) to maintain

power to the fuel turbine.

Transient Operation. Start transients for the three initial conditions are

jllustrated in Fig. 71 to 78. These starts are based upon mein valve inlet

pressure of 80 and 60 psia (550 and 414 kN/Mz) for the methane and FLOX,
respectively.
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Figure 68 . Valve Positions vs Time for the Immediate Restart.
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Valve Position, Fraction of Mainstage Area
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Chamber pressure transients are shown in Fig. 71 for the immediate restart,ambient start
(5303, 295K) and cold start (250R, 140K). The start signal is given at time

zero and the initial phase is occupied in methane pump, duct, manifold and unamber
priming. The duct and mauifold size have been significantly reduced since this

initial engine model and priming time is about 50 percent of the values shown.

After the priming signalled by a methene pump discharge pressure switch the main

FLOX valve is opened and the oxidizer turbine valve is slightly opened. Following

FLOX side priming, ignition occurs and the chamber pressure builds up as the FLOX

turbine and bypass valves are adjusted.

Thrust chamber mizture ratio (oxidizer injector flow/fuel injector flow) is illus-
trated in Fig. 72 and propellant flowrates in Fig. 73 to 75 . Mixture ratio

values are all acceptable for chamber ccooling.

Turbopump speeds are illustrated in Fig. 76 to 78 Limits were placed on
turbopump speed buildup to avoid damage to bearings and seals. No indication was

observed of operation in regions unacceptable to the pumps.

Intermediate Thrust Levels. Starts to any thrust level would be identical

for a given start condition up to the point of FLOX prime. After the pressure
switch signals that the FLOX side is primed the turbine bypass valve and the
FLOX turbine control valves are ramped to the positions dictated by the desired
thrust level.

Idle Mode Start

Idle mode starts were investigated in which the engine is initially run in a
pressure-fed mode with no power to the FLOX turbine and reduced power to the
methane turbine. Engine transients were analyzed as in the direct start. After
running in this mode, the engine can be accelerated to the desired thrust level.
The id le mode start was investigated for the cese of cold initial engine temper-

atures Q25OR, 140K). Liquid propellants were assumed at the main valve inlets,
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For starts with the cold hardware, the main FLOX and methane valves were opened
together. The oxidizer turbine valve is closed and the bypass valve position is
adjusted to vary power to the methane turbine. A typical idle-mode syster balance
i2 shown in Pig. 79. Since the FLOX flow is set by the tank pressure, variation in
the power to the methene turbine varies the mixture ratio. For higher initial
hardware temperatures, the eguilibrium conditions would be the same but valve
sequencing would be different to avoid high mixture ratios during the transient

phase. Typically this would involve delaying FLOX valve opening.

Valve Position. From the transient analyses the engine mixture ratio at equilibrium

was determined and described as a function of bypass valve position in Fig. 80. As
the bypass valve is opened the power o the methane turbine is reduced and mixture
ratio increases. Tank pfessures are 70 (485) and 35 psia (240 kN/mz) for the methane
and FLOX, respectively. At these pressures, the equilibrium chamber pressure is

about 25 psia (170 kN/mz). The maximum mixture ratio value, 2.5, gives thrust chamber

wall temperature well below design values as discussed in the chamber design section.

Where the flow to the methane turbine is shut off with a fuel turbine valve, mixture
ratio values are significantly higher, as shown in Fig. 80. Reduction of the bypass
valve ares would further increase mixture ratio and excessive chamber wall temperature
may be encountered. Lower mixture ratios can be achieved through tank pressure

variation or FLOX flow restriction.

Engine Transients. Idle mode phase transients for 250 R (140 K) initial temperatures

sre illustrated in Fig. 81 to 85. The time scale was compressed bv reducing chamber
heat capacity. Beyond ~ 1.5 sec, time values are only approximate. The time to
achieve steady-state operation may be long for low initial engine temperatures and
mixture ratios. Times of 20-30 seconids have been observed in low pressure FLOX/methane
tests with regeneratively cooled chambers. Although these times are quite long, energy
sufficient for engine powered operation is availsble long before steady-state operation
is achieved. As shown in Fig. 84, for a case where steady-state mixture ratio is 2.8,
methane exit temperatures of 500-600 R (280-335 K) are achieved in one-quarter of the
period necessary to attain steady-state. Where higher mixture ratios are attained

(as with a methane turbine inlet valve) these temperatures are attained earlier as

illustrated by the comparison of Fig. 85.
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Pressure~Fed Idle Mode
Inlet Pressures: Methane 70 psia (485 kN/!la)
FLOX 35 psia (240 kN/Hz)

Initial Engine Temperature - 250 R (140K)
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Figure 8l , TIdle-Mode Operation; Pressure Transient,
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Mixture Ratie
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Pressure~Fed Idle Mode

Inlet Pressuress Methane 70 psia (485 kN/Mz)
FLOX 35 psia (240 /M%)
Initial Engine Temperature - 250 R (140K)

Bypass Valve Full Open

Figure 82, Idle-Mode Operation; Mixture Ratio Transient.
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Inlet Pressure Effects. Varistions in the inlet pressure will affect both mixture

ratic end the steady-state thrust level. Lower methane pressure or restriction
in the methene line will result in higher mixture retio velues. The magnitude

of these effects is illustrated in Fig. 86.

Initial Hardware Temperatures. Higher hardware temperatures will generally

restrict the flow of methene through the ducts and cooling jacket during transient
operation. Where methane turbine power is excluded, transient operation mixture
ratios would be higher than inose for the cold start and would certainly require
restriction of the FLOX flow. With the methane turbine powered, the higher energy
of the methane due fo residual hardware heat would somewhat offset the methane flow
restriction., Different valve sequencing would be required. In addition, although
engine steady-state conditions would be the same as for the cold start, the
equilibrium conditions may be approached from a different direction. Since these
low chamber pressures will involve two-phase flow in the cooling jacket, the
possibility of flow coscillation should be considered. This phenomenon was not
encountered in starts with cold hardware but might result with higher temperature

hardware.

Powered Phase QOperation. Following idle mode operation, the engine can be

accelerated to a higher thrust level through opening the turbine valve and closing
the bypass velve in a manner similar to the direct start. The duration of idle

mode and the sensor signalling initiation of the powered phase will depend on the
initial temperatures and the purpose of idle mode operaticn. For low thrust
propulsive meneuvers or propellant settling, & ti-er or integrating accelerometer
in the vehicle control system might be used. Operating tim.s from 2-3 seconds for
propellent settling to as much as 50-100 seconds for trajectory correction meéneuvers
might be encountered. Where the idle mode is used only as a start method, a

timer or temperature sensor might be used to initiate the powered phase.

Engine Design Change Effects

The effect of engine design changes on the start transimts are discussed in
Table 59 .
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TABLE 59

ENGINE DESIGN CHANGE EFFECT ON SYSTEM START

Design Change

Start Transient BEffect

Eliminzte Quick Restart
Requirement

Elimination of Cold Start
Requirement

Preflight Knowledge of
Specific Thermal Environment

Methane Tank Pressure Reduction
(above vapor pressure)

FLOX Tank Pressure Reduction
(above vapor pressure)

Methane Tnlet Line/Manifold
Volume Reduction

FLOX Inlet Line/Manifold
Volume Reduction

Close Bypass Valve
During Transient

Bypass valve closing could be delayed
slightly providing slight increesse in
start times for the lower energy starts

This start requires the long ramp time
on the FLOX turbine velve. Elimination
of this reguirement would reduce start
times for higher energy starts

Start sequence adjusted to specific
conditions. More rapid start

Pump thermal conditioning time will
increase; start time longer

Small effect on FLOX side prime

Priming time reduced directly;
ficant start time reduction

signi-
Priming time reduced directly; minor
start time reduction

4dditional Turbine Power; faster start;
readjust bypass to avoid overspeed
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ENGINE CUTOFF

Engine cutoff studies were conducted using dynamic simulation techniques similar
to those used in the start analysis. The engine model was identical in the
representation of each system component. Cutoff control sequences were varied to
provide shutdown operation that give no indication of potential hardware damege,
reasonable actuation times, and simple control system. Cutoff times of about

2.5 seconds were achieved.

Cutoff Investigation Ground Rules

The cutoff investigation was based upon the engine operating at design thrust.
Additional pressure sensing devices were avoided as much as possible. Emphsasis
was placed on providing a consistent predictable cutoff transient. To assure that
the FLOX would not impinge on hot portions of the injector or chember, a FLOX side
purge was used. This inlet gas purge enters Jjust downstream of the main FLOX

valve.

Engine Cutoff Seguence

The engine cutoff sequence is shown in Fig. 87. Valve operations are de-
scribed in Fig.88,where the areas are normalized to the area for mainstage
operation at full thrust. This sequence is a reasonable compromise between low
cutoff impulse and reducing FLCX pump speed at shutdown. The turbine bypess valve
begins opening at cutoff signal and requires 100 ms to reach its maximum area of
40 times the nominsl mainstage area. OQOpening of the bypass valve to its maximum
arez is done to cause the engine operating level to decrease as rapidly as possible.
The oxidizer turbine inlet valve also begins closing at cutoff signal and requires
250 ms to reach full closed. Main oxidizer velve closing is initiated based on
oxidizer injection pressure. VWhen the oxidizer injection pressure reaches a
predetermined level, the oxidizer valve begins closing and requires 100 ms to
reach full closed. When the oxidizer valve reaches full closed, the purge ges
downstream of the main oxidizer valve is sequenced on. About 1.5 second after the
oxidizer valve reaches full closed, the main fuel valve is signalled to close,

and requires 200 ms to reach full closed.
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FLOX Side Purge

The purge used is located just downstream of the mein oxidizer valve. When the
main oxidizer valve was fully closed, the purge was initiated at a level of

65 psia (450 kN/mz). This level was selected since the oxidizer pump discharge
pressure at the 10 percent throttled point is 65 psia (450 kN/cmz). Thus, when
cutting off from minimum thrust, the purge would not cause an increase in engine
operating level which would result in high mixture ratio values. When the purge
comes on, the purge gas begins purging the FLOX out of the pump. As gas fills
the pump, the resulting loss in fluid density causes the pump head to drop to
zero. For this study, complete purging of the oxidizer through the injector was
assumed before any purge gas reached the injector. In reality, the purge will
not be this smooth and will result in & lower mixture ratio near the end of the
purge and consequently a somewhat longer time required to complete the purging.
The volume of oxidizer to be purged from the system was estimated at 31 cu in.
(508 cu cm) at a temperature of 170R (95K), 0.0026 pounds (0.0011 kg) of helium

would be required for each purge.

Cutoff Transients

The cutoff transients resulting from the sequencing shown on Fig. 88 (main FLOX
valve closure initiated at injection pressure of 100 psia (690 kN/m2) are shown

in Fig. 80 through 92. In these transients the cutoff signal occurs at O.5-second.
Pressure transients in the system are illustrated in Fig. 89 and 90. Figure 91
shows the mixture ratio transients. In the cutoff analysis engine mixtu:e ratio
is given the special definition of the ratio of oxidizer injector flow to methane
pump flow. Thus, engine mixture ratio can be observed even during the purge phase
when no FIOX is flowing through the pump. Thrust chamber mixture ratio continues
to be the ratio of oxidizer injector flow to methane injector flow. Any difference
in the two curves results from change in density of the methane in the cooling
channels. Figure 92 shows the hot gas side wall temperature transients for each
of channel wall elements and the temperature of the methane in the injector.

These were the basis for the temperatures used in the quick restart enalysis.
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Figure 89. Engine Shutdown Pressures
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START AND CUTOFF IMPULSE

Impulse delivered by the engine and propellant consumption during start and cutoff
operation are describ. . in Tables 60 and 67 . During transient operation there -

is some deviation from the nominal mixture ratio. For a multiple start mission
some propellant tanking allowance wmay be necessary to allow for this variation as
well as any deviation in idle mode operation. In addition to the previously
described valve sequencing effects, reduction of manifold and line volumes down-
stream of the main valves will reduce both the start and cutoff impulse. In the
tables both start and cutoff are for full thrust operation. The start is based
upon attainment of 90-percent of design thrust; the cutoff is based upon depletion
of the FLOX with main FLOX valve closure initiated at 100 psia(690 kN/MZ)injection

pressure, <Lthe methane residual in the lines and chambef contribuies little
to the cutoff impulse.

ENGINE THROTTLED AND UPRATED OPERATION

Engine operation was evaluated at both throttled and uprated conditions.

Engine Throttling

An engine balance at the 10/1 throttled condition is presented in Table 62 and
system temperatures and pressures indicated in Fig. 93 . Engine throttling is
accomplished through increasing the percent methane flow through the bypass valve.
As shown in Fig. 93 the bypass flow is 69 percent of the total fuel flow at 10/1
throttling in contrast to about 20 percent at nominal thrust. The FLOX turbine
control valve is used to maintain constant mizxture retio. Control requirements

are described in the Valve Section.

Engine specific impulse is shown as a function of chamber pressure in Fig. 94 .
In determining this performence combustion efficiency decreases three percent over

the 10/1 range.
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PROPELLANT CONSUMPTION DURING START/CUTOFF

TABLE 60

Full Thrust Operation, 1b (kg)

Methane FLOX Effective
Start Conditions Consumption Consumption Mixture Ratio
Immediate Restart 4.86 (2.22) 17.3 (7.8) 3.6
Ambient Temperature
Start 4.75 (2.15) 18.0 (8.1) 3.8

TABLE 61

START AND CUTOFF IMPULSE

lb-sec (kg-sec)

Start Impulse

Cutoff Impulse

Conditions (90% Full Thrust) lb-sec (kg-sec)
Immediate Restart (Direct) 4950 (2250) 2500 (1135)
Ambient Temperature Start (Direct) 5240 (2380) 2500 (1135)
Cold Start (Direct) 8400 (%810) 2500 (1135)
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TABIE 62

10/1 THROTTLED ENGINE BALANCES

Thrust, 1b (N)
Engine Specific Impulse, sec (N-sec/kg)
Engine Mixture Ratio, O/F
Thrust Chamber
Chamber Pressure, psia (k N/mz)
Mixture Ratio, O/F
Weight Flow, 1b/sec (kg/sec)
Specific Impulse, sec (N-sec/kg)

Exit Temperature, R (K)
Expansion Ratio i’
Pumps, O/F
Flow, 1lb/sec (kg/sec)
Discharge Pressure, psia (k N/mz)
Number of Stages
Speed, 1000 rpm (1000 rad/sec)
Horsepower (kw)
Efficiency, percent
Turbine, O/F
Flow, 1lb/sec (kg/sec)
Inlet Temperature, R (K)
Pressure Ratio
Exit Pressure, psia (k N/m%)
Number of Stages
Efficiency, percent
Bypass, lb/sec (kg/sec)

500
366

5.25

52
5.25
1.37
366
1760
60

1.15/.22
79/125
1/2
8.1/12.2
.18/.20
57.9/54.2

0.033/.034
1750
1.09/1.08
73

1/1
20.8/25.8
.15

(2,200)
(3590)
(354)
(0.62)

(3590)
(975)

(0.52/.01)
(545/862)
(0.85/1.27)
(0.13/0.15)
(.015/.0155)

(970)

(503)

(0.068
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Pump inlet pressures have little effect on nominal thrust operation. However,
at 10/1 throttled conditions, the effect on turbopump power requirements is
significant. These effects are illustrated in Fig. 95 to 96.

Engine Thrust Uprating

Engine system uprating characteristics are described in Fig. 97 and in Table 63

and illustrate the power margin of the engine system. Two approaches to uprating
are illustrated., The first is essentially upthrottling of the engine with no
injector or turbine modifications. In the second approach the injector orifices
and turbine nozzle passages are increased in area. In both approaches the thrust
chamber backup material must be strengthened and the channels redesigned. With
the milled channel electroformed construction approach, this is a relatively simple

modification.

As shown in Fig. 97, uprating to 7000 pound (31,100 N) thrust can be accomplished
without changing injector and turbine flow areas. With flow area modifications
thrust levels of 7000-8000 pound (31,100-35,600 N) thrust can be obtained. In up-
rating, a minimum bypass flow of 5 percent is allowed. In Table 63 an engine
operating description is provided for 7000-pound (31,100 N) thrust.

AUTOGENCUS PRESSURIZATION

The engine system can supply hot methane and cold FLOX for use in propellant tank
pressurization. Methane and FLOX conditions are described in Table 64 for nominal

thrust operation.

