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BACKGROUND

In 1954, during full-swing production of the 78,000-1b thrust REDSTONE
engine, the Propulsion Division (now the Rocketdyve Division) of North
American Aviation, Inc. received an Armmy Ordnance contract to design a
scaled-up powerplant of 135,000-1b thrust for use in an advanced, longer-
range version of the REDSTONE ballistic miasile.

This engine was to utilize the basic engine components and principles

af the ATLAS propulsion systems which bhad been under development by NAA
for several vears. Jet engine fuel was o be used for improved specific
impulse over the alcoliol fuel used in the REDSTONE, and liquid oxygen
was retained as the oxidizer. The hydrogen peroxide system used in the
REDSTONE for turbopump drive was to be replaced hy a gas gencrating sys-
tem utilizing basic engine propellants. Major improvements in turbo-
pumps, thrust chambecs, controls, and other subsyatems were Lo be
incorporated. Gimbaling of the thrust chamber for directional control

was to replace the REDSTONE system's carbon jet vanes.

In November 1935, when the Deparuncnt of Defemse established the require-
ment for an intermediate range ballistic missile with a 1500-nautical-
mile-range, development of the advanced REDSIONE engine and an Air Farce
connterpart was redirected toward this goal by uprating the thrust to

150,000 ib and increasing the operating time
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Two specific misstle prograws were establighed in Japuary 195, the

Army JUPITER (then intended as a Fleet Ballistie Missile for the Navy)
and the Air Force THOR. This permitted NAA, by technicel coordinatien
with the aervices, Lo tighten up the previously general apecified engine
requirements, operating regimes, and inatallation details for the two

parallel programs,

From the original design go-ahead in mid-195%, the JUPITER propulsion
svatenm was developed under a crash program that made possible the firaw
missile launching 15 menths after the Department of Defense initiated
the IRBM program, and alightly over one year later, full-scale produc-

tion of the JUPITER rocke{ engine began.

he upusual <ompress:u:: of the development schedule can be seen from

the following time nahle.

Design go-ahead for an advanced REDSTONE power plant duly 1654
IRBM program ionjtiated by Defense Deparument Nov 1955
First engine tests Nov 1955
Mockup of engine delivered Jan 1056
Firet engine delivered June 1956
First JUPITER launching Mar 1957

This waprecendented schedule compression was made possible by the wealth
of large racket engine experience previnusly accumulated by NAA on the
NAVAHO, REDSTONE, and ATLAS prepulsion systems. The avaclability of
extensive component developmeot pits and engine firing stands at Lhe
Rocketdviie Propolsion Field Lahoratory wag ulso a major aid i1n the accel-
eraved program. However, the true key was in the decision made in 1946
by NAA management to develop 11y own lavge. liquid proepellant vocket
engine for the NAVAHO program then being proposed.  [The V-2 engine waos
chesen as Lhe basig for extrapolution of design, and several German roc-
ket experts from Peenemunde were added Lo NAA'< staff,  lhe family tree

of rocket engines, stemming trow this decaigzon, is presented in Fig. 1.
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GENERAL DESCRRIPTION

The JUPITER rocket engine (Rocketdyne Model $-3D) burns RP-1, a kerosene-
type fuel, and liquid oxygen to develop a sea-level thrust of 150,000 1b
for a nominal duration of 17% scconds. Propellants are supplivrd wo the
gimbaled, regeneratively cooled thrust chamber by iwv centrifugal pumps
driven by a hot gas turhine. The turbine is pawered by a gas seneralor
nsing propellants bled from the turbopump discharge ducts. Three main
valves and two anxiliary valves, operated by two solenoid valves and a
hyvdraulic servo valve, and several supplementary check valves contrel

the propellant flow to the thrust chamber and gas gepnerator,

Other subsystems include lubrication for the turhopump assembly, a cham-
her pressure contrel svstem, and hydraulic, electrical, and pneumatic
systems. A heat exchanger in the turbine exhaust doct vaporizes ligquid
oxygen Lo maintain the neccsmary pressure in the missile liquid oxygen
tank. Ducts, pipes, and tubang for propellants, hot gas, and pneumatic
and hydraulic o1l routing connect the operating components. A tubular-
steel thrust frame provides a common mount for the engine componenta

and trasmits the thrust from the engine to the missile siructure,

Starting propellants for the gas generator and main thrust chamber igni-
tion flame are supplied from two =small tanks wounted on the missile launch
pad. Elcctirical and hyvdraulic pewer are also ground supplied prior to
liftoff. For pneumatic requirements, spherical high-pressure gaseous
nitrogen tanks in the mrsaile are continmnusly replenighed from a ground

aupply until the missile rises from the launch pad.