TABIE 64
PROPELLANT CONDITIONS AT PRESSURANT TAPS; NOMINAL THRUST

Propellant Location Temperature, R (K) Pressure, psia (k N/mdj

Methane Turbine Exit 1220-1260 (675-695) 673 (4640)
Turbine Entrance 1260-1300 (695-720) 1014 (7000)

FLOX Inlet Line 140-170  (78-94) 612 (4220)
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TABLE 63

ENGINE UPRATING BALANCES

CONFIGURATION

MODIFIED HARDWARE

Thrust, 1b (N)
Engine Specific Impulse, sec (N-sec/kg)
Engine Mixture Ratio, O/F
Thrust Chamber
Chamber Pressure, psia (k N/m?)
Mixture Ratio, O/F
Weight Flow, lb/sec (kg/sec)
Specific Impulse, sec (N-sec/kg)
Exit Temperature, R (X)
Expansion Ratio
Pumps, O/F
Flow, 1b/sec (kg/sec)
Discharge Pressure, psia(kﬂ/mz)
Number of Stages
Speed, 1000 rpm (1000 rad/sec)
Horsepower (kw)
Efficiency, percent
Turbine, O/F
Flow, 1b/sec (kg/sec)
Inlet Temperature, R (K)
Pressure Ratio
Exit Pressure, psia (k N/mz)
Number of Stages
Efficiency, percent
Bypass, lb/sec (kg/sec)

FIXED HARDWARE
7000 (31,000)
399.5 (3915)
5.25

700 (4826)
5.25

17.5 (7.9
399.8 (3918)
1243 (689)

60

t
1.7/2.8  (6.7/1.3) |
1026/1949  (7074A3438)
1/2 |
50.3/86.8 (5.2/9.1)
61.8/93.7 (46/70)
70.7/61.0

3

1.22/1.43 (.55/.65)

1238 (685)
1.55/1.66
92 (6495)
gl/l
54.7/61.5
0.15 (0.068

11.15/1.36  (.52/.61)

1240 (686)
'1.53/1.65

863 (5950)
1/1

54.0/61.2

0.29 (0.13)

7000 (31,000)
399.5 (3915)

5.25

700 (4826)

5.25

17.5 (7.9) g
399.8 (3918) i
1245 (690)

60

14.7/2.8  (6.7/1.3)
926/1805 (638542430

11/2 |
48.3/84.5 (5.1/8.8)

.55.8/87.1 (41.6/65)
.70.3/60.5 |
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These conditions are more than sufficient to supply pressurization for pro-
pellant expulsion. 4n engine mounted head exchanger could be used to exchange
heat between the methane and the FLOX, Based upon a head balance foi pressurant
flow estimates, the methane has more than enough energy to heat the FLOX to

temperatures desired for pressurization.

The thrust level at which pressurization can be initiated was examined for both
transient and steady-state conditions. Assuming a minimum source pressure of 150
psia (1035 kN/Mz) for FLOX and 200 psia (1380 kN/MZ) for methane is necessary

for pressurization (regulator and line P allowance), thrusts of 1000 to 1500
pound (4450 - 6670N) are necessary before pressurization can be initiated.

Lower tank pressures wil! reduce these thrust levels somewhat. These thrust
levels are attained very guickly (e 1 second) after the FLOX valve is opened

during the start transient,

Where the propellant tank has been prepressurized, the start can proceed directly
since there is sufficient NPSH and the propellant e xpulsion pressurization require-
ments are low. Yor a completely autogenous system, the tank must be repressurized
and some period of two-phase fluid pumping may be necessary. <Yor this situation,
powered idle-mode operation will be employed. In this operation the engine is
started to a thrust level of 1000-1500 (4450-66T70N) pound. During the start

and the early portion of powered idle-mode operation, the pumps will pump

saturated or two-phase propellants. As discussed in the turbomachinery section,
operation in this thrust range with saturated propellants is possible. Two-

phase operation capability appears possible but must be experimentally verified.

Once the powered idle mode thrust level has been attained, tank pressurization

is initiated to raise the tank pressures to the value required for full thrust
operation., Where the ullage volume is large and pressurant has collapsed, the
prepressurant flow requirements may be larger than for propellant expulsion, This
situation occurs in the last trajectory correction maneuver of the Mars Orbiter,
for example., The flow requirements depend on the mission duty cycle may be the
major factor in éizing the pressurization system. Should the flow requirements

to raise the tank pressure be undesirably large, this type of maneuver could be

run with the engine throttled, thereby relieving the prepressurization requirements.,
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IDLE MODE OPERATION

The pressure~fed idle-mode operation described for engine start also has application
to low thrust msneuvers, consumption of propellant residuals, and propellant

settling.

The low thrust maneuvers can be performed in idle-mode as long as engine mixture
ratios are low enough to prevent thrust chamber over-heating. Chamber pressure

and mixture ratio for idle-mode operation are shown as a function of tank pressures
in Fig. 86. OQperation to the left of the thrust chamber cooling line will assure
that no chamber overheating occurs. Propellant consumption is generally small
(typically 1 percent of total in 100 seconds) and the thrust should remain
relatively constant even with tank pressure regulation. This idie mode operation
could be used to consume propellant residuals at the end of flight and significantly
extend the propulsion capability.

The engine can be used to settle propellants prior to a propulsive meneuver. This
can be accomplished through use of pressure-fed idle-mode or by a combination of
methane blowdown and pressure-fed idle-mode. - Where liquid methane can be assumed
at the engine inlet through use of a propellant screen, for example, pressure-fed
idle-mode can be used for settling. 1In this case, there would be no possibility
of having liquid FIOX and gaseous methene at engine inlet with the attendant high
mixture ratio operation. Where the propellant conditions at the engine inlet are
unknown, the methane alone could be used for settling. Methane gas could be blown
down, creating a small thrust which would be sufficient to settle the propellants.
When methane liquid was available at the engine inlet, pressure-fed idle-mode or

direct engine start could be initiated.

In Ref. 9, the settling times for a Mers Orbiter system were estimated at 9-18
seconds using & 6-pound (26 N) thrust auxiliary thrustor. Thrust levels for
pressure-fed idle-mode and methane blowdown are listed in Table 65. All these
are based on tank pressures of 35 psia (240 KN/m°) end 70 psia (485 KN/m?) for
FLOX and methane, estimated end of flight vapor pressures.
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TABLE 65

PROPELLANT SETTLING THRUST

Method

Conditions

Thrust, 1b (N)

Pressure-Fed
Idle~Mode

Liquid at Pump Inlet

Methane Liquid at Pump Inlet;

Blowdown Chamber Temperature
250 R (139K) 90 (400)
530 R (294K) 20 (89)

200-300 (890-1330)

With these thrusts, prcpellant settling times for the

would be very short.
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THRUST CHAMBER DESIGN

A thrust chamber design utilizing advanced fabrication techniques was
established to provide low-cost chamber fabrication and design flexibil-
ity. The selected fabrication method was to use electroformed nickel
with mechanically-milled channels, as used in chambers fabricated under
Contract NAS3-11191. This technique provides a smooth inner wall and
eliminates potential problems associated with welded or brazed joints.,
The thrust chamber is designed to meet the requirements for operation at
nominal, throttled and idle mode conditions, With a slight modification
to the channel contour and the use of additional backup structure, the
8000~pound thrust level can be achieved.

DESIGN GROUND RULES

The channel design is based upon the two-step variation in channel width
described in Task I. This step variation in width represents a compromise
in which slightly higher pressure drops were accepted to provide a reduction
in fabrication cost. The chamber design was based on methane coolant infor-
mation obtained from heated tube deata, and the combustion side heat transfer

profile was based on data taken in a water-cooled chamber under Contract NAS3-
11191, This information is described below and in Ref. 14.

Combustion Side Heat Transfer

Recent gas side heat transfer film coefficient data from a 20-degree (0.35 rad)
convergent angle, 7.5-inch (19,1 em) combustor (Ref. 1), using both a trip-
let and a concentric tube injector, were carefully analyzed, The data com-
pared very well with the boundary layer equation in both the convergent section
sf the chamber and in the throat, assuming that the boundary layer was initiat-
ed at the start of convergence, In addition, local heat flux measurements

on the nozzle compared favorably with the analytically-predicted values.,
Therefore, the boundary layer equation has been used to predict the heat

transfer film coefficients for this study.
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The concentric injector tested under NAS3-11191 had very good performance

and showed low combustor heat fluxes as compared to the triplet. With the
up-pass coolant circuit and resultant high methane coolant temperatures and
low densities in the combustor, an appreciable pressure drop savings can

be achieved by designing to the concentric injector heat flux profile., Con-
sequently, the final heat flux profile uses the experimental concentric heat
flux profile, adjusted by the standard turbulent flow area ratio correction

(h_ QL €7°%) +to the start of convergence or to the point where the concentric
injector heat flux profile merges with the theoretical profile, whichever occurs
further downstream. Heat fluxes at other than nominal chamber pressures were
“extrapolated using the standard turbulent flow correlation:

Coolant Side Heat Transfer

The correlation used for predicting coolant side heat transfer coefficients
was the Dittus-Boelter equation, with properties-evaluated at the bulk tem-
perature. When compared to methane heat transfer data obtained at Rocketdyne
in electrically~heated tubes, the above prediction accurately estimates the ex-
perimental values over the temperature range of 350 to 1125 R. - The Dittus—

Boelter bulk correlation with entrance, roughness, and curvature enhancement
factors added is:

_ 0.8 0.43080
N = o.ozBNRe NPr QQC

ol

Na

=

; R

Enhancement factors were selected based on a review of experimental methane
data and the specific channel configuration., Curvature enhancement reaching
a maximum of 1.5 was used in the throat region. Roughness enhancement of 1.18
wag used based on a typical milling surface finish. Entrance region enhance-

ment near the coolant inlet was a maximum of 1.06,.
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CCVBUSTCR SAPE

The shape of the combustion chamber is significant because it affects l) local
heat fluxes a2nd boundary layer initiation point; 2) integrated heat load and
coolant discharge temperzture; 3) combustion chamber wall temperature and
pressure drop; 4) performance; 5) thrust chember size and weight; and 6) fab-

rication ease.

Two shapes were considered: 1) a conventional shepe with a cylindrical combustor
end a tapered convergence section, and 2) a uniformly tapered chember between

the injector and the throat. Both used the same injector (contraction ratio = 4),
and the latter chamber is O.5-inch (1.27 cm) longer. Comparable geometries are
shown in Fig. 98, together with the geometry of the combustor tested for

Contract NAS3-11191. Both chambers have about the same coolant pressure drop

and coolant exit temperature (within 30 F, 17K), but the tapered chamber

appeared superior.

Shape Effect on Heat Transfer

A two-dimensional heat transfer analysis was run for the throat and for critical
parts of the combustor for toth configurations. The critical combustor region
is near the start of convergence for the conventional combustor, and zbout

6 inches (17.8 em) from the throat on the tapered chamber. The tapered com-
bustor was 150 F (83K) colder in this region due to a slightly lower heat flux
(Fig. 98), and because the chamber diameter and consequently the land width is
appreciably smaller (about 0.116 vs 0.138-inch (0.295 vs 0.350 cm) channels).
Consecuently, about 30-percent more channels, or else higher coolant velocities,
would be required to maintain the same wall temperatures in the conventional

manner.,
A comparable difference occurs at 10:1 throttled conditions. Consequently, the
tapered chamber is more attractive from a cooling stendpoint. Two-dimensional

wall temperatures are summarized for a 90-channel design in Table 60,
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TABLE 66
MAXIMUM COMBUSTION -~ SIDE WALL TEMPERATURES

Full Thrust 10:¢1 Throttled
B Throat Egagustor Throat Combustor
Conventional
Contour, F (K) 1390 (1028) 1670 (1180) | 1045 (835) 1750 (1220)
Tapered Contour, F (K) 1310 (985) 1525 (1095 ) | 1050 (838) 1650 (1170)

Bffect onﬂc*

Tests with hydrogen (Contract NAS 8-20349, Ref. 15 indicated that for a given

chamber length, higher performance was achieved with a lower contraction
ratio chamber, using a concentric injector. The reason for this is two-
fold: 1) the smaller cross section of the chamber confines the methane
to the vicinity of the element aml, thereby, promotes mixing; 2) the
higher velocity of the methane and combustion gases in the chamber also
promote mixing and vaporizstion of the FIOX. Consequently, even though
the tapered chamber has a lower L*, it is expected to have good perform-

ance.,

Effect of Shape on Fabrication and Weight

Fabrication and inspection of the combustion chamber is facilitated by
the constant taper design. Machining of the channels and of the chamber

contour which also determines the channel height profile is accomplished

by following a template. The radial location of the template is generally

easier to establish than the axial position. Smaller comvergence angles
require less accuracy in the axial location of the template for a given

accuracy of the hot gas wall thickness and channel height. The tapered
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chamber, having the smallest convergence angle, provides the easiest
template setup conditions. Direct measurement of the wall thickness in
the combustion chamber with calipers at all stations after machining

is possible with the tapered chamber. Inspection time requirements are
thereby reduced compared to requirements for the ~onventional shape
combustor. Since the tapered combustor has a smaller surface area

and a smaller average diameter the wel ght will be slightly less
(approximately 0.5 1bs (0.027 kg) less) and the structural shell will
also weigh less.

Selection

Based on projected test datas the tapered combustor appears to be
superior and has been chosen as the flight weight design configuration.
The performance and heat transfer characteristics of the. tapered

combustor should be experimentally verified.

CHANNEL DESIGN SELECTION

Many design combinations for the channel configuration were examined,

The ideal geometry from a weight standpoint is a constant land width
channel. Stress requirements, however, fix the meximum channel width for

a given wall thickness, and thus channel branching is required if the

ideal geometry is to be approached in a physical design without undue wall
thickness, using electroformed nickel channels., At the other extreme, the
easiest and cheapest design would be a constant width channel from injector
to nozzle exit, with no branching. However, this design has the highest
weight and pressure drop. The compromise finally selected was a design
with no branches, two step changes in nozzle width ( € =4 and 16) based

‘on wall temperzture and stress considerations, and selection of a minimum
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charnel height in the nozzle of 0.05 inch (0.127 cm) from weight, pressure
drop, end potential blockage considerations. This design is relatively low

cost, and has very little weight penalty over the optimum configuration.

Channel Geometry

The following geometrical restrictions were placed on the design.

Minimum Well Thickness = 0.025 inch (0.064 cm)
Minimum Land Width = .030 inch (0.076 cm) - (vprevious fabrication
experience)

Land Width Channel Width in Throat (2-D conduction)
OCther orerating and design features included:

a) 10/1 throttling capability

b) Ease of manufacture

c) Minimum stress safety factor = 2.0 based on gross distortion

d) Theory at 1700 F (1200K) wall temperature in the throat and
combustor

d) No branches or step changes in channel width upstream of the
throat, due to the necessity of reasonably close tolerances in
order to minimize pressure drop and maintain the design wall

temperatures.

Stress anslysis indicated the full thrust condition to be the most critiesl
design point. Channel widths in the nozzle are based on stress requirements
for electroformed nickel, using a safety factor of 2 based on gross distor-
tion theory for rectangular channels. To permit wider channgels in the nogzzle,
a wall thickness of 0.040 inch (0.10 cm) was used for nozzle area ratio greater
than 4.0, Channel width step changes occur at nozzle area ratios of 4 and 16.
Nozzle channel widths were chosen to utilize standard cutter sizes. Channel

heights in the nozzle were chosen %o maintain a constant mass velocity beyond

€=4"
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The throat was stressed for a safety factor of 2.0 at 1700 F (lZOOK) wall
temperature, using a 0.025-inch (0.064 cm) wall thickness. The remainder

of the combustor was stressed for a safety factor of 2 at its maximum
allowable operating temperature. A minimum wall temperature margin of

150 ¥ (83K) at full thrust was then imposed on the design. The new wall
temperatures determined the regquired coolant mass velocities, and the
corresponding channel heights. Consequently, the allowable wall temperatures
in the combustor are less than in the throat, due to the lower heat fluxes

and corresponding reduced wall AT,

Ease of fabrication was next considered, in terms of the chamnnel height
profile. Additional restrictions in the design imposed by fabrication

considerations were:

1) constant height throughout throat radius of curveature

2) depth variation in combustor should be.designed so that
no reversal in the radial direction is required of the
cutter, in order to hold closer tolerances }

3) preferably design channels with constant taper angle br

constant radial location.

& trade-off study was conducted to determine additional pressure drop
requirements imposed by fabrication tolerances. The final selection was
a channel whose height decreased linearly along two taper angles from the
injector to an axial location 2.0 inches (5.08 cm) upstream of the throat,
and a constant channel height section from this point through the throat.
The maximum channel height at the injector end was selected as small as
permitted by pressure drop considerations, in order to reduce required
manifold sizes. The channel exits have been designed to diffuse the

coolant flow, thereby recovering some of the dynamic pressure at the exit.
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Otherwise, the full velocity head would be lost as the coolant entered

the exit manifold. This is expected to reduce the coolant pressure drop

by about 10 psi (70kN, mz).

Wall Temperatures

The regenerative cooling program used to design the chamnels and determine
pressure drops utilizes one-dimensional analysis to calculate wall temp-
eratures, Consequently, a two-dimensional thermal analysis was employed
to determine the temperature distribution at certain critical lecations
in the combustor and throat for full thrust and throttled operation. For
this analysis, the channels were assumed to have a 0.030-inch (0.076 cm)

Nickel 200 closeout and a 0.090-inch (0.029 cm) Hastelloy C backup structure.
The maximum wall temperatures are summsrized in Table 67.

TABLE 67
MAXIMUM WALL TEMPERATURES, TAPERED CHAMBER

Full Thrust 10:1 Throttled

No. Channels 72 Q0 120

Throat T.., F(K}|1350(1005) 1310(985) 1260(955)

Combustor T.., F|1630(1155) 1525(1095) 1450(1060)
(X = 7.5-inch)
(19.1 cm)

72 90 120
1070(845) 1050(838) 970(790)
1740(1220) 1650(1170)1550(1115)

As a result of the 2-D analysis, the minimum number of channels considered

for the design was 90, because of combustor wall temperatures at 10/1

throttled conditions., While additional channels would further reduce wall

temperatures and stress levels, this must be traded off with additional

cost and with tolerance considerations.
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Tolerance

The philosophy adopted with regard to tolerances is that the nominal design
would represent the highest temperature operating condition. This meant that
nominal channel dimensions would also be maximum dimensions. Tolerance ef-
fects, then, would result in lower wall temperatures and higher pressure drops.
Typical width and height tolerances resulted in the following pressure drop
values at full thrust:

TOLERANCE EFFECTS ON JACKET AP

Number of Channels 90 120
psia (k N/mz)

Tolerance, inches (cm)

Nominal 230 (1580) 230 (1590)
-0.004W  (-0.,0102W) .

-0.006H (-0.0152H) 325 (2240) 340 (2350)
-0.003W  (-0.00762W)

~0.010H  (-0.0254H) 360 (2480) 380 (2620)

Above values are for a roughness of 30 /u.inch (7.62 microns) and a fixed cool-
ant jacket outlet pressure of 1090 psia (7516 k N/m?). Pressure drops include
a one veloxity exit head loss. Pressure drops would increase about 30 psi

(210 k N/m?) if the roughness increased from 30 to 100 /pcinch (7.62 to 25.4
microns)

In addition, the latter tolerance (-.003 width, -.010 inch height (-.008 width,
-.030 cm height)) results in approximately 100 F (56K) reduction in wall temper-
ature at the throat and 70 F (39K) reduction in the combustor [7.5 inch (19.1 cm)
upstream of the throaiJ. This increases the stress margin even though the cool-
ant pressures are higher, Similarly, nominal wall thicknesses were taken as
minimum values. Even though larger wall thicknesses result in higher wall tem-

perature, a net increase in the stress safety factor is obtained.
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While wider tolerance limits imply potential cost savings it is desirable
to hold a reasonably cloge tolerance for reasons of stress, pressure drop,
and weight. A maximum height tolerance of + .005 inch was found to be a

satisfactory compromise.

Weight

Channel (combustion-side wall and loads) weight is a weak function of
both the combustor shape and the number of channels. For the tapered
combustor, the channel weight without closeout or backup structure is
32.2, 30.9, and 28.6 1lbs for 72, 90, and 12C channels respectively. With
the channel closeout shown in the design, the 90-channel thrust chamber
would weigh approximately 54 1lbs. Of this, about 75% of the weight is in

the nozzle downstrean of € = 16.

Uprating Characteristics

When the 90 and 120 channel chambers with constant tapered combustion
zones designed for 500 psia chamber pressure are operated at 800 psia

the limiting factor becomes the stress induced by coolant pressure in

the nozzle as shown in Table 68, The combustion zones still have accepi-
able safety factors at 800 psia because the channel dimensions in this
region were designed to maintain a wall temperature (two dimensional)

of 1500 F or less at 500 psia. The maximum wall temperatures at 800

psia are 1645 F and 1585 F for the 90 and 120 channel designs respectively.

In order to maintain a safety factor of 2.0 in the nozzle the channel
width would have to be decreased to 0.094 inches in the 4 £ ¢ <16
region and to 0.156 inches in the € = 16 region. These modifications
would increase the jacket pressure drop by approximately 10 psi and

increase the weight by 2 pounds.

269



TABLE 68
CHANWEL STRESS SAFETY FACTORS

TAPERED CHAMBER

500 psia (3450 k N/m°) Design Operated at 800 psia (5520 k N/u)

Axial Location Stress Safety Factor

No. Channels

c X, in. (cm) 90 120
60 26.47 (67.4) 1.5 1.5
164 Te3 (18.6) 1.5 1.5
n 2.22  (5.65) 1.4 1.8

1 0 (o0) 2.3 2.7

-1.5 (-3.8) 1.9 2.2

6.3 (~16) 2.2 2.6

-7.5 (-19.1) 2.0 2.4

|
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The results of these analyses indicate that only a slight modification of
either the 90 channel or the 120 channel designs would be required to usp-
rate the thrust chambers from 500 psia (3450 kN m2) operation tc 800 psia
(5520 kN/ﬁz) operation.

DESIGN CHARACTERISTICS

This section covers the design characteristics of the selected 90 channel,
tapered combustor configuration. Alternate designs considered in the study

are included in Appendix B.

The inner nozzle contour and the corresponding gas side film coefficients
at a chamber pressure of 500 psia (3450 kN/mz) are shovn in Fig. 100 and 101.
Coolant channel width, height, and land width are presented in Fig. 101,
103, and 104 respectively. Channels are designed in constant width sections
with step changes at area ratios of 4 and 16. The step locations were
chosen to prevent the land width from dropping below the minimum value of
0.30 inches (7.62 em). The channel widths and heights are faired in at

the steps to avoid unnecessary pressure drops. Since the heat fluxes are
low, and the channels are thermzlly over-designed in the nozzle, fairing
the channel at the two step locations should not be critical. Channel
height was fixed at 0.050 (0.127 cm) inch from the nozzle exit to an area
ratio of 16. Between area ratios of 4 and 16, the height was tapered to
maintain a constant mass velocity. Channel height is constant around the
throat radius, and then increases in two linear tapers to the injector

plane.

The wall temperature profile is shown in Fig. 1205. The wall temperatures
are very low at the exit, where the channels are over-designed to save
weight. The step change in wall temperature (X/RT ~ 2) results from a
change in channel width at a nozzle area ratio of 4. One-~dimensional
temperatures are less than 1500F (1090K) throughout.
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Because of the two-dimensional heat conduction characteristics of

channels, the critical cooling regions near the throat and 5.5 inches

(18.6 cm) upstream of the throat were examined in detail. Results for

the 90 channel configuration are shown in Fig. 106. In general, the
two-dimensional analysis indicates that the throat will run approximately
100 F (55K) colder than predicted on a one-dimensional basis, while the
combustor would run about 70 F(39K) higher at mid-land. Mid-channel values

in the combustor are close to the one~dimensional design values.

Backwell temperatures are about 100 F (55K) higher than the methane bulk
temperature in the thro:ct, and about 200 F (110K) higher in the combustor.
For purposes of enalysis, a 0.030 inch (0.076 cm) Nickel 200 closeout and
a 0.090 inch (0.229 cm) Hastelloy C backup structure was assumed. Very
1ittle difference in the temperature distribution would be expected using
only an 0.080 inch (0.203 cm) nickel backup, due to the flat temperature

profile,

The coolant bulk temperatures at full thrust snd at 10:1 throttied
conditions are shown in Fig. 107. About half the total heat input to
the cooland occurs in the nozzle. Coolant exit temperatures are 1300 R
(620K) and 1750 R (970K) at full thrust and at throttled conditions,
respectively. Coolant mass velocity and pressure drop profiles were
determined hased on a 304 —inch (7.62 micron) roughness. Most of the
pressure drop occurs in the combustor, with only about 15-percent
occurring downstream of the throat. This is partly a result of the
higher combustor heat fluxes and pertly due to higher coolant tempera-
tures. The latter effect increases pressure drop through both higher

mass velocity requirements and reduced density.
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Throttling Characteristics

Thrust chamber characteristics were analyzed over a 10/1 throttling range,
holding mixture ratio constant at 5.25. The coolant bulk temperature,
along with the two phase region for the 10/1 throttle case was presented

~ in Fig. 107. A summary of the methane phase change locations is presented
in Table 69. The heat fluxes are low in the phase change region. As a
result, no cooling problems are anticipated with the over-designed channels.
The pressure drop through the coolant jacket is 45 psi (310 kﬂ/mz). The
chamber design is predicted to operate satisfactorily in terms of wall
temperatures and stress requirements over the full throttling range profile

in this region.

Two dimensional wall temperatures are shown for the throat and combustor
at the 10/1 {throttle condition in Fig. 108. Because of higher coolant
temperatures, the backup structure temperatures increase as the engine
throttles. Although the wall temperature in the combustion zone approaches
1650 F (117OK) at throttled conditions, thé coolant pressures are consider-
ably less than 2t full thrust and the stress safety margin is therefore

satisfactory.

Idle Mode

Idle wode operation was analyzed over a range of chamber pressures and the
maximum mixture ratios at which various temperatures would be acceptable

were described (Fig. 109). A maximum discharge temperature for the methane
was fixed at 1500 F (lOBOK), and this condition determined a maximum allowable

mixture ratio.
In addition, maximum wall temperatures of 1600 F (1145K) and 1700F (1200K)

were examined. In general, as an engine throttles, the regions with higher

coolant mass velocity throttle better than regions of low mass velocity. This is
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TABLE 69

in

(135k)

PHASE CHANGE LOCATIONS

T, = 245R, MR = 5.25

Chamber Pressure

Inlet Pressure,

Phase Change

Heat Plux

psia, k N/m?) psia, k N/m?) Region, € BTU/ind—sec J/cn“-sec

500 (3450) 1310 (9050) * — ———
300 (2070) 790 (5450) * - ——
250 (1270) 660  (4550) 40 0.29 47.5
100 (690) 260  (1800) 55-29 0.10-.20 16.3-32.7

50  (345) 130  (900) 60~35 0.050-.10 | 8.2-16.%

%
Supercritical
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Maximum Mixture Ratio, O/F
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partly the reason why the tihroat has higher mixture ratio limits than the
combustor. In addition, due to the higher coolant temperatures in the
combustor, the wall temperatures azre more sensitive to the coolant discharge

temperature.

The combustor at the most critical cooling point located 7.5 inches (191 em)
upstream of the throat determines the maximum allowable mixture ratio bgsed

on either a 1600 F (1145K) or 1700 F (1200K) wall temperature limit. The
temperature values of Fig. 109 are vased on steady-state conditions. In
idle-mode start, considerable time may be necessary to attain steady-state
conditions. It may, therefore, be possible %o operate at mixture ratio values
above those shown for 10-20 seconds without zchieving the indicated temperatures.
In addition, higher temperatures than those shown may be encountered without
exceeding the thrust chamber strength capability. Idle-mode operation should,
therefore, not be restricted to mixture ratios below nominal without detailed

examinztion of the operating requirements.

FLIGHET WAIGET T:RU3T CHANMIEZR DESIGN AND FPABRICATICH

The flight weight thrust chamber consists of a one-piece slotted nickel coolant
shell which is reinforced through the combustion chamber area by an Inconel 625
structural backup shell. A "J" weld joint is provided at the forward end of
the combustion chamber to facilitete the attaching of the injector. The
tapered straight wall chamber and the constant radius throat minimize fabrica-

tion complexity and cost.

The coolant shell will be electroformed on a two piece mandrel which is split
at the throat. Although the nominal engine length is dictated by the € = 60
area expansion ratio, the mandrel is of a length to allow for additional axial
buildup in the event a mounting surface aft of the €= 60 plane is recuired

for attaching a nozzle skirt,
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The initial electroformed nickel layer after contour machining is 0.166 inches
(0.422 cm) thick at the forward end, 0.096 inches (0.244 cm) thick at the
throat and 0.090 inches (0.229 cm) at the aft end. For the slot sizes
considered, slot width can be held to + 0.0015 inches (0.0033 cm) and slot
depth can be held to + 0.005 inches (0.013 cm). A smooth transition occurs
in the area where the hot gas wall thickness changes ( € = 3). The only

area where the slot contour does not follow the internal chamber contour is

at the end where the slots remain on the 7.5 degree (0.131 rad) cone angle
while the chamber contour becomes cylindrical for g short length to facilitate
injector installation. " Once the slots are machined, they are filled with wax
and the entire part is activated and placed into the tank for the final
electroform layer. This second electroformed layer requires additional

nickel bnuildup at both ends of the pert to provide a mounting surface for

the manifelds and an attach joint for the backup structure. After electro-
forming, the wax is removed from the slots and the surface is contour
machined. Manifold welding tabs are machined in the nickel at both ends

with a 0.050 inch (0.127 cm) step machined in the forward end to accommodate
the backup structure.

The coolant shell in the thrust chamber is relatively wesk in the circum-
ferentail direction as couwpared to the longitudinal direction because only
the inner and outer wells of the channels resist circumferential loading
while the webs between chamnels as well as inner and outer walls resist
longitudinzl forces. The electroformed nickel used in the cooling channel
section, while being advantageous for heat transfer and fabrication
requirements, has relatively low strength and is not as efficient as a
material such as Inconel 625 for resisting stress. Therefore, a shell

of Inconel 625 was added to rrov’de hoop strength for the combustion chamber.
Since the ni kel channel section can adequstely carry longitudinal loads,
the Inconel 625 shell is not brazed to the nickel channel section.
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Differential axial thermal strain between the shell and the channel
section will result in longitudinal loading that may produce minor longi-
tudinal yielding of the shell. The result depends on friction; and since
the exact friction force is unpredictasble, the limits of axial interaction
between shell and channel section were examined. ¥No critical condition

was determined for the extreme cases of with and without friction,

The backup structure is spun from a sheet of Inconel 625 to a mandrel which
has the same inner contour zs the outer surface of the nickel chamber. The
wall thickness of the spimming is tapered from 0.050 inch (0.127 cm) at the
forward end to a 0.030 inch (0.076 cm) at the throat. Once spun, the shell
is split longitudinally, placed on the chamber, and seam welded together.
The shell is then welded to the chamber at the forward end.

The Inconel 625 maenifolds are welded in place with the inlet and outlet
ducts being welded to the manifolds after the manifolds are welded to

the chamber. The cross section of the manifolds are half circles with
an internal diameter of 0.700 inch (1.778 cm) and a wall thickness of
0.050 inch (0.127 cm). The wall thickness was selected to obtain an even
weld joint with the nickel tabs which are structurally required to be
0.050 (0.127 cm) thick. Inconel 625 menifolds are used in order to be

compatible with the inlet and outlet lines.
A box sectioned support ring is welded just below the forward coolant

manifold to provide support for the gimbal actuator rigging and the

turbopump mounts. Figure 110 is the thrust chamber design drawing.
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The total weight of the thrust chamber is 54.% pounds (24.7 kg). The

weight breakdown by comvonent is as follows:

1b ke

Electroformed Nickel Coolant Shell 49,3 22.4
INCO 625 Structural Shell 1.9 0.86
Coolant Inlet Manifold (INCO 625) 1.3 0.59
Coolant Outlet Manifold (INCO 625) 0.2 0.09
Support Ring 1.1 0.5
Gimbal Actustor Rigging 0.5 0.23
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INJECTOR DESIGN

An injector design was established to provide the high performance and operational
features required by the engine system. The injector receives hot methane from
the turbines at a nominal-thrust temperature of 1260 R (700K) and a temperature
of 1750 R (970K) at the 10:1 throttled condition. The FLOX temperature is in the
160~-170 R (90-94K) range. Design chamber pressures range from idle mode and
throttled operation values of 30-50 psia (210-345 kN/m?), up to the nominal thrust
chamber pressure of 500 psia (3450 kN/m?) and potential uprated values of 700-800
psia (4830-5520 kN/h2). The injector design was based, to a considerable extent,
upon the injector tested with FLOX/methane under NASA contract NAS 3-11191.