The JUPITER engine i3 symilar in many respects tothe MB series of engines
for the THOR missile. The outstanding points of difference include the
more preciqe thrust control systew of the JUPITER engine, and the

use of rround-mounted stari tanks rather thao the engine-mounted, double-

duty (start and vernier engine operation) tanks of the THOR system,
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COMPONENT DESCRIPTION

Thrust Chamber Agsembly

The thrust chamber body is fabricated of specially formed, thin-wall
nickel tubes, brazed together and stiffened with external eircumferential
steel bapds and rings. The {uel coolant travels a double pass f{low path.
Fuel enters every other tube of the thrust chamber through a steel 1nlet
manifold, travels down the walls of the chamher to the exit e¢end, and
returus through alternate tihes Lo a second manifold which supports and
feeds the injector. The exhaust nozzle is bell shaped for improved ef-
ficrency. At an injector-end chamber pressure of 525 psia, a sca-level

nominal specific impulsge of 232 seconds is obtained.

A multi-iwng, flat-plate injector with a Jike-on-like impingement pattern
and alternate fuel and oxadizer rings 13 used. An windependently led,

central fuel spray disc establishes a hot core tgnition flame before the
arraval of mainscage propellant {low, IFuel i1s introduced inward radially
through cored passages in the 1njector body, and the oxidizer 18 supplied
to 1ts rings through an aluminum dome fastened to the top of the injector

plave.

Primary 1gnition 18 accomplished by a pyvrotechnic 1ymyter firing radially
outward, The upper satem 13 serewed into the center of the injector fuel

spray disc.

For thrust vector control, the thrust chamber gimbals through a lh-deg
cone angle hy means of a cruciform bearing ypumbal block mounted on tep
of the injector dome. Flexible stainless-stecl sections in the propel-
lant dneting permit this motion between the moving chamber and the tixed
pumps.  Hydraulic actvators nperate between ontriggers on the thrust

chamber and jibs on the fixed tarust frame providing wovement 1n the

piteh and vaw planca.
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Pneumatically operated, butterfly, gate-type main propellant valves are

installed in the main ducts adjacent Lo the thrust chamber inlet ports.

Turhopump Assembly

The propellant pumps are driven by a midget, two-stage gas turbine which
gencerates approximately 2800 bhp at 28,000 rpu. It is powered by a 1200 F,
12.5-1b/sec gas flow produced by the gas generator. Afier passing through
the turbine, the hot gases are ducted through the heat exchanger which
pressurizes the missile liquid oxygen tank. The exhausi gases are then
ducted overbhoard, through a hydranlically coantrolled swivel nozzle which
overcomes the roll tendencies of the misaile. An extra thrust of some

%00 1b is produced whem the exhaust gases are directed rearward.

The centrifugal propellant pumps are reduced in speed by a factor of 4.88
from the turbine speed by a three-siage gear train. Inducers are pro-
vided before the pump impellers te reduce the NPSH requirements., Mounting
of the pumps is designed to take the rising bead loads and acceleration

effeets because the missile reaches 15 g befeve the end of engine operation,

An accessory drive pad permits mounting of the hydraulic pump, a speed
indicating tachometer generator, ond an overspeed cutoff governor for

ground testing.

The lubrication svstem consists of a pnemmatically pressurized taok of
200 seconds capacity which supplies lubricating oil to the bearings and
sears. A 3= to 5-psi pressure differential is maintain-d in the gearbox
to prevent the adverse vacuum effects on the lubricating o1l experienced

during early flights.
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The turbopump assembly, aprated from the original 120,000-1b design ca-
pacity with unexpected forces exert.:l on it in ballistic missile flighus,
has demanded a concentrated development effort with ABMA contributing
heavily in a cooperative effort to overcome the problem areas which could

not be pinned down in static firing tests.

Gas Gencerator

The spherical combustion chamber of the gas generator employs a simple
like-on-like injector at its upper end and an additional fuel-cooling
spray nozzle at its center. Mixing 10 achicve a homogeneous fuel-rich

gas is8 aided by a cyvlindrical basket in the combustior,

Propellant flow to the gas generator is initiated by the opening of a
double~bladed, pneumatically actuated valve mounted as an integral part
of the combustor. Liquid oxvgen flow is regulated by a throttle valve

as part of the main chamber pressure contrel system. A fixed calibration

orifice maintains the fuel flowrate at the desired levyel,

Two pyrotechnic cartridges threaded into bosses on the gas generator
body provide ignition of the initial inflow of propellants from Lhe
ground start tanks. When this initial flow has accelerated the pumps to
approximately 80 percent of full discharge, pressure flow from the pump
"bootstrap" bleed lines takes over with the ground feed being check-

valved off. The engine then becomes self sustaining.

Pneumactic Svstem

Missile-supplied gascous nitrogen at a starting pressure of 3000 psig
is filtered and regulated dewn to 750 psig Lo operate valves, provide

purges, and to pressurize the lubricant tank and the turbopump gearbox.
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Two four-way solenoid valves are mounted on the single pneumatic manifold,
One of these operates the main oxidizer valve and the ignition stage fuel
valve. The other, when signalled in sequence, simultaneously opens the

main fuel and gas gencrator valves.

Electrical Svstem

A 28-vde electrical power supply is required to operate the engine. All
signals come from an integrated miasile tail distributer box through a
harness to operate control.valves and receive position indications from
microswitches on the main valves to provide certain of the prefiring

and pretakeofi safety and sequence functiomns,

A 1.5-v, 60-cycle ground power supply operates various heaters nsed to
prevent freezing of components exposed to liquid eoxygen. The 115-v,
400-cycle power supplied to this thrust contrel computer amplifier comes

from the missile 400-cycle syvstem,

lilyd:raulic System

The engine hydraulic system consists of a pump driven directly off the
turbopump accessory drive pad, a low-pressure accumulator, filters, and
a high-pressure manifold. The system is used to provide actuating power
for the main thrust chamber gimbal actuators, the turbine exhaust roll

control swivel actvater, and the thrust control servo valve.

Thrust Contrnl System

Th: thrust control system is designed to mainuain the thrust chamber
pressurc (Pr) (absolute) constant at some predetermined level (corres-

ponding to the desires thrust during mainstage) within a tolerance of

t 1 percent,
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Coptrol is accomplished by sensing chamber pressure, comparing the magni-
tude to a predetermined value (PC level conforming to the desired thrust
level), and controlling liquid oxygen flow to the gas generator in such

a manner as to maintain a zero error between the level of the sensed

chamber pressure and the predetermined reference level.

The chamber pressure is monitored by a pressure transducer which produces
an electrical output proportional to the magnitude of pressure. The out-
put signal of the pressure transducer is summed with a reference voltage
proportional to the predetermined chamber pressure level desired during
mainstage. Any existing error is amplified by the serve amplifier which
produces an output with respect to magnitude and direccion of the error
signal, such as, to reposition the liquid oxygen throttle valve (by means
of the hydraulic serve valve) thus orificing the liquid oxygen flow to
the gas generator in a direction to reduce the error in chamber prossure
to zero, Control may be accomplished in this manner since chamber preg-
sure is an implicit function ef turbine power which, inm turn, is a func-

tion of the liguid oxygen f[low rate to the gas generator,

ENGINE OPERATING SEQUENCES

starting Sequence

Becavse starting is the most difficult phase in the operation of a

liquid prepellant rocket engine, the S-3D JUPITER propulsion system is
started in an event-ladder sequence in which satisfactory completion

of one event sipnals the next step to take place. When the main missile
propellant tanks are pressurized to approximately 40 psi, a siznal is
given to pressurize the ground-mountced fucl and liquid oxygen start tanka,
Pressure switches in these tanks "pieck up", closing a circuit which fires

a pyvrotechnie i1gniter in the main chamber. Burn-through links in this
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imniter then signal for the liquid oxygen valve and the igniter fuel
valve to open. The pilot flame which is produced burnas through a link
wire stretched across the thrust chamber nozzle. This signals the two
gas generator igniters to fire. Again, burn-through of links in these
igniters signals the opening of the main fuel valve and the gas genera-
tor valve. Fuel and liquid oxygen from the ground start tanks start
flowing under 650-1b pressure into the gas generator, burn and preduce
gases which accelerate the turbopump. The pump continues to accelerate
as the fuel fills the thrust chamber cooling jacket, and the main fucl

flow arrives at ithe injector at a high pump specd,

During this time interval of turbopump acceleration, the liquid oxygen
flew is also increased. Consequently transition to full ithrust takes
place under high flow rates. and chamber pressure rises to full thrust
in a fraction of a second. Some of each prepellant is diverted from
the high-pressure ducks to feed the gas generator and the engine over-

rides the ground tank feed to hecome sclf sustaining.