ELEMENT TYPE SELECTION

Various injector types were evaluated to select a candidate injector element
configuration. Basic injector configurations evalusted were coaxial, impinging
jet, and large thrust/element types. The impinging jet configurations included
doublets, triplets, and pentad types. Data from NASA, Air Force and company-
funded programs were reviewed; recent data from Contract NAS 3-11191, Space
Storable Regenerative Cooling (Ref. 1 ), NAS 3-12011, Gas Augmented Injector
(Ref. 2), the J-2S program (Ref. 24 ), and company-funded efforts with FLOX/CH,,
were most applicable. The principal evaluation criteria were performance, thrust
chamber compatibility (streaking and total heat rejection), stebility and fabri-

cation cost. A comparison of the element types is provided in Table 70.

Coaxial injector elements have been successfully used with 02/H2 in the J-2 and
J-25 engine programs at Rocketdyne, and with the PWA RL-10 engine. FLOX/methane
performance and heat transfer data have been and are currently being obtained with
a coaxial element injector under NAS 3-11191 testing which is directly applicable
to this engine. A coaxial injector has provided good performance with FLOX/methane
(97 to 98 percent) and good chamber compatibility. Chamber heating loads are

30 percent lower than comparable performing triplet injectors.
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Testing of a concentric element injector with ELOX/methane in a regeneratively-
cooled chamber has also been conducted under company funding. Results of these
tests also show good performance over the entire throttling range. Based upon
these considerations, the coaxial element was selected for the flight-weight
injector design. As discussed in the following sections, two element designs
should be considered as alternates because of their potentially attractive
features. When additional data are obtained on these concepts, they should be

evaluated for potential use in this application.

Triplet elements have been run with a variety of cryogenic propellants and
provided good combustion efficiency. Under Contracts NAS 3-11191 and NASw-1229
Ref.1,2), high combustion efficiency was obtained with FLOX/methane, but the heat

transfer to the combustor was very high, particularly near the injector,

‘Doublet element, liquid FLOX/liquid IPG injectors have been tested at low chamber
pressure (100 psia, 690 kN/m2) under NAS 3-11199, Space Storable Propellant
Performance (Ref. 16 ). Self-impinging doublet injectors were used extensively
and design criteria have been established. This element type is moderate in cost
and readily amenable to analysis. With additional test data, it could become
attractive. Because of the absence of test datas, this concept was regarded as

having backup potential but was not selected for the current design.

large thrust-per-element injectors (5000 to 20,000 pound thrust, 22,200 N to
89,000 N) are being evaluated in the Gas Augmented Injector Program, Ref. 2,
where they have been hot-fired with oxygen/hydrogen with combustion efficiencies
of ~ 97 percent. Current contract effort is being directed toward-FLOX/CH4
injector designs and cold-flow testing. Impinging and coaxial types are being
evaluated. This program provides an interesting alternate injector design with
potential high performance and low cost. In addition, considerable gas-liquid
injection design data are being gathered, which will maeterially improve the

capability to design end to predict performance for gas-liquid injectors.
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INJECTOR THROTTLING TECHNIQUE SELECTION

Various methods to obtain good performance and stability over the 10:1 throttling
range were evaluated. The basic techniques evaluated were: dusl menifolding,

gas/gas injection, and cup recess types.

Dual Manifold

Dual manifolding provides a step decrease in injection area as the propellant
flowrates are reduced. The proportional reduction in area with flowrate provides
reasonable injector pressure drops and injection velocities for stable and high
performance operation. Study results indicated dual menifolding of the gaseous
fuel side of the injector was not necessary. The injector ( AP/PC) ratio remains
essentially constant during throttling due to the density decrease of the gaseous
propellant at decreased pressure during throttling. However, the dual masnifold
design has the disadvantage of requiring an extra FLOX valve and a step change in

engine system power (FLOX pump discharge pressure) during throttling.

Two different types of dual manifolding for the liquid FLOX eppear promising. Dusal
manifolds (feed passages) could be provided to each of the oxidizer injector
elements, such that all elements would inject oxidizer during throttled operation.
Dual manifolds could also be provided to shut off oxidizer flow to selected elements
such that only selected elements would inject a higher flowrate of oxidizer during
throttled operation. Dual manifold testing with FLOX/MMH under Contract NAST-304
(Ref. 17 ) indicated good performence and that no purge of the inactive elements

was necessary. Both types of dual manifolding appear to offer potential; however,
the technique where each element is throttled should provide better performance

and less potential for injector overheating and FLOX side contamination.

Gaseous Injectioun

Injection of gaseous fuel and oxidizer over the entire thrust range gives a ASP/PC
ratio which remains relatively constant for both propellants. Therefore, high

performance and stability are obtained without dual manifolding, external valve
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requirements, or step changes in pump discharge pressure. Several methods of
oftaining gaseous FLOX through heat exchangers with the hot methane are available:
gasification in the FLOX injector tubes, gasification in the injector menifolds,
and gasification in a thrust chamber heat exchanger. A heat exchsnger injector
with gasification in the FLOX tubes has been fabricated and tested over a 10:1
thrust range with FELOX/CH4 propellasnts. An F2/H2 injector has been successfully
throttled cver a 10:1 range with oxidizer gasification in the injector manifold

and orifices.

Gaseous propellant injection for 10:1 throttling can be provided through complete
vaporization of the FLOX in a heat exchanger prior to its entering the injector
oxidizer manifold. In a typical design to accomplish this, a milled channel heat
exchanger is incorporated on the outside of the milled channel thrust chamber.
The liquid F10X is thus vaporized by heat transfer from the hot CH4 in the upper
thrust chamber jacket. In addition to the injector throitling capability, this
design reduces back-wall temperatures, decreases jacket AP, and could allow
higher chamber pressures. This method has been demonstrated over an 8:1 range
with F2/H2.

Recessed Element

The third basic method of obtaining good injector performance and stability during
10:1 throttling operation was with a coaxial injector emplo&ing a recessed FLOX
post. It was found in both cold-flow experiments and in engine tests that proper
design of a recessed post coaxial element would result in a relatively high net
pressure drop being meintained across the element over a wide range of flowrates
without interpropellant heat exchange. This type of injector haé demonstrated
satisfactory throttled operation with oxygen/hydrogen propellants.

Figure 111 shows z&Pox vs aox for a liquid oxygen/hydrogen cup throttling element.
It may be seen that the oxidizer AP differs significantly from a typical liquid

AP. The initial portion of the curve follows the liquid AP closely, because the
orifice portion of the AP is dropping off proportional to flowrate squared. The
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data scatter was caused by variations in fuel injection temperature (higher
points indicate higher fuel temperature). The absolute values of AP are low at
throttled conditions, basically because of the low fuel temperature which dropped
during throttling due to decreasing mixture ratio. For the F’LOX/CH4 applications
studied, fuel injection temperatures will increase during throttling and the AP's

at the throttled conditions will be significantly higher than the data shown.

Throttling Method Selection

After careful evaluation of the throttling methods, the recessed element approach
was selected based upon its similarity to the injector element being tested with
FLOX/methane, upon the successful J-25 experience in throttling and upon its
potential simplicity for a flight-weight engine.

Other throttling methods can provide the throttling capability with reasonable

- pressure drop values at nominal thrust with somewhat more system complexity. The
dual manifold technique has a high level of confidence but is more complicated.
The gas/gas injection with a FLOX heat exchanger is also a potentially atiractive
backup approach.

INJECTOR ELEMENT DESIGN

Under Contract NAS3-11191, a FLOX/methane coaxial injector has been tested at a
series of mixture ratios and pressures. The injector elements are arranged in
concentric rows. This injector element is shown schematicelly in Fig. 112. It
has a tapered exit and a slight FLOX post recess to promote mixing. The methane
annulus hole was broached to produce lends to center and support the FLOX post.
The lands weie cut back from the end of the post to provide a uniform annular
hydrogen stream. Testing of the injector resulted in combustion efficiencies from

95 to 100 percent, as shown in Fig. 113.

The concentric injector element was designed based upon information from Contract
NAS3-11191 and from information generated in connection with current rocket engines.
Based on coaxial injector investigations in transparent chambers, in conventional
chambers, and in cold-flow testing, the injection/combustion process proceeds as

follows:
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At the end of the oxidizer post, the annular gas stream (fuel) rapidly expands
across the gap left at the end of the oxidizer post until it meets the oxidizer jet.
Stripping of the oxidizer by the parallel, higher-velocity fuel proceeds, yielding
oxidizer vapor and spray. The gas velocity decays relatively rapidly, due both to
entrainment of the oxidizer spray and to expansion in the cup region (cylindrical
portion between the end of the post and the face). Combustion proceeds in the
mixing region, its extent determined by the combustion lag, the gas wvelocity, and
the local mixture ratio. The combustion zone stripping continues until the entire

oxidizer jet is consumed.

The injector pressure drop (from msnifold to chamber) is composed of three parts:
orifice, friction and cup. The orifice AP is determined by the entrance geometry.
The frictional loss is determined basically by the L/D of the passage. The cup

AP is a function of the geometry and the propellant entrance conditions. For the
FLOX, which is liquid, the orifice plus frictional loss is proportional to the
flowrate squared; i.e., would drop off to 1/100th its nominal value at 10:1 throttle.
For the methane, which is gas, the orifice and frictional AP's are approximately
proportional to the flowrate times the square root of the inverse of the temperature
ratio. Since the methane temperature increases during throttling (1260 to 1750 R,
700 to 970K) ASP/PC will increase with throttling. The cup AP will be the same

for both propellants.

It has been experimentally found that the cup AP is a function of [API / APg] s
where zsgt is numerically equal to one velocity head of the liquid flowing full
in the cup diameter, and ASPg is numerically equasl to one velocity head of the gas
flowing full in the cup at the same density as the entrance conditions. Experi-
mentally, zchup/llge has been correlated against ZSRC/ZBPg as shown in Fig. 113
for a particular geometry. Testing with different geometries has established that
Fig. 114 may be used as a universal curve with a geometric conversion factor (£)
applied to ZSPcup'

A

recess
annulus

Since design data are empirical, element geometric parameter sizing was based on

the range of parameters tested. The L/D of the cup should be maintained between
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0.4~0.5 in conjunction with & thin oxidizer post to promote rapid mixing (a short

wake region). In the selected element design the entrance velocity of the gas was
maintained at over 800 ft/sec (244 m/sec) for good performence; this determined the
annulus area. The oxidizer post diameter was sized to give V = 24 ft/sec (7.3 m/sec)
for a stable, full-flowing stream. It has been found experimentally that an extremely
low oxidizer velocity can lead to unstable flow streams. The design recess L/D

gives lecup at full thrust of 70 psi and 28 psia (485 and 193 kN/m?) at throttled
conditions. The total fuel AP is 130 psi (895 kM/mz) at full thrust and the oxidizer
is 120 psi (827 kN/m?) [50 psi (345 XN/w®) in the orifice and 70 psi (482 kN/u?)

in the cup] . At the 10:1 throttling flowrates, the oxidizer AP is approximately
28.5 psi (197 kN/m?) [composed of 0.5 psi (3.4 KN/m?) in the orifice and 28 psi

(195 kN/w?) in the cup] .

The flight engine design injector element is shown schematically in Fig. 115. The
oxidizer post is 0.128 in.(0.325 cm) I.D. and 0.180 in.{(0.457 cm) 0.D. The thin
wall provides for a small wake region at the exit to promote mixing and to reduce
the stagnation region. The 0.D. of the annulus is 0.209 in.(0.531 cm) and the post
recess is 0.097 in.(0.246 cm). The 0.209 in.(0.531 cm) diameter hole in the copper
is to be broached, leaving lands in the upstream half of the copper and in the
INCONEL sheet brazed to the back of the copper. A rounded entrance to the annulus
of 0.030 in,(0.076 cm) R is provided to assure that most of the pressure drop is
converted to velocity head. The exit of the cup also has a 0.030 iﬁ.(0.076 cm)
radius to eliminate a sharp corner that could be exposed to burning. The oxidizer
orifice at the entrance to the post is 0.0635 in.(0.161% cm) diameter. The
entrance was not rouhded (which reduces cost) since the purpose of the orifice is

to meter and not to produce a high velocity as in the case of the fuel.

In comparison to the NAS3-11191 injector discussed previously, the flight injector
design has a thinner FLOX post and a larger recess L/D to promote mixing by shear
forces. This is especially important for the throttling injector, because at the
low thrust a swirler would be relatively ineffective and for this case the full
thrust design must be one that maintains performence. The fuel annulus for the
flight design is 0.0145 in.(0.0391 cm) compared to 0.0095 in.(0.0241 cm) for the
NﬁSB—}ll9l injector; this represents a 13-percent increase in area necessitated by
the higher fuel temperature and thus lower density. Experience from the NAS3-11191

injector demonstrated the suitability of the copper face design.
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The FLOX post is made of Inconel 625 to provide compatibility with the backup
meterisl and to reduce interpropellant heat transfer. A heat transfer znalysis
indicated that a small amount of FLOX vaporization will occur in the FLOX tube at
the 10:1 throttled condition. Although not generally desirable, this small amount
may not be detrimental to system operation since a number of throttling tests with
vaporized fluorine or FLOX have been successfully conducted. Should reduction of
the vaporization be necessary, the injector would be modified to reduce the heat

input through increased material thickness, insuletion or zlternate materials.

The flight engine injector design may be modified to change its characteristics

or performence without major injector body changes by changing only the post recess

and the cup diameter. These changes can modify the pressure drop at full and throttled
thrust end the shesr mixing in the cup. These minor element variations could easily
be built into the test hardware. The use of swirlers is optional in the besic

design, however they are not currently included.

INJECTOR ASSEMBLY DESIGN

The injector controls and directs the flow of propellants to the combustion chember,
provides structural closeout and seal of the combustion chember, and also carries

load to and supports the thrust pickup or gimbal joint. The injector assembly drawing
is shown in Fig. 116. The injector face is ring-type solid copper for cooling of

the face by conduction of heat from the face to the fuel. It is brazed to the body

in a continuous ring around the circumference and at concentric rings distributed

across the face.

The annular oxidizer manifold provides closeout of the oxidizer elements and a
structural member for thrust loazd take-out. The manifold is welded into the body.
The center oxidizer manifold provides closeout of the oxidizer fuel passages under
the gimbal joint. It is shaped to minimize propellant volume and meterial weight.
The annulser fuel manifold is welded to the injector body. It is sized for both

pressure loads and bending loeds from the solid piping connecting to it.
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The injection pattern is made up of 61 coaxial injection elements arranged in a
manner similer to the NAS3-~11191 injector. The face is of solid copper rings

cooled by the fuel, the fece material being the outer surface of the fuel annulus.
The temperature of the face will be 1150 F (895K) on the face to 1010 F (815K) at
the back wall at full thrust to 1490 F (1080K) face and 1465 F (1070K) back wall

at 10:1 throttled conditions. This material temperature plus a possible transient
pressure differential between fuel manifold and chamber pressure of 300-400 psi
(20702760 kN/mz) dictate the use of distributed support for the copper face. The
fuel passages are sized to keep the velocity head to 4 psi (28 kN/mZ). The oxidizer
manifold is shaped and sized by its use as a structural element and results in a

very low pressure drop.

Thq injector body is designed to be fabricated as an investment casting. The
material selected is Inconel 625; selection was based upon its weldability to nickel
or nickel-base alloys (for the joint to the thrust chamber), high strength and

good ductility (~30%) over the -200F to +1400F (-365K to +1035K) temperature

range, compatibility with FLOX, and suitability for brazing. High ductility is
required to accommodate the large temperature gradients across the body and the
relative thermal expansion between the face and the body. Weldability is important,
since four basic parts are welded to the body: the annular oxidizer manifold

cover, the center oxidizer manifold, the toroidal fuel manifold, and the thrust
chamber.

The thrust chamber at the injector weld joint is electroformed nickel and thus the
nickel-based alloy, Inconel 625, is desirable for the injector body to assure
weldability. An slternate material would most likely be CRES 321, which has medium
strength and good ductility. ,

The center oxidizer manifold could be cast into the body but was left open to provide
accessibility for cleaning of chips, etc., after post machining. The centgr menifold
cover is designed with a reverse curvature to minimize volume of propellant in the
manifold. It is attached with a simple burn—down‘weld. The annular oxidizer

manifold cover is designed to be made as a one-piece assembly set directly to shoulders
in the body and sealed with two circular fillet welds. The toroidal fuel manifold

is designed to be welded on although a portion of it, excluding the three flared
inlets, could possibly be case integral with the body.
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The gimbal joint is a simple Hooke joint (U-joint). The bearing is of Fabroid
(teflon-impregnated fiberglass). The cross is put in place, then the bearing caps
are screwed in from the outside; locking is provided by a pin driven in along the
threads (similar to key insert points). The bearing surface was selected due to
the spece environment; metal-to-metal contact such as in roller or needle bearings
may result in welding at the contact points. Both side thrust and axial load are -
tzken through the bearing cap. A standard tongue and groove cross is provided in
the top half of the gimbal joint to locate on the vehicle and take torque and side
loads.

The injector face is made of OFHC copper rings with a sheet of Inconel 625 brazed

to the back side. The copper thickness is 1/2—inch and is sized by heat transfer
area in the injection elements required to maintain face temperature zt 1150 F
(895K) at full thrust and 1500 F (1090K) at 10:1 throttle. The back side Inconel
625 sheet is included for a dual purpose. Lands on the back up sheét help center
the ports thus taking much of the load off the lands in the copper, which is at a
low strength at the operating temperature. The backup sheet operates at the same
temperature as the back of the copper and thus expands approximately the same due to
temperature, thus helping prevent the copper from yeilding and being distorted in
the outer fuel annuli. If additional distortion relief of the copper is required,
the inner face support rings, which are part of the body, may be slotted to eliminate

the hoop band effect and the outer band reduced in thickness.

Fuel enters the manifold on the back side of the face from the toroidal manifold
through 24 radial holes (one between each ocuter element). The large number of
holes reduce the velocity head to about 4 psi (28 kN/mz), thus assuring uniform
distribution. The entrance to the fuel annulus is given a full rounded profile,
thus converting as much as possible of the AP to velocity for high momentum and
performance. The oxidizer orifice is sharp-edged for low cost, since its basic

purpose is to meter and not to produce velocity.

Machining to be done on the body casting includes boring and tapping of gimbal
bearing caps, hollow milling and drilling of posts, turning the face support rings,
and turning the butt land at the thrust chamber to the injector joint to assure
proper alignment.
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The most critical factor in the injector structure is retention of the copper face.
Ring-type construction provides adequate braze shear area for this purpose, as

well as appropriate span for the copper face plate. The basic structural element in
the injector is the Inconel 625 body plate, which separates the oxidizer and the
fuel and provides a means of transmitting thrust and pressure forces. The injector

dry weight is 11.8 pounds (5.35 kg).

Assembly operations of the injector are as follows: the injector to thrust chamber
joint would be machined on the basic casting, then the face support rings, and the
posts hollow milled and drilled. The face copper material would be brazed to the
Inconel sheet, turned, then the orifice holes drilled and broached. The face rings
would then be asembled to the body and broached. The injector menifold would be
welded to the body, end finally the gimbal joint bearing holes bored and tapped.

INJECTOR HEAT TRANSFER ANALYSIS

A two-dimensional thermal analysis of the injector was made to determine material
operating temperatures in the copper face. The injector face pattern has the
meximum spacing between elemenis occurring at the center of the injector. The
center element, therefore, was selected for the anaslysis as it represents the most
severe conditions. A schematic of the center region of the injector face is shown
in Fig. 117. The center region was approximated in the thermal analysis by a hollow
cylinder of inner redius 0.1045-inch (0.2654 cm) and an outer radius of 0.35-inch
(0.90 em). The outer radius selected is somewhat larger than that obtained by
taking the mid-point between orifices (0.33 inch, (0.84 cm). This larger effective
radius was taken to account for the small triangular area that results between

three tangent circles.

A cross—section of an injector element is shown in Fig. 117. The copper face
thickness, H, was varied between 0.25 (0.64) and 1.50 inch (3.71 cm) in the analysis.
The face is assumed to be of oxygen—-free high conductivity (OFHC) copper (k =
0.00463 Btu/in.-sec F (0.756542 j/cmz). An enlarged schematic of the geometry as
used in the analysis is shown in Fig. 117. It should be note (Fig. 117) that the

heat input is assumed to occur uniformly over the injector face and in the recessed
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(cup) region. The assumption of a full heat load in the cup is probably conservative
since combustion is not complete. Heat removal from the injector face is accomplished
by the methane flow through the element. Due to the very low methane velocities
behind the face and the Inconel 625 backup material, the back surface is taken to

be effectively insulated.

The methane convective cooling coefficient was estimated from the Dittus-Boelter
relation:
0.8 0.4
Bﬁ

NﬂU = 0,023 NRE NPR

where the methane properties are evaluated at the bulk temperature. The methane
bulk temperature was taken to be 750 F (670K) at full thrust and 1300 F (875K) at
10:1 throttled condition. These are based on injector inlet temperatures. Heat
input to the methane from the injector face increases the methane temperature about
20 degress. A hydraulic diameter (dH) equal to twice the gap was used for the
anmmulus. Due to the relatively low length-to-diameter ratio of the orifices, an
entrance correction ﬁﬁ was applied to the cooling correction:

~0.15

g = 1.8 (8/dy)

This correction amounted to about a 2l-percent increase in the convective coefficient

for the 0.5-inch (1.27 cm) thick face design.

The injector face heat flux is commonly assumed tc be uniform and equal .to that
obtained at the chamber wall near the injector end. Results of testing with a
coaxial injector under NAS3-11191 indicate a cdmbustion—gas effective convective
£ilm coefficient of about 0.00030 Btu/inZ-sec (0.04902 j/cn?) which was used in
the full thrust anelysis.

Temperature at various points of the injector face model are shown in Fig. 118
for a 0.5~inch (1.27 cm) thick copper face. A meximum surface temperature of 1167 F
(900K) is shown for the 0.50-inch (1.27 cm) copper face thickness. The temperature

distribution across the heated face of the injector is seen to be quite uniform due

310



TEMPERATURE IN DEGREES F

we——Mathane Flow

Face

Figure 118 . Injector Face Temperature, Nominal Thrust;

Thickness of 0.5 inches (1,27 cm)
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to the excellent thermal conductivity of the copper. 4 plot of meximum temperatures
vs face thickness is shown in Fig. 119. Decreasing the copper face thickness to
0.25-inch (0.64 cm) resulted in a maximum surface temperature of 1463 F (1067 K).
The primery reason for the temperature increase is thet the thinner face reduces

the cooled surface area (i.e., orifice length is decreased).

Injector face temperatures were also evaluated end 10:1 throttled operation. At

this throttled condition the methane bulk temperature was 1300 F (875K) and the face
heat input was scaled with PCO.B. The high methane bulk temperature resulted in a
meximum face temperature of 1490 F (1082K), as noted in Fig. 120. At 10:1 throttling
thé injector face is not subjected to high stress loads and this temperature is not

excessive.

FLOX Vaporization in the Injector

The extent of FLOX vaporization was estimated for the 0.50~inch (1.27 cn) face
thickness design. The full throttled (10:1) point represents the most severe
condition, since the methane temperature is a maximum and the FLOX subcooling a
minimum due to the low pressure. The forced convection correlation was used in
conjunction with Fé properties evaluated at bulk temperature to estimatea FLOX
orifice convective film coefficient. The FLOX and methare film coefficients combined
with the FLOX wall thermal resistance determine the total heat transferred between
the methane and the FLOX.

Results at the lO;l throttled condition indicate no FLOX vaporization in the manifold
passages as a result of heat transfer from the methane. In FLOX'injector tubes,

the amount of vaporization depends greatly on the initial FLOX temperature and the
nature of the film coefficient. Where the FLOX is initially at the normal boiling
point, little or no vaporization occurs. For a FLOX temperature of 170 R (94 .5K)
(possible end of flight conditions) and forced-convection film at the wall, a maximum
of 20-percent of the FLOX could be vaporized by the methane at 10:1 throttling. It
is quite likely, however, that under throttled conditions the FLOX would undergo

film boiling at the orifice wall. The thermal resistance to heat transfer increases
greatly when film boiling occurs (as compared to liquid forced convection values),
such that FLOX vaporization value would probably be 2- to 5-percent. Althcugh phase-
change in the manifolds is generally avoided, F2/H2 and FLOX/CH4 throttling tests

indicate that with proper design, phase-change in the oxidizer tubes (including

complete vaporization) may not be a problem.
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Figure 120, Injector Face Temperature, 10:1 Throttled;
Thickness of 0.5 inches (1.27 cm.)
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VALVES AND CONTROLS

The engine system has four control valves: two liquid valves controlling main
propellant flow, one hot gas valve controlling power to the turbines and one
hot gas valve regulating the power distribution between the turbines. Require-
ments for these valves were defined by the engine static and dynamic snalysis,
operating enviromnment, and potential mission duty cycles.

PROPELLANT INLET VALVES

Inlet valves are used upstream of the turbopumps in both the FLOX and methane
lines. Preliminary valve requirements are presented in Tables 71 and 72.

The basic function of these valves is the on-off operation and the long term
isolation of propellant from the pump. A poppet-type closure was selected for
both valves because of its simplicity, ease of fabrication, low leakage and poten-

tial for short actuation times. Pneumatic actuation was selected for light weight.

Control Valve Leaka

Valve leakage is one of the more critical areas of valve design for propulsion
gystems which must be operable for long times in space. Excessive gas or pro-
pellant leasks could: (1) affect the performance of an onboard scientific
experiment located near the leak exit; (2) require additional attitude control
system compensation to create abnormal increase of operating fluid consumption;

(3) create a hazardous condition resulting from accumulation in the engine; and

(4) decrease the operating fluid's reserve to cause a system's deci*eased performance
or even a malfunction.

Leakage is divided into intermal and external leakage. Zero extermal leakage is
obtained by using all welded valve bodies (and all welded flange connections).

Zero leakage between propellants and the control system is obtained by using welded
end fittings for internal actuator sealing bellows. Internal leakage through the
valve seat and into the engine system is currently the area of greatest potential
leakage. Low leakage across the valve seat can be achieved by proper material
selection and the precision lapping of the valve and valve seat.
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TABLE 71
FLOX INLET VALVE PRELIMINARY SPECIFICATION

Type of Component - Flox Inlet Valve
J
Punction
a) On-Off Operation
b) Long Term Isolation of Flox from Turbopump

Operating Fluid - Flox (82.5) - 82.5% F2/17.5% 0,

Pluid Characteristics at Valve Inlet
a) Liquid of any quality condition to all gas
b) Temperature = 159-179 R (88K to 100K)

Operating Environment

a) Temperature = 159 to 600°R (88K to 33%3K)
b) Atmosphere: Sea Level to Vacuum

¢) Radiation

d) Meteor

e) Zero g.

Storage Requirements

a) Barth: Time - TBD
Temp. - TBD
Humidity - TBD
Pressure - TBD
Conditions -~ TBD

b) Space: 2 years maximum

250 days maximum between starts
Operating Life
a) Maximum cycles ~ 4~10 engine restarts + all preflight tests

b) Maximum operating time - 540 seconds + all preflight tests

Propellant Leakage Rates

INITIAL OPERATING
ANITIAL OPERATING
a) Internal TBD TBD
b) External 10-'7
c) Seat 170 SCCH @ 520°R (289K) —
d 50 psi H
345 kN/mi) e
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9. Propellant Flow Parameters

Full Thrust 10:1 Throttled Idle Mode Uprated

W, 1b/sec (kg/sec) 10.52 (4.79) 1.15 (0.52) 0.58 (0.26) 16.84 (7.65)
(P, )., Poie (V/u®) 55 (379) 60 (415) 35 (240)  67.5 (950)
AP, psia (kN/u?) 5 (35) 0.05 (0.35) 0.013 (0.90) 12.5 (86.2)

10, Critical Sizing Criteria
a) Maxizun AP at nominal full thrust condition = 5 psi. (35 ki/n°)

b) Valve same size as pump inlet diameter
11. Actuator Type - Pneumatic

12. Actuation Time
Full Closed to Full Open - 150 Millisec
Full QOpen to Full Closed - 150 Millisec

13. Mode of Operation
a) Goes to full open or full closed upon command.

b) Goes to full closed upon termination of actuator power.

14. Flow Geometry
Number of Inlets « 1
Inlet Line I.Ds, =~ Must be compatible with inlet lines
Number of Outlets- 1
Outlet Line I.D, = 1,20 in. (3.05 cm)
Line Orientation - 120° Included Angle (2.09 rad)

15. Applied Pressure, psia (kN/mz)

Inlet Internal Qutlet
Initial Pressure 80 (552) 0 0
Operating Pressure 67.5 (465) 67.5(465) 59.90 (413
Shutdown Pressure TBD TBD TBD

16. Ducting Interconnect
In-place tube welding
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17. Structurel Mounting Method

Mounted from exit duct

18. Purge Provisions

Purge port downstream of closure mechanism

19. Comments

Must provide acceptable low flow disturbance to pump inlet.
Valve must be designed to operate at uprated 800 psia (5520 kN/ﬁz) condition
as well as nominal 500 psi (3450 kN/mz).
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METHANE INLET VALVE PRELIMINARY SPECIFICATION
Type of Component - Methane Inlet Valve

Function
a) On-0ff Operation
b) Long Term Isolation of Methane from Turbopump

Operating F luid Methane

Fluid Characteristics at Valve Inlet
a) Liquid of any quality condition to all gas
b) Temperature = 202-248 R (112K to 138K)

Operating Environment

a) Temperature = 202 to 600 R (112K to 333K)
b) Atmosphere: Sea level to Vacuum

¢) Radiation

d) Meteor

e) Zero g.

Storage Requirements

a) Earth: Time - TBD
Temp. - TBD
Humidity =~ TBD
Pressure ~ TBD
Conditions - TBD

b) Space: 2 years maximum

250 days meximum between restarts

Operating Life
a) Maximum cycles -~ 4-10 engine restarts + all preflight tests
b) Maximum operating time - 540 seconds + all preflight tests

" Propellant leaksge Rates

INITIAL OPERATING FINAL
a) Internal TBD TBD TBD
b) External 107 AmH cc/sec He € 300 psi (2070 kN/me)
c) Seat 170 SCCH @ 520°R  (289K) 170 SCCH @ 520°R
d 50 ps% He and 50 psi He



9.

10.

Propellant Flow Parameters
Full F 10:1 Throttled Idle Mode Oprated
@, 1b/sec (kg/sec) 2.004 (0.91) 0,22 (0.91) 0.2 (0.91) 3,206 (1.46)
(p,) , psia (k/m?) 85 (585) 89.95 (620) 70 (483) 97.5 (670)
max
AP, psi (kii/n?) 5 (35) 0.05 (0.35) 0.05 (0.35) 12.5 (85)

Critical Sizing Criteria
a) Maximum AP at nominal full thrust condition = 5 pei (35 KN/ u?)

‘b) Valve same size as pump inlet diameter

e

12,

13.

14.

15

16.

17,

Actuator Type = Pneumatic

Actuation Time
Full Closed to Full Open - 150 milliseconds
Full Open to Full Closed - 150 milliseconds

Mode of Operation
a) Goes to full open or full closed upon command,

b) Goes to full closed upon termination of actuator power.

Flow Geometry

Number of Inlets - 1

Inlet Line 1.0 - Must be compatible with inlet lines.
Number of Outlets = 1

Outlet Line I.D. =-0.87 imhes (2.21 cm)

Line Orientation - 120° Included Angle

Applied Pressure, psia (kN/m?)
INLET INTERNAL QUTLET PROOF BURST

Initial Pressure 410 3 0 0 TBD TBD
Operating Pressure 97.5 (670)97.5(670) 89.9620) TBD TBD
Shutdown Pressure  TBD TBD TBD TRD TBD

Ducting Interconnect Method In-Place Tube Welding

Structural Mounting Method Mounted from Exit Duct
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18. Purge Provisions Not Required

19, Comments
Must provide acceptable low flow disturbance to pump inlet.

Valve must be designed to operate at uprated condition as well as nominal 500 psi
(3450 1N/m?)
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In the absence of contamination, the leakage rates that can be achieved through
careful valve design are of the order 170 scch, Use of proper seat materials
can provide low leakage even in the presence of some contaminants. For a 200-
day storage duration, the propellant loss due to this leakage would be quite
reasonable for a propulsion system of this size. However, a number of sources
(for example, Ref. 16 ) indicate significant contamination which, if lodged in

the valve seat, could inérease the leakage by several orders of magnitude,

For the present system, single low-leakage poppet valves are used. These are
engine-mounted upstream of the turbopumps. The successful use of these valves
in a long-duration mission is based on the elimination of significant contamina-
tion from the feed system. Should this not be achieved, a set of squib-actuated
isolation valves would be added upstream of the inlet wvalves to assure low leak-
age losses.