Shutduwn Sequence

For engine shutdown, the two solenvid comtrol valves are simul taneously
de-energized. Pneumatic restrictors in the vent ports of the opening
control side of th:ir respective solenoid valves are cmployed to wse-
quence the liquid oxygen valve to close shortly after the gas generator
valve has cloged, with a slicht time lag before closing of the main
fuel valve. The closging time of the liquid oxygen valve is the predom-
inant factor in control of cutoff impulse; the later closing fuel valve
having little effect. Speed with wvhich the liquid oxygen valve may he
closed, is lunited by the maximum hydraulic surges which can be with-

stood by the high-pressure and low-pressure liquid exygen ducts.
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DEVELOPMENT PROBLIMS

Uprating of Thrust Level

Almost simul tanecously with the delivery of the firast JUPITER cngine to
ABMA, the inevitable uprating of thrust bezan. The original ATLAS sus-
tainer that preceded the S-3D, developed 120,000 1b thrust. This was
rai od to 135,000, then 139,000, and finally 150,000 Ib thrust, with

prohlens encountercd at each step.

In uprating the ecngine from 135,000 1b thrust to 130,000 lb thrust, a
larger thrust chamber nozzle of bell configuration proved less rigid
than the former conical nozzle and distortion was encountered., This,
coupled with resonant frequency problems was finally alleviated by the

addition of exterpal stiffening rings on the expansion section.

The increased power load on jhe turbine resulted in numerous Llade fail-
ures. Redesign of the blades to incorperate interlocking tip shrouda
noet only solved this problem but alse resulted in an efficiency improve-

ment of several percent,

Flight test failures of two missiles were attributed to turbopunp gear-

box mal functions, An extensive investigation by Hecketdyne and ABMA

showed several possible areas of weakness, and cach was cxamined in greaf,
detail. Bearing retainers were added to preclude bearing walking; a

quill shaft connecting the turhine to the gcarbox was redesigned; labri-
cation of the bearings was mmproved; and the gearbox was pressurized o
approximately 5 psi so that the near-vacuum envicvomment of high-altitude
flight would not negate the lubricating qualities of the eil, Nmerovus
successful flights since the incorporation of these fixes have demonstrated

theiwr ceffectiveness,
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The propellant feed syster and ducting also showed the effects of up-
rating, Changes in manufacturing techniques and use of larger ducts

was the cure, A later problem arose affe¢ting both the high-pressure
ducting and the thrust chamber. A natural {requency output of 500 cps
from the fuel pump secmed to be amplified by certain mitered, vaned elbows
in the larger diameter, fuel high-pressure duct and was then transmitted
to the bell-shaped thrust chamher., Accelerometers mounted on the thrust
chamber dome registered up to 40 ¢ at 500 c¢ps, and high-speed instirumen=
tation motion picturecs showed pronounced flickering of the flame. Three
additional stiffening rings on the nozzle shifted the chamber frequency
and eliminated the phenomcnon. Duct leakage prohlems have also provided

considr rable improvements in flanges and gaskets.

Operating Sequence

Achicvement of a satiafactory operating sequence, both from the engine
and wissile viewpoini, required concentration on stariing and shutdown
tests carly in the program. Obtaining smooth ignition of both the
starting flow and mainstage arrival flow, with the latter arriving at
controlled conditions of pump speed to avoid an undesirable chamber
pressure uvershoot, occupied a large portion of initial development.
Transi. on from ground feed of the avstem to engine self-sustaining con-
dition or “"bootstrapping" at a desired power level, with a dip in thrust
at th:a point te be aveided, also required considerable testing. Satis-
factory priming of the liquid oxygen dome and fuel injector manifolds at
the instant of mainstage thrust hoildup had to be achieved. Contrelled
valve sequencing to reduce cutoff impulse. and make it reproducible,

was also a major objective during this program. f[he event ladder se-
quence, which will shut dowm the engine if any onc step is pot properiy

performed, 13 an cxcellent example of engine automation.
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Throttling and Thrugt Contrel