Inlet Valve Designs

The oxidizer and fuel inlet valves, as shown in Fig. 121 and 122, are direct
acting, poppet-type closures which use a high-pressure fluid for opening. The
valve can easily provide actuation times of 100 to 150 milliseconds, The valves
dre similar in basic design and functional operation and differ only in physical
size., Propellant pressure and a low-pressure fluid is required for closing,

The line orientation is 120-degree included angle and the valve exit is welded
to the pump inlet line, The poppet/seat surfaces are hard, flat and precision
lapped to provide superior leak tightness. Poppet seat and closure are of titan~

ium carbide., Poppet seats are flexure-mounted to isolate the impact and thermal
and vibrational loads from the sealing surface. The poppet seal is made of INCO

718 which is silver plated., Flow passages are sized for minimum pressure loss
through each valve,

Valve bodies are welded for zero external leakage. Valve body, housing and
cover are made of 347 Stainless. Internal actuator sealing bellows are used to
ensure zero leakage between propellant and control system, These bellows are
formed of three-ply INCO 718, Absence of bearing surfaces within the propellant

or control compartments ensure freedom from contamination or galling. A position
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indicator device is shown built into the valve. This device is mechanically

linked to the poppet and gives a positive indication of the poppet position.

The fail-safe feature of the valve is to "close" in the event of leakage of
the actuator bellows., The actuator design is such that any small amount of

leakage would reduce the forces available to hold the valve open.

HOT GAS VALVES

Two hot methane control valves are used. The FLOX Turbine Control Valve is
located at the entrance to the FLOX turbine and regulates the distribution of

the hot methane between the two turbines, The bypass valve is located near the
exit from the regenerative cooling Jjacket and controls the total amount of hot
methane available to the turbines by regulation of the amount of gas which flows

directly from the cooling Jjacket to the injector manifold,

FLOX Turbine Control Valve

The FLOX turbine control valve specifications are listed in Table 73. Flow char-
acteristic requirements are illustrated in Tig. 123; start charactéristics are
shown in Fig. 124. The valve will encounter temperatures ranging from that of cold
methane during start to values of 1300 to 1750 R (880 to 1225K) during operation.
Although 4 to 10 engine starts are considered, the valve will operate a number
of times during preflight tests. The valve is operating continuall& during an
engine firing to assure maintenance of the proper engine mixture ratio. The
methane flow requirements are described both in Table 73 and in Fig. 123,

To cover the range of conditions from nominal thrust to 10:1 throttling, a flow
area variation of five is necessary. To cover the uprated condition, the flow
area variation is about eight. For the idle-mode ard early start conditions,
the valve is closed but is not regquired to maintain zero leakage. Start re-
quirements are shown in Fig. 124 . The valve actuation time for the engine
stafts of Fig. 124 is 500 milliseconds. Since more rapid starts will eventually

be of interest, the potential for faster actuation times should be included.
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TABLE T3

FLOX TURBINE CONTROL VALVE PRELIMINARY SPECIFICATION
Type of Components = Hot Gas Turbine Control Valve

Function
a) Isolate PLOX turbine during early phase of start and idle-mode
b) Control power application to FLOX turbine

¢) Control engine mixture ratio

d) Continual variation
Operating Fluid - Methane

Fluid Characiteristics at Valve Inlet
Start: Temperature = 200R to S00R (111K to 277K)
Run: Temperature = 1300 R to 1750R (721K to 971K)

Operating Environment

a) Temperature - 200R to 600R (111K to 33%3K)
b) Atmosphere - Sea Level to Vacuum

¢) Radiation
d) Meteor
e) Zero g

Storage Requirements
a) Earth: Time - TBD
Temperature - TBD
Hunidity - TBD
Pressure - TBD
Conditions -~ TBD
b) Space: 2 years maximum
250 days maximum between restarts.
Operating Life
a) Maximum Cycles - 4 to 10 engine cycles + all preflight tests

b) Maximum Operating Time - 540 sec + all preflight tests.
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12.

13,

14,

15,

Propellant Leakage Rates
Initial QOperating Final
a) Internal TBD TBD TBD
b) External 1077 ATH co/sec He at 300 psi (20.7 ki/m2)
c) Seal Not Required to Seal

Methane Flow Parameters

Full F 10:1 Throttled ldle Mode Uprated
;, 1b/sec (kg/sec) 0.74(0.33%6) 0.033(0.015) 0 1.30 (0.59)
T. , R (K) 1300 (720) 1750 (971) 1076 (597) 1270 (705)
ijz, psi (KN/m?) 976 (6780) 78 (540) 70 (480) 1690 (11650)
AlP, psi (kN/m?) 37 (255) 1 (7) No Flow 120 (825)

Critical Sizing Criteria
Maximum allowable AP to bzlance turbine power and maintain mixture

ratio during throttling, start and steady-state.
Actuator Type - Pneumatic

Actuation Time
a) 250 - 500 millisec. Stop-to-Stop .

b) Proportional between any two positions

Mode of Operation

Valve must go to any position upon command and retain that position

Flow Geometry
Numbef of Inlets - L
Inlet Line I.D. =0,940-inch (2.39 cm)
Number of Outlets - 1
Outlet Line I.D. =0.940-inch (2,39 cm)
Line Orientation - 180-degree opposed in line
Applied Pressure, psia (x/m? )
Inlet Internal Qutlet

Initial Pressure 0 Q 0
Operating Pressure 1690 (11650) 1690 (11650)1570(10825)
Shutdown Pressure TBD TBD TBD
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16, Ducting Interconnect Method - In-Place Tube Welding.

17. Structural Mounting HMethod - NMounted from entrance duct.

18, Purge Provision - Not required.
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The specification, thersiore, shows a range of 250 - 500 milliseccnds. An
initial position of 8-percent of nominal thrust flow erea is required during

start.

The PLOX turbine control valve is shown in Fig. 125. The valve is a normal-

ly open poppet configuration with activation power supplied by pneumatics. A
pneunatic servo control unit operating in closed loop with the linear trans-
ducer position indicator regulates valve position by varying the pressure across
the piston. Pressure balance across the poppet provided by the circumferential
poppet clearance minimizes the control forces necessary to actuate the valve.
Some contouring of the poppet is incorporated to reduce the rate of change of
area with stroke as the valve approaches the closed position. The poppet con-

tour may be designed to achieve any desirable area/stroke relationship.

Finer control is obtainesble by designing increased poppet contour length and
stroke. The normal (unpressurized) valve position is midway between full-open

and full-closed (1/2 stroke), which results in minimum required bellows length;
approximately one-half the length reguired for a normally full-open or full-closed
valve configuration. As shown in Fig.125, the valve flow inlet is annular,
which also minimizes stroke requirements and valve length and provides a more
uniform distribution of gas flow around the poppet. The flight valves employ

all welded construction and bellows seals exclusively in the actuator to pre-
clude internal and external pneumatic leakage and to minimize weight., In-place

welded line connections provide structural support for the wvalves,

Valve material selections are dictated by the operating temperatures and pressures
shown in Table 73 . The valve body is cast from INCONEL 625 selected for its
good elevated temperature mechanical properties. The poppet is constructed

‘from Stellite 21, which exhibits z00d resistance to erosion due to high velocity
hot gas flow and good thermal shock characteristics. A Stellite 21 seat may also
be welded to the cast valve body, if found necessary to prevent erosion in that
area, The piston rod is Rene 41 guided by a silver impregnated carbon bearing

which also serves as a partial piston rod seal,
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Turbine Bypass Valve

Specifications for the turbine bypass valve are listed in Table 74. Flow
characteristic requirements for nominal, throttled and uprated conditions are
illustrated in Fig. 123. Start requirements are illustrated in Fig. 124. The
bypass valve encounters the same thermal and pressure environment as the FLOX
Turbine Control Valve. Also similar to the turbine control, valve operation is
continual during the engine operation. Bypass flow requirements, listed in Table 74
and in Fig. 123, indicate a large area variation requirement. In throttling and
uprating the flow, area requirement varies by a factor of 100. The start and idle

mode flow area requirements are within this range.

The turbine bypass valve would be essentially the same in concept as the FLOX
turbine control valve described in Fig. 125. A variable position pintle would
control the flow area to regulate the hot methane bypassing the turbine. Materials
and actuation methods would also be the same. The large area variation require~
ments and thrust accuracy restrictions on flow area tolerance over this range may

necessitate consideration of other valve concepts.
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TABLE 74

TURBINE BYPASS VALVE PRELIMINARY SPECIFICATION
Type of Component: Hot Gas Bypass Valve

Function
a) Control of Tetal Turbine Hot Gas Flow

b) Continual variation
Operating Fluid: Methane

Fluid Characteristics at Valve Inlet
Start: Temperature = 200R to 500 R (111K to 277K)
Run: Temperature = 1245R to 1670R (691K to 927K)

Operating Environment

a) Temperature = 159 to 600 R (88K to 333K)
b) Atmosphere: Sea Level to Vacuum

¢) Radiation

d) Meteor

e) Zero g

Storage Requirements

a) Earth: Time - TBD
Temperature - TBD
Humidity - TBD

Pressure - TBD
Conditions = TBD

b) Space: 2 years maximum

250 days maximum between restarts

Operating Life

a) Maximum Cycles = 4 to 10 engine cycles + all preflight tests

b) Maximum Operating Time -~ 540 sec + all preflizht tests.
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11,

12.

13,

14,

Propellant Leakage Rates

Initial QOperating Final
a) Internal TBD TBD TBD
b) External 1077 am cc/sec He at 300 psi (2070 kN/m?)

c) Seat Not Required to Seal

Propellant Flow Parameters
Full F 1031 Throttled Idle Mode Uprated
w, 1b/sec (kg/sec) 0.42 (0.191) 0.15(0.068) 0.169(0.077) 0.15 (0.068)

T..» R (K) 1300 (721)  1750(971) 1079 (599) 1270 (705)
P, ., psia (/m?) 1014 (7000) 79 (545) 71 (550) 1747 (12645
AP, psi (k/n?) 360 (2480 7.0 (42) — 720 (4965)

Maximum allowable AP to achieve low thrust mode (probably idle mode)

with reasonable engine response time,
Actuator Type - Pneumatic

Actuation Time
a) 100 millisecond - stop to stop

b) Proportional betweern any two positions,

Mode of Operation

Valve must go to any position upon command and retain that position.

Flow Geometry

Number of Inlets -1

Inlet Line I.D. ~0.940-inch (2.39 cm)
Number of Outlets - 1

OQutlet Line I.D. -0.940~inch (2.39 cm)

Line Orientation '~ 180-degree opposed in line (3.14 rad)
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15,

16.

17.

18.

Applied Pressure, psia (kN/m?)

Inlet Internal OQutlet
Initial Pressure 0 a 0
Operating Pressure 1747 (12045) 1747 (12045) 1020 (7032)
Shutdown Pressure IBD TBD TBD

Ducting Interconnect Method - In-place tube welding.
Structural Mounting Method - Hounted from entrance duct.

Purge Provisions - Not required.
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TURBOMACHINERY DESIGN

The turbomachinery is designed to supply the head and flow required by the engine
system, as described previously . These operating conditions include the nom-
inal thrust, 10:1 throttling, and potential thrust uprating. Low NPSH requirements
are desired, particularly during pumped idle-mode operation when tank pressuriza-
tion may not be available. Rapid thermal conditioning of the pumps is also con-
sidered, as well as potential variations in pump inlet pressure and temperature.

In this section the pump and turbine analyses are described, inducer suction per-
formance is evaluated, and turbopump design and fabrication are described. Use of

current technology is emphasized. Where possible, existing test data are used to

substantiate the analyses,
PUMP DESCRIPTION

Pump design configurations are illustrated in Fig. 126 . The pump configurations
were established in Task I with the shaft speeds at nominal thrust selected from
consideration of impeller tip speed and diameter ratio, bearing DN values, seal rub-
bing speeds, and suction performance. The values of the design limits that govern~
ed the pump designs are listed in Table 25 . The pump nominal designs are based
upon propellant conditions anticipated at tne eod of an interplanetary mission which
represented potentially the most severe power requirement. The pumps are mounted

on separate shafts and are driven by separate turbines. The configuration allows

both units to run at their most optimum speeds and provides for flexibkle control,
Both units are equipped with & conventional inducer,

FLOX Pump

The FLOX pump is a conventional, single-stage, high specific speed centrifugal
machine., At the nominal thrust level, the FLOX pump speed was limited to 40,000
rpm by the impeller eye diameter to tip diameter ratio which was set at 0.77. The
limit was reached at a relatively low speed for this size pump, because of the low
required head and consequent high specific speed. The FLOX pump design parameters,

physical characteristics, and operating conditions at a thrust level of 5000-pounds
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(22200N) are presented in Table 75 . The bearings and seals operate in FLOX at
DN and speed values significantly below those being demonstrated in technology
programs such as NAS3- 12022 (Ref.4 ).

Inducer inlet flow coefficient and blade angles were selected to provide maximum
suction performance. These were based upon experience with inducers in cryogenic
fluids and consideration of potential blade thickness limitations. The impeller
blade angle of 25 degrees was selected to provide an H-Q operating curve conducive
to throttling and engine start, while at the same time being reasonable to fabri-
cate. The impeller is shrouded to provide high efficiency with wear ring clear-
ances reasonable for use in FLOX. The estimated head, flow and efficiency map

is presented in Fig. 127 and the corresponding flow coefficient/head coefficient

curves are shown in Fig. 128.

Methane Pump

The relatively low density of methane requires considerable head to produce the
necessary discharge pressure. Consequently, to raise the specific speed per stage
to reasonable levels for conventional centrifugal pumps, a two-stage methane pump
configuration was chosen. The shrouded impellers, which are identical except for
the wear ring and balance piston, are placed front-to-back to facilitate compact
design, to minimize external lines, and to improve inlet conditions to the second-
stage impeller. Inducer and impeller blade angles were selected from the same con-
siderations as the FLOX pump. The two stages are equipped with radial diffusers
at the impeller discharges to reduce the high discharge velocities and to equalize
the circumferential static pressure distribution which, in turn, reduces radial
loads. The interstage crossover is annular and is equipped with a radial inflow

stator to provide proper flow to the eye of the second-stage impeller.

The rotational speed was established at 74,000 rpm by the primary seal rubbing speed.
This speed is conservative and will allow higher speeds if desired for uprating.

The methane pump design parameters, physical characteristics, and operating
conditions at the 5000-pound (2270 kg) thrust level are presented in Table 75. The
head, flow, efficiency meps, and the flow coefficient/head coefficient curve are

presented in Fig. 129 and 130, respectively.
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TABLE 75

DESIGN POINT PUMP DESCRIPTION

NOMINAL THRUST

Impeller Tip Diameter, inches (cm)
Impeller Tip Width, inches (cm)

Impeller Discharge Blade Angle, deg. (rad)
Impeller Tip Speed , ft/sec (m/sec)
Impeller Diameter Ratio

Diffuser Inlet Blade Angle, deg. (rad)
Bearing Dn x 10-6, mm~rpm (mm-rad/s)

Seal Speed, ft/sec (m/sec)

1.56 (3.96)
0.170 (0.43)

25 (0.435)
2712 (83)
0.77

NA

0.6  (.159)
113 (34.4)

FLOX Methane

Flowrate, 1b/sec (kg/sec) 10.52 (4.79) 2.0 (0.91)
Flowrate, gpm ( f/min) 56.5 (214) 37.5 (141.8)
Inlet Pressure, psia (k N/m,2) 50 (345) 80 (550)
Inlet Temperature, R (K) 170 (94.5) 240 (133)
Discharge Pressure, psia (k N/m2) 680 (4690) 1600 (11050)
Head Rise, ft (m) 1080 (330) 9120  (2780)
Speed, rpm (rad/sec) 40000 (4190) 74000 (7740)
Type Centrifugal Centrifugal
Number of Stages 1 2
Specific Speed Per Stage 1590 817
Efficiency 0.71 0.62

| Horsepower (kw) 29 (21.6) 54.0  (40.3)
Discharge Flow Coefficient 0.11 0.08
Head Coefficient Per Stage 0.469 0.542
Inducer Inlet Diameter, inches {cm) 1.2 (3.05) 0.9 (2.29)
Inducer Inlet Flow Coefficient 0.088 0.081
Inducer Tip Blade Angle, deg. (rad) 7.3 (0.127) 6.75 (0.118)
Inducer Tip Speed, ft/sec (m/sec) 209 (63.8) 291 (887)

1.61 (4.09)
0.085 (0.216)

35 (0.61)
520  (159)
0.54

8 (0.14)
0.89 (.236)
240  (75.1)
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Pump Analysis Method

The parametric pump analysis used in Task I was refined to provide more exact
description of pump performance and configuration. These final pump analyses

and perform.nce estimates are based upon the more detailed analytical procedure
provided by Rocketdyne's Centrifugal Pump Loss Isolation Program. This program
computes individusl losses (e.g., incidence, diffusion, etc.) for each pump
component (e.g., inducer, impeller, etc.) and subtracts them from ideal perfor-
mance to get component and overall pump performance. An iterative procedure is
used for calculating impeller flow and head based upon calculated wear ring leak-
age which is a function of, and affects, impeller head. Pure power losses, such
as disk friction, are also calculated so that efficiency and required horsepower
can be obtained. Design features such as blade angles, blade thicknesses, blade
lengths, surface roushness and boundary layer thicknesses zie estimated for the
pumps based upon anticipated flow passage materials and.design practice for small
pumps. These are input to the program and are used in the performance calculation.
Computations for larger pumps using these methods have led to reasonable agreement
with test data. Tests of a 12 gpm fluorine pump under Contract NAS3-12022 (Ref.4 )
will provide test data for small pumps which can be used to correlate the analytical

predictions.

Uprating

The 5000-pound thrust FLOX and methane pumps can be uprated to thrust levels as
high as 8000 pounds merely by raising their speeds to 54,000 and 92,000 rpm,
respectively. Estimated 7000-pound (31100 N) thrust operating points are shown on
the H-Q méps, Fig. 127 and 129. Should the high methane pump flow coefficient
become & problem, the pump could be run faster and the impellers irimmed slightly.
The pump operating characteristics at 8000-pound (35600 N) thrust are presented in
Table 76.

It can be seen in Table 76 that the FLOX pump seal speed of 160 ft/sec (49 m/sec)

at uprated conditicns is still below the state-of-the-art value of 180 ft/sec

(55 m/sec). The bearing DN value of 0.8l x 106 is less than 10-percent higher than

" the presently accepted state-of-the-art value of 0.75 x 10°. Considering the present
and planned development work with fluorine lubricated bearings, no problems are

anticipated in this area.
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TABIE 76

PUMP DESCRIPTION: TUPRATED CONDITIONS

Flowrate, Yb/sec (kg/sec)

Flowrate, gpm (4 /m)

.Inlet Pressure, psia (k N/mz)
Inlet Temperatwre, R (k)

Discharge Pressure, psia (k N/mz)
Head Rise, ft (m)

Speed, rpm (rad/sec)

Type

Number of Stages

Specific Speed Per Stage

Efficiency

Horsepower (kw)

Discharge Flow Coefficient

Head Coefficient Per Stage

Inducer Inlet Diameter, inches (cm)
Inducer Inlet Flow Coefficient
Inducer Tip Blade Angle, deg. (rad)
Inducer Tip Speed, ft/sec (m/sec)
Impeller Tip Diameter, inches(cm)
Impeller Tip Width, inches (cm)
Impeller Discharge Blade Angle, deg, (rad)
Impeller Tip Speed, ft/sec (m/sec)
Impeller Diameter Ratio

Diffuser Inlet Blade Angle, deg. (rad)

Bearing Dn x 10-6, mm-rpn (mm-rad/s)

Seal Speed, ft/sec (m/sec)
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FLOX Methane

16.8 (7.64) | 3.2 -(1.45)
90 (340) 60 (227)
67 (460) 85 (590)
170 (94.5) | 240 (133)
1100 (7580) | 2110 (14550)
1800 (550) 12200 (3720)
54000 (5650) | 92000  (9620)

Centrifugsl Centrifugsl
1 2
1850 1020
0.70 0.60
79 (59) 118 (88)
0.132 0.103
0.431 0.47
1.2 (3.05) | 0.9 (2.29)
0.104 0.105
282 (86) 362 (110.5)
1.56 (3.96) | 1.61 (4.09)
0.170 (0.43) | 0.085  (0.216)
25 (0.435) | 35 (0.61)
367 (120) 646 (197)
0.77 0.54
N& 8 (0.14)
0.81 (.215) | 1.08 (.287)
160 (48.0) | 298 (91)




The methane pump beering DN values are well below the estimsted limiting vélue at
both nominal and uprated thrust levels. The seal speed at uprated conditions,
however, is about 300 ft/sec (91 m/sec), which is 20-percent above the limit
presently being used for 250 ft/sec (76 m/sec). The present limit is felt to be
conservative based on RP-1 fuel seal performsnce, on the mild cryogenic character-
istics of methane, and on the lack of reported test problems in the literature.

It is reasonable to assume thet 300 ft/sec (91 m/sec) can be obtained in methane
with little problem.

In addition to mechanical considerations listed above, the increase in speed will

also affect the amount of inlet pressure required to maintain the suction specific
speed. For constant suction specific speed, the required NPSH values approximately
double when the speeds and flows are increased to the 8000-pound (35600 N) thrust

level. Additional NPSH may be needed depending upon the inducer off-design performance.

TURBINE ANALYSIS

The two turbines operating in parallel are powered by heated methane from the thrust
chamber discharge manifold. At nominal thrust, turbine inlet temperature is 1300 R
with a small temperature drop allowed between the thrust chamber and turbine inlet.
Slightly over 20-percent of the methane flows through the bypass valve to assure
sufficient power margin and to allow for potential uprating. At higher thrust
levels the bypass is reduced to 5 percent. The remaining methane flow is split

between the turbines to minimize overall turbine pressure ratio.

Turbine operating pressures are high and reduce the available pressure ratio, and
consequently the available energy and working fluid specific volume. The low
pressure ratios coupled with & restriction on minimum pitch diameter place turbine
velocity rates in the range best served by single row turbines. The low specific
volume coupled with the low horsepower demand and the limit on minimum blade height
indicated the use of a partial admission nozzle. Turbine blades were unshrouded

to improve the ease of manufacture. A slight efficiency penalty is incurred, but
fabrication ease is significantly better. The turbine is velocity-compounded to
teke the pressure drop in the nozzles, this allows larger blades and reduces

leaskage across the blades.
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Turbine efficiencies were determined through estimation of individual losses due
to gas dynamics, friction and leskage. The resulting efficiency values are very
comparable with data from Ref. 17 for a slightly larger turbine. The predicted
efficiencies are slightly lower than the data, reflecting the size difference.

Turbine characteristics were evaluated at both the nominal and uprated thrust
levels to provide a design which would give high performance at the 5000-pound
(22200 N) thrust level and yet be reasonable for operation at the 8000-pound

(35000 N) thrust level. At the 5000-pound (22200 N) thrust level, pitch diameter
had a relatively slight effect on turbine performance, and a design which was
common to both the FLOX and methane pumps was determined. This design has a 2.75-
inch (6.99 cm) pitch diameter with the same blade characteristics for both turbines.

When the nominal thrust turbine designs were evaluated for uprating, it was found
that the FLOX turbine could be uprated if the nozzle arc of admission were
increased by 3 percent and if the torus were originally made 0.050-inch (0.127 cm)

larger in diameter.

Analysis of the 5000-pound (22200 N) thrust methane turbine at 8000-pound (35600 N)
thrust reveasled that the increase in turbopump speed from 74,000 to 92,000 rpm forced
operation beyond the'peak efficiency point for a single-row design. Consequently,
the methane turbine was designed with a lower 2.16-inch (5.48 cm) pitch diameter

to reduce the pitch line velocity and, hence, velocity ratio. At the nominal

thrust level, the fuel turbine would have an arc of admission of 51 percent. At
uprated conditions this would have to be increased to 63 percent. Table 77 presents
the physical and operational characteristics of the selected oxidizer and fuel

turbine designs.

The turbines and pumps must be stressed for operation at the most severe conditions.
The highest operating temperatures occur at throttled conditions. However,

turbine speed and pressures are very low and the stress is not severe. The most
severe stress condition would be where the engine was operated at 10:1 throttled
conditions, and then the thrust increased rapidly while material temperatures were
still high. With the INCO-713C, -718 materials used in the turbine, strength is

maintained over the anticipated temperature range. For example, blade centrifugal
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TABLE 77

TURBIKE DESIGH POINT DESCRIPTION

Drive Fluid

Inlet Temperature, R (K)

Type

Inlet Pressure, psia (k N/m2)
Pressure Ratio

Exhaust Pressure, psia (k N/m?)
Speed, rpm (rad/sec)

Mean Blade Diameter, inches (cm)
Mean Blade Speed, ft/sec (m/sec)
Horsepower (kw)

Flowrate, lb/sec (kg/sec)
Efficiency (T—S)

Nozzle Exit Height, inches (cm)
Nozzle Width, inches (cm)

I-R Blade Height, inches (cm)
I-R Blade Width, inches (cm)
-Torus Diameter, inches (cm)

Nozzle Arc of Admission, percent

FLOX Methane
Methane
1300 (723) | 1300  (723)
Single Row Impulse
977 (4740) 1017 (7010)
1.47 1.53
665 (4585) 665 (4585)
40,000 (4190) 74,000 (7740)
2.75 (7.0) 2.16 (5.49)
480 (146.2)] 697 (212.5)
29 (21.6) 54 (40.3)
0.70 (0.318)] 0.90  (0.409)
0.46 | o.61
0.17  (0.432)] ©.15  (0.381)
0.30  (o.762)] ©-28  (0.712)
0.20  (0.509)| ©-18  (0.457)
0.26  (0.66) 0.24 (0.61)
0.55  (1.40) 0.65  (1.65)
25 51
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stress is indicated by the parameter of the flow annulus area times the speed
squared. For current turbines, this value is below 1010 for all conditions. As
indicated by the maximum centrifugal blade stress of Pig. 131, material strength

is more than sufficient even for the extreme condition.
TURBOPUMP SUCTION PERFORMANCE

An analytical investigation of pump suction performance was conducted to evaluate
the potential for low NPSH operation, both at full thrust and during start opera-
tion where pressurization gas may be unavailable. Low NPSH and even two-phase

operation have been accomplished with hydrogen and appear possible with the current
propellants, In the investigation, conventional inducers are used on each pump,

‘Use of a boost pump or preinducer could improve suction performance, however the
added complexity of these devices was not felt to be desiraeble at this time. Av-

ailable NPSH at the inducer is given by

= 144 -
(NPSH)avail = o [ total pressure - vapor pressure]inlet
whe = " ; = ‘ -
re total pressure P+ Z&Pvel Po + Z&Pacc ZSPfric

with Ptk = ‘tank pressure

ZSPfric = friction loss

[&Pécc = acceleration head

= locity head
lxpvel velocity
Pvapor =  Vapor pressure

For effective pump operation, the available NPSH must be equal to or greater than
the NPSH required by the inducer. For the current investigation, the NPSH re-~

quired is that at which less than 2-percent pump head loss occurs.

Suction Performance Prediction

The required net positive suction head (NPSH) of a pump is the difference be-

tween the basic net positive suction head, which is independent of thermodynamic
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effects, and the thermodynamic suppression head (TSH)° Ther?fore, nondimen-

sionalizing

(NPSH) (NPSH) TSH
basic

> > T a2 1
c /g ¢ /2 ¢ 2/2 (1)

Since ambient temperature water nas very little TSH, the basic NPSH is equal
to the ambient water value. For moderate sized inducers, this basic NPSH of
water is equal to approximately three inlet velocity heads. For smaller in-
ducers, minimum blade thickness and leading edges may increase the basic NPSH

to 4-5 inlet velocity heads.

Thermodynamic suppression head exists because vaporization within the inducer
chills the liquid, thereby dropping the vapor pressure, increasing the effective
NPSH, and permitting the pump to operate satisfactorily at a reduced value of
inlet NPSH.

Two expressions for the tnermodynamic suppression head were considered. The
first expression was obtained from Ref. 12 and is referred to as the NASA-Holl

expression
(2)

This equation is based upon cavitating venturi test data in both Freon 114 and
liquid nitrogen, and on inducer test data in liquid hydrogen (Refgls, 19. The
constant, C, is a function of inducer geometry and operating point and may be a
function of the propellant properties. However, it was assumed to be constant

in this analysis. The thermal factor, B, is the primary thermodynamic relation-
ship in TSH (Eg. 2 ) and is entirely a function of propellant properties

(Bq. 3 ).
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g..]l..z

(3)
TC, Pr(Pe _\ [__Ke_
o, Py 3Goo AB_CeL

Equation ( 2 ) was used to obtain the influence of fluid type and vapor
pressure on the thermal factor . The factor, B, and consequently TSH, are
greatest for hydrogen, followed (in order of decreasing g and TSH) by methane,
oxygen, fluorine and water. For all five fluids, the g's approach simple ex-

ponential functions of vapor prescure with exponents between 1.5 and 2.0.

The reference value of TSH was obtained from the MK 15-02 pump test results in
which, at design values of speed and volume flowrate, NPSH/CM2/2g was approx-

imately equal to one (Eq. 1 ). Consequently, based upon the MK 15--02 pump design
point, the nondimensional NPSH becomes:

(NPSH)peq = (NPSHpasic _ (o.nos)z

cm=/23 - Cm?/2g ®

B & (L) ©

The second expression for thermodynamic suppression head was developed at Rocket-
dyne during work on the Mark 4 pump development for the THOR engine (Ref. 20-).

This expression leads to the following relation for the required NPSH:

(NPSH) (wesE) 5.8 (a/2) 0.16

e (£—) (5)
CMZ 2g CMZ/Zg ¢ Ul.l5 Q865

where
ye)
p = v L
PL C
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Test Data Comparison

A comparison of these equations with test data for liquid oxygen and hydrogen is
presented in Fig. 132,

(NPSH)basic = 3
CMZ 2g

The THOR expression generally indicates higher NPSH requirements than the NASA-Holl
expression, Both expressions show that the NPSH requirements decrease as the pro-
pellant vapor pressure increases. This effect is due to the increase in vapor den-

sity as the vapor pressure increases. It should be noted that the actual pressures
are not decreasing as vapor pressure rises -- only the required NPSH,

At sufficiently high vapor pressures, the curves flatten and above this NPSH re-
quired is only one velocity head. In this region the pumps can function effectively

with the static pressure equal to the vapor pressure or with saturated propellants,
In this region , it becomes likely that two-phase pumping could be accomplished,
The probability increases as vapor pressure increases. It appears that the THOR

expression is a better representation of the liquid oxygen data and the NASA-~Holl
expression is better for liquid hydrogen. The THOR expression would, therefore, be
more representative of fluorine suction performance, while the methane suction per-

formance might be expected to be somewhere between the two expressions.

Suction Performance for Space Storable Pumps

The NPSH requirements were predicted for the FLOX and methane pumps using both pre-
diction methods. These are shown in Fig. 133 and 134, Since these pumps are small,
two values of the basic NPSH were used, 3 and 5 velocity heads; the latter value rep-
resenting a conservative estimate for small pumps. The required NPSH is shown for

two pump speeds, one corresponding to full thrust and the other about 50-percent of
full thrust operation.

These predictions are translated into pressure requirements in Table 78 ,

The FLOX estimates were based upon the THOR equation, while results of both ex-

pressions are shown for methane. At full thrust and low vapor pressures, the
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TABLE 178

SUCTION PERFORMANCE FOR FLOX/METHANE

THRUST, VAPOR REQUIRED (NPSP),
PROPELLANT PRESSURE, 2
POUND (N) ps1a (k N/mz)_~~~ PSIA (k N/m“)
MAXIMOM MINIMOM
5000 (22,200)| Methane 14.7 (100) 5.3 (36.5)| 1.6 (11.0)
30 (210 4 (27.6)] 1.6 (11.0)
2500 (11,100) 14,7 (100) 0.8 (5.5)] 0.4 ( 2.8)

20 (0) | 0.4 (2.8)| 0.4 ( 2.8)

5000 (22,200) FLOX 14,7 (100) 13.8 (95.2) | 7 (48.3)
30 (210) 10 (69.0)| 3.5 -(24.1)

2500 (11,100Q) 14.7 (100) 4.6 (31.7) | 1.7 (12.7)
25 (172) 1.7 (11.7 1.7 (12.7)
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maximum NPSH requirements for both propellants are similar to those resulting

for a suction specific speed of 30,000, which was used in the parametric study.