At the start of the JUPITER program, it was believed that certain guid-
ance and structural prohlems dictated a limitation of flight accelera-
tions to a maximum of 10 g. Barly enzine throttling experiments included
devices to control the flow of hot gases in the duct cennecting the gas
generator to the turbine. The resulis were not gratifying. Next the
thrust contrel system was modified Lo introduce an error sipnal which
would gradually throttle down the liquid oxygen {lew to the gas genera-
tor, This resulted 1n complicating the syvstem, and problem areas were
produced, Fortunately, it was established that neither the structure
nor puidance required g limitations, and this feature was dropped,
leaving the chamber pressure control system as a relatively strajght-

forward fixed=-level systiem.

Simplification

Simplification of the control system of the engine has procecded apace
with other improvements in controlled block changes Lo the ecngine. Many
components not required in flight have been made ground items. The
original nine solenoid valves on the engine have becn reduced to two.
Various safety interlock pressure switches, found to be unnecessary and
in fact Lroublegome, have been discarded. Gaseous nitrogen has been

subgtituted in the pneumaric system for logistically limited helium.

Quality Assurance

In the transition from pratotype ve prednction, quality assurance ia
extremely critical., Extenmsive inspection procedures are followed through-

out, and a continuous educatien program is used. Expanding production
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and the urgency of the program put a severe strain on the manufacturing
groups., Source inspectien and continuous woenitering by Rocketdyne and
Ordnance Quality Control groups has served to eliminate guality control

problems as they arise.

PRODUCTION

JUPITER rocket engines were produced imitially at the main Rocketdyne
plant in Canoga Park, California. This included fabrication of devel-
opment flight missile engines, in-house developueni test engines, and
engines for the first squadrons of eperational missiles. Acceptance
testing of all delivered engines, until recently, was performed at the
1700~acre Propulsion Field Laboratery in the adjacent Santa Susana
Mountaina. Nermal development testing on new engine fecatures and flight

backup firings have also been concenitrated at this facility.

In the fall of 1958, production of JUPITER engines was transferred to
Rocketdyne's Neosho, Missouri plant. When this transfer operation has
been completed, the Canoga Park facility will concentrate on experimental,
developmental engines and preproduction pretotypes. An example of this
trend is the recently initiated program on the advanced JUPITER (NAA
&;2§irg;g) engine intended for the multiengine application in the Army
JLNO-Y-hooster. From the technology acquired im the past three years

of development and flight testing of IRBM emgines, advanced and further
simplified e¢ngine components and operating scquences have becn evelved

for this second generatiun-type rocket engine which, it is hoped, will

cnable the United States to take giant strides into space.
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Figure 2. S-3D (JUPITER) Rocket Engine

Form 608-8B-1 [Vallum) Rev. 1-58 !



3 AND 794, ITSIRANSMISSIO
S IN ANY MANNER TO AN LINALTHC

ROCOCKI-TIDY ™S E

AOTT A RS AL A TR | B 5

PHOTOGRAPHIC DEPARIMENT




ROCK ETDYNE

a4 DIVISION OF NORTH AMERICAN AVIATION 1MNC

PNEUMATIC PRESSURE
PNEUMATIC YENT

HIGH PRESSURE LIQUID OXYGEN
LOW PRESSURE LIQUID QXYGEN
HIGH-PRESSURE FUEL

LOW PRESSURE FUEL
ELECTRICAL WIRING
CALIBRATED ORIFICE

MISSILE ELECTRICAL
CONTROL BOX

CHECK VALVE

ze3 e

NOTE
SYSTEM SHOWN IN MAINSTAGE OPERATION
AND WITH SOLENOID VALVE ENERGIZED.

TO PROPELLANT

DELETION g
SWITCH

TO HEAT
EXCHANGER

FROM GROUND
FUEL SUPPLY

FROM GROUND

W ox sueey
FROM PNEUMATIC
TO GAS
CONTROL SYSTEM 5
736 P$IG) [ C:f;fsﬁr.:LOR

IGNITION
FUEL
VALVE

FROM PNEUMATIC
CONTROL SYSTEM
(750 PSIC)

THRUST CHAMBER

Propellant Subsystem Data Flow

Form 608-8-1 (Vellum) Rev. 1-58



< o
a1
o
=
s

| S L& L o s

f