As the vapor pressure increases as might occur during flight, the NPSH requirement
decreases. At the 50 percent throttled condition and lower thrust level, the NPSH
required is essentially equal to the velocity head, and the pumps could operate

with saturated propellants. For thrust levels below about 1000 pounds (450 kg),

even the most conservative prediction indicates that the pumps can perform effectively
with saturated propellants at the pump inlet for vapor pressures greater then 14.7
psia (100 kN/mz). In this region, particularly at higher vapor pressures, the pumping
of two phase propellants appears possible,

FLOX TURBOPUMP DESIGN DESCRIPTION
AND ASSEMBLY

The FLOX turbopump is described in Fig. 135 and consists of a single-stage
centrifugal pump driven with a single-row partial admission turbine, The

pump rotor is supported with two antifriction bearings positioned between the
pump impeller and the turbine. Bearing and seal configuration is identical to
that of NAS3-12022 . The bearings are lubricated with FLOX, which is tapped from
the discharge volute and forced throtgh an orifice, as shown in Fig. 136, The
fluid is circulated first through the bearing located closest to the turbine,
then through the bearing located behind the pump impeller,‘and then returned to

a low fluid pressure area through holes arranged in the hub of the impeller.
Axial rotor thrust is balanced hydraulically by the differences in diameter of the
wear rings positioned on the shroud and the back plate of the impeller. Axial

rotor thrust during transient operation is controlled by the antifriction bearing
located behind the pump impeller,

The shaft seal configuration between the pump and the turbine consists of two
primary face contact-type seals separated by an inert gas—operated purge seal.

Each primary seal has a drain cavity for removing possible primary seal leakage

aided by the purge gas pressure.
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Figure 136 . Turbopump Lubrication Flow
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Turbopump materials are identified in Fig. 135. The primary FLOX seal rub-
bing face is made from Al-203 (aluminum oxide) and rides against the inner
race of the modified antifriction bearing, which is made from 440-C and alum-

inum oxide coated,

The primery methane seal rubbing face is made from carbon riding against the
turbine disk, which is made from INCO 718 and is chrome-plated on the sealing
surface. The purge seal consists of two rings made from bearium B-10 (bronze~lead
alloy), separated by a wave spring and prevented from rotation by a pin and slot
arrangement., The seals are designed to be replacable with minimum complication.
The rubbing speed for both primary face seals is 113 ft-sec (34 m-sec), and the
rubbing speed for the purge seal rings is 83 ft/sec (25 m-sec).

The turbopump is constructed from INCO 718 bar-stock material and a combination
INCO 713-C investment casting joined into a weldment, forming the turbine manifold

assemblye.

Turbopunp Assembly

The turbopump is assembled in the following sequence. The bearing (1) is assembl-
ed onto the drive shaft (see Fig. 137 ) until seated against a shaft seal (2)
installed between the bearing and the shaft shoulder. Next, the shaft with bear-
ing is inserted into the volute housing (3) and the bearing is seated against the
bearing preload spring (4). The bearing spacer (5) is then slipped onto the

shaft until seated against bearing (l), then bearing (6) is assembled onto the
shaft and into the volute and fastened with nut (7) and locked with lockwasher,
The impeller is now installed onto the involute spline provided on the drive shaft
followed by the inducer (8) which is locked against rotation with a slot and key
arrangement (9) against the impeller., Next, the axial assembly is fastened with

a nut (10) and lockwasher. The pump inlet (11) is then assembled to the volute
housing (3) with seal (12) and fastened with nut (13) and lockwasher. This com-

pletés the pump subassembly.
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The turbine subassembly is prepared by mounting the primary FLOX seal (14)

to the turbine housing (15) and is fastened with nut (16) and lockwasher.

Next, insert purge seal components (17) and attach primary methane seal (18)
with nut (19) and lockwasher, The turbine housing (15) with the seals mounted
is then assembled onto the wolute housing (3) and fastened with bolts. Next,
the turbine rotor is attached to the main shaft until seated against a shaft

and seal (20) between rotor and shaft shoulder, The turbine rotor is then fast-
ened to the shaft with the nut (21) and secured with lockwasher, This completes
the turbopump assembly.

METHANE TURBOPUMP DESCRIPTION. AND ASSEMBLY

The liquid methane turbopump, described in Fig. 138, consists of a two-stage
centrifugal pump driven with a partial admission turbine. The methane pump is
a two-stage machine with an annular crossover between the front-to-back mounted

impellers. The second-stage discharge flow is collected in a volute,

The pump rotor is supported with two antifriction bearings of which the upstream
bearing is positioned between the first- and seéond—stage impellers, and the
second bearing is positioned between the second-stage impeller and the turbine,
The bearings are lubiicated with liquid methane and operate at a DN value of
Q.59 x 106 and 0.89 x 106, respectively. The lubrication flow is illustrated in
Fig. 136 . Axial rotor thrust is controlled with a balance piston arrangement,
which is an integral part of the second-stage impeller and the volute backplate.

Balance piston axial travel is restricted by limited travel of the two antifriction
bearings.

The seal afrangement consists of a face contact type carbon seal operating in
conjunction with a chrome-plated mating ring and a turbine seal consisting of a
carbon ring riding on the shaft and simultaneously on the side of the turbine
disk. A drain line arranged between the two seals removes any leakage from either

seal. The face contact seal operates at a rotational contact speed of 240 ft-sec,

The turbopump is constructed from INCO 718 and INCO 713-C investment castings, as

illustrated in Fig. 138, This material is used almost exclusively in this turbo-
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pump assembly mainly for the purpose of strength and uniform thermal expansion
and contraction. The turbine menifold assembly is welded integral with the

second-stage volute.

Turbopump Assembly

The turbopump is assembled by the following sequence (Fig. 139j. After the seal
assembly (1) is bolted to the combined turbine and volute housing (2), the main
shaft with the turbine rotor (3) is inserted through the seal mating ring (4)

and the bearing (5) until seated. Next, the second-stage impeller (6) is assembled
onto the drive shaft (3) and into the volute, checking also the clearesnce on the
balance piston (7). The crossover volute (8) is then bolted to the discharge
volute (9) and the upstream bearing (10) is inserted, making sure of proper spacing.
Next, the first-stage impeller (11) is attached to the shaft (3) and a slot (12)

in the hub aligned with a slot machined into the main shaft. The inducer (13)

with its long tension rod is then inserted into the shaft (3) and two keys (14),
machined onto the rod close to the inducer, are engaged together with the impeller
and the main shaft slots. This mekes possible proper torque transmission from

the main sheft into the impeller and the inducer. Finally, the pump inlet casting
(15) is bolted to the crossover volute, making the turbopump assembly complete.
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SYMBOL

n.mn-d

- b R 2 W

sp

NOMENCLATURE

NAME

Area

Constant

Characteristic Velocity
Inducer Inlet Axial Velocity
Specific Heat

Diameter

Hydraulic Diameter
Inducer Inlet Tip Diameter
Bearing Characteristics
Injector AP Factor

Thrust

Mass Flux

Gravitational Constant (32.2)
Enthalpy

Channel Height

Specific Impulse

Conversion Constant (778)
Thermal Conductivity

Characteristic Length
Length

Land Width

Mixture Ratio (O/F)
Rotational Speed
Prandtl Number

Nusselt Number

Reynold's Number
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in

1b

ft/se02
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1b_~sec
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Btu

Btu
hr ft R

ft

n/sec
n/sec

cm

cm

N-sec
kg
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SYMBOL

NPSH

FU’_GDBD Do"d O’U o =

SCCH

e N

TSH

N M OE e o o

> S w<w€f B A D

NAME

Inducer Net Positive
Suction Head

Humber of Channels
Pressure

Chamber Pressure

Cutlet Pressure
Heat Input

Measured Heat Input
Predicted Heat Input
Radius ‘

Sterdard Cubic
Centimeters per Hour

Temperature

Inducer Inlet Thermo-
dynamic Suppression Head

Wall Thickness
Inducer Inlet Tip Speed

Velocity

Flowrate

Channel Width
Axial Length
Radial Length

Thermal Factor

Expansion Ratio

Cooling Enhancement Factor
Plow Coefficient

Head Coefficient

Density

Efficiency

Heat of Vaporization
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ft

psia

psia

psia
Btu
Btu
Btu

in

F, R
£t

in
fps
fps
lb/sec
in

in

in

cm
n/sec
m/sec
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SUBSCRIPTS

WwC

WG

Liquid

Vapor

Throat Location
Coolant ~ Side Wall

Gas -~ Side Wall
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APPENDIX 4
ENERGY BALANCE MODEL

A system balence is obtained by matching pressures throughout the system and also

by metching pump and turbine horsepowers. This matching process is carried out by
iterations which start with estimated values of pump speeds and turbine flowrates.
Accurate estimates result in rapid convergence to a balance point. The program

will fail to converge if the initial estimates are not sufficiently accurate.

Figure 5 presents a schematic of the expander cycle showing the flow paths and
system resistances considered by the mathematical model. The resistances of the
mixture ratio control valve (A) and the thrust control valve (B) are computed by the
program. Liquid propellant line, valve, and manifold resistances are assumed to
vary as the square of flowrate (/AP =R Wz/ID). For hot gas resistances, a mean
fluid density is calculated from the perfect gas law. The cooling jacket pressure

drop may be input for each case or computed assuming a linear variation with flowrate.

Program inputs include pump inlet pressures, pump diameters and impeller flow areas,
turbine diemeters, turbine effective and exit areas, resistances for all lines,
valves, manifolds, and injectors, pump and turbine maps, liquid propellant densities,
and estimates of pump speeds and turbine flowrates. Pump operation is described by
plots of head coefficient and efficiency as a function of flow coefficient. Turbine

operation is described by a plot of efficiency versus isentropic velocity ratio.
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APPENDIX B

ALTERNATIVE THRUST CHAMBER DESIGNS

Thrust chamber design alternatives are shown in Fig. B-1 and were explored
as potential weight reduction methods. In some cases the present one-piece,
milled channel, electroformed nickel design is clearly superior to the alter-
natives., In other cases, the alternative design could provide lower engine
weight where an alternate fabrication process is better reduced to practice,
or if selection criteria become very heavily weighted toward a particular goal

such as performance or cost. Although shown under five major headings in

Fig, B=l , the design alternatives were, of course, interrelated in many in-
stances,

The combustion chamber contour and the channel configuration alternatives and
selection have already been discussed in detail., The present section compares
alternatives considered for materials, fabrication methods, and means of reduc-

ing the weight of nozzles with area ratios of 60 or greater,

MATERIALS

Several materials were considered and compared to nickel on the standpoint of
strength, thermal conductivity and fabrication characteristics, Haynes 25 and

T-D nickel initially appeared attractive but should be explored in greater de-
tail,

Nickel - Has good thermal conductivity but exhibits low strength at
elevated { 1400 F ( 1032 X)) temperature. May be
electroformed, but electroformed nickel may have poor elongation
properties at elevated temperatures. Has high potential for
being fabricated by the powder metallurgy and spinning processes;

readily weldable to high nickel content alloys.
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INCO 625 = Relatively poor thermal conductivity but good
strength at elevated temperatures. Has been spun.
Readily weldable to nickel and high nickel content
alloys.

Haynes 25 — Thermal conductivity higher than INCO 625 but lower
than T-D nickel and much lower than Nickel. Has good
strength at elevated temperature. Has been spun.

T-D Nickel -  Thermal conductivity is good but has poor elongation
properties., Has good strength at elevated tempera-
tures. Has been spun.

FABRICATION PROCESSES

Several advanced fabrication techniques are being investigated at Rocketdyme.
These techniques, as well as others reported in the literature, were considered
for fabrication of the thrust chamber,

Electroforming

Electroforming was selected as the method for fabricating the coolant shell
(combustor and nozzle). Several nickel thrust chambers and three nickel nozzles
have been electroformed and demonstrate the feasibility of the process., Being
able to index directly from the electroforming mandrel ensures the best possible
tolerance control of any fabrication techniques. At the present time, this fab-
rication method is closer to being reduced to practice with nickel than the
following techniques,

Spinning
1CO 625 thrust chambers in this size range have been fabricated using a spun
inner shell with electroformed nickel closeout., It is reasonable to assume

that a nickel chamber could be made in a similar manner, The current configura-

tion would be spun in two pieces, necessitating a circumferential weld joint
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just aft of the throat. After spinning, the spinning tooling is removed to
allow machining of the internal surfaces and of the channels, Following

machining of the channels, a nickel closeout wall is electroformed. Channel
and wall tolerance control currently appears to be less than with the electro-

forming process,.

Powder Metallurgy and Casting

Powder metal and cast nickel parts have been made for chambers in this size
range. Process parameters must be established before it can be considered a
"state—of-the-art" fabrication technique. The process, however, does show a

great deal of potential for fabrication cost reduction.

CHANNEL DESIGN

Channel design variations were considered for weight reduction potential.

Since most of the weight is in the nozzle, this area was emphasized. Nozzle
extensions to increase the area ratio and performance were also evaluated as

part of this effort.

Alternate Channel Configurations

As described in Task I channel configuration studies (Fig. 17 ), use of tapered
channels and channel branching or additional step-width variations can provide
nozzle wei&ht reductions. Five to eight pounds reduction in nozzle weight could
potentially be achieved., Considerably more fabrication expense could be involved
in these channel configurations.

Dummy Channels

The coolant channel widths in the nozzle are limited by structural considera-
tions. As a result, the nozzle is grossly over-cooled and heavier than necessary.

Considerable weight reduction could be effected by removing material from the

B4,



center of the cold side of the lands. Machining O.2~inch (0.5 cm) slots in the
region x/Rt greater than 10 would reduce the thrust chamber weight by 4 pounds.

Combined Tube/Electroformed Nozzle

A lightweight, low-cost nozzle can be made using unspliced simply-tapered

tubes with circular cross-sections throughout their full length., An electiro-
formed close-out would provide an integral gas-tight seal and structural

member. The nozzle would extend from an area ratio of 4 to 60 and have
characteristics as described in Table B~X . The tube wall nozzle and mani-
fold could provide a weight savings of 10 -12 pounds. PFabrication is illus-
trated in Fig. B-2.

TABLE B-1
TUBE WALL THRUST CHAMBER EXTENSION

Attachment Point e =4
Exit € = 60
Material INCONEL 625
Tubess:

Number 180

Wall Thickness, in. (em) 0.025 (0.064)
Diameter 0.093-inch (0.236 cm) 0.D. at £ = 4
0.361-inch (0.917 em) 0.D. at € = 60

Cross-section remains circular
Weight 21 pounds (9.5 kg)

Radiation-Cooled Nozzle Extensions

Radiation-cooled nozzles generally weigh significantly lecss than regeneratively-—
cooled nozzles and, therefore, were investigated as alternatives to reduce
chamber weight or to increase nozzle area ratioc for performance improvement,

Cloth and metal nozzles formed to 80-percent bell and 15-degree cone con-

tours were considered,
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Tube ready for electroform deposit.

Initial electroformed nickel deposit,

Machined smooth,

Electroformed nickel deposited to required
thickness,

Figure B-2 . Method Used to Form an Electroformed Nickel Shell
for a Tubular Thrust Chamber,
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At a chamber pressure of 500 psia (3450 kN/mz) and with an extension attached at
€ = 60, the maximum wall temperature at which the extension must operate is
approximately 2100 F (1170 K) as shown in Fig. B-3. Radiation cooling is feasible
at this temperature; however, careful choice of materials will have to be made
due both to the operating temperature of 2100 F (1170 K) and to the need for
compatibility between nozzle extension material and F'LOX/CH4 combustion products.
Materials which could be used are nickel-based alloys (Hastelloy or INCO type)

for the metal skirts and graphite cloth for the cloth extensions. Information

on cloth nozzles was based on the results of Ref. 2%

The operating temperature of & radiation-cooled extension at area ratios significantly
lower than 60 is beyond the capability of the metals, so that graphite cloth was
selected for the radiation-cooled nozzle material to effect the most significant
weight reductions. The graphite cloth can be attached at an area ratio of 30.
Performance, weight, and dimensional data presented in Table B-2 show that very

little performance is lost by attaching a 15-degree conical extension to the

existing truncated contrur at an area ratio of 30, compared to attaching an optimum
80-percent contoured extension. Fabrication ease, therefore, would suggest using

the conical extension. Reoptimization of the regeneratively-cooled portion of the
nozzle would reduce the performance difference between the nozzles. For equal

performance, however, the conical nozzle extension would be longer than a bell
nozzle extension.

The 15-degree cloth extension attached at area ratio of 30 would save 23.2 pounds
(10.5 kg) of thrust chamber weight. However, the methane would cool less nozzle
area and, therefore, would leave the jacket at a lower temperature which would
require the turbines to be driven with a higher inlet pressure. A 43 psia

(296 KN/m?) fuel pump discharge pressure rise would result.

Extending the present contour to an area ratio of 100 or 200 would result in the
same performence, whether a bell or a conical extension were used, as shown in
Table B~2. Fabrication ease would probably supersede the slight weight penalty
for selecting a conical extgnsion. Both metel and cloth extensions could be used

and weigh about the same; the cloth nozzle, however, is retractable.

BT
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