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I. OBJECTIVE

The objective of this proposal 1s to provide the basis upon which the effort
currently in progress under Contract SNP-1, for the development of the NERVA
nuclear rocket engine and related activity, will be continued for the calendar time
period from 11 January 1962 through 30 September 1962.
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II. INTRODUCTION

A. -PROPOSAL CONTENT

This proposal 1s divided into two volumes: Volume I contains the
description of the overall engine development program and associated tasks
through completion of PFRT, in which the overall program through PFRT 1s
defined, the general development approach 1s delineated, the critical development
areas are discussed, and the status of major elements 1s reviewed. In addition,
this volume contains a technical discussion,. by engine subsystem, in which the
major development areas, restricted to critical subassemblies and components,
are defined, the approach to their solution is outlined, and a detailed program
plan 1s presented through June of 1963. The engine developmental support items
are discussed 1n a manner similar to the discussions of the engine subsystems.
These items include remote handling and ground support equipment, diagnostic
instrumentation, reliability, safety, facilities at NNRDC, STE, management,
technical assistance, and haison. Volume II contains the NERVA Technical ot

Administration Documents, work statements; and cost summary. AR

In general, the program discussions contained 1in Volume I describe ' i -

the technical approach to accomplishment of each of the many tasks with a general
objective of qualifying subassemblies and components for flight by the time the
engine PFRT 1s initiated. The period of development at the subassembly and
component level through June 1963 1s discussed in detail with the specific descrip-
tions of the various work programs proposed for the period 11 January to 30
September 1962 contained in the individual Technical Admimstration Documents of
Volume II.

B. ‘PROGRAM PARTICIPANTS

Aerojet-General and its well-qualified group of subcontractors* pro-
pose to conduct the extension to the present SNP-1 contract in accordance with
the plans outlined in these volumes. The areas of participation of each associate
are itemized in. Table II-1. The overall engine development task and associated
activities are divided into several areas of responsibility. Aerojet-General 1s
responsible for the complete engine development program as directed by the AEC-
NASA Space Nuclear Propulsion Office. This responsibility is carried by the
NERVA Operations Office (NOO) at the Azusa Plant. This orgamzation has a con-
tinuing technical management function for all aspects of the program. Aerojet's

sk
Astronuclear Laboratory, Westinghouse Electric Corporation; Research Labora-
tories Division, Bendix Aviation Corporation, AMF Atomics, American Machine
and Foundry Company; Edgerton, Germeshausen, and Grier, Inc.
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II Introduction, B (cont.)

Iiquid Rocket Plant at Sacramento 1s active 1n the development of engine components
and subassemblies excluding the reactor subassembly. Aerojet's principal sub-
contractor, the Astronuclear Laboratory of the Westinghouse Electric Corporation,
has responsibility for the reactor subassembly development and associated tasks.
The Research Laboratories Division of the Bendix Aviation Corporation 1s support-
ing the program 1n the area of control system components. AMF Atomics of the
American Machine and Foundry Company provides the remote handling capability
required to support the test program. Edgerton, Germeshausen, and Grier, Inc:,
are supplying support largely in the area of test-stand instrumentation criteria
preparation, design, procurement, and installation.
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TABLE I1-1

NERVA ENGINE DEVELOPMENT PARTICIPANTS

TC::::::; Aerojet-General
No. Description NOO LRP Westinghouse Bendix AMF EGG

1.1 Engine System X X - - - -
1.2 Prop. Feed System X X - - - -
1.3 Reactor Subassembly X X X - - -
1.4 Thrust Chamber Assy. X X - - - -
15 Engine Controls X X - - X
1.6 Destruct System X - X - - -
1 7 Pneumatic Power Supply X - - - - -
1.8 Pressurization System X - - - - -
19 Component Irradiation Test X X X - - -
2.1 Remote Handling X X X - X -
2 2 GSE Checkout & Test X X X - - -
2.3 GSE Logistics, Handling &

Maintenance X X X - - -
2.4 Diagnostic Instrumentation X X X - - X
2.5 Field Support X - X - - -
2.6 Reliability X X X X X X
2.7 Safety X - X - - -
2.8 Training X X X - - -
2.9 LASL Support X - X - - -
3.1 NNRDC Master Plannming X - X - - -
3.2 ETS-1 X - X - - X
3.3 ETS-2 X X X - - -
3.4 E-MAD X - X - -
3.5 Reactor Devel. Stand X X X - -
3.6 Comp. Irrad. Test System X X X - - -
4.1 PERT (NARMS) X X X X X X
4.2 Fiscal Reports Mgmt. X X X X X X
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Table II-1 (cont. )

Contract
Task Item Aerojet-General
No. Description NOO LRP Westinghouse Bendix AMF EGG

4.3 Tech Reports & Documents X X X X X X
4.4 Data System X - - - - -
5.1 STE-IRP - C Area - X - - - -
5.2 STE-LRP Cryogenic Lab. - X - - - -
5.3 STE-LRP - H Area - X - - - -
5.4 STE-Azusa - - - - -
5.5 ANL - - X - - -




III. DESCRIPTION OF NERVA ENGINE DEVELOPMENT PROGRAM
AND ASSOCIATED TASKS

A, PROGRAM DEFINITION

The total task of the NERVA engine development and its associated
activities is a continuous one which, started in July 1961, will continue through
the completion of Preliminary Flight Rating Test (PFRT), culminating in a first
flight test of a PFRT-configuration engine in the RIFT vehicle in the third
quarter of 1966.

To provide a detailed description of the initial phase of the Contract
SNP-1 extension (for the period ending 30 September 1962), it 1s first necessary
to examine the overall engine development task and associated activities so that
the initial efforts can be placed in the proper perspective and correctly oriented
and directed. This overall program planning activity is a required work task of
the present contract to be completed in January 1962, and would normally be re-
ported in the final summary technical report covering the period ending 10 Janu-
ary 1962. However, for the purposes of this proposal, it has been necessary to
provide an earlier, preliminary definition of the overall program.

1. Ground Rules

a. Established by SNPO

The development of the NERVA nuclear rocket engine 1s
paced by several very important ground rules laid down by the Space Nuclear
Propulsion Office. The most important of these for programming purposes are

(1) The reactor to be employed in the NERVA engine
shall be one based on the LASL Kiwi B design.

(2) The selection of one of several core designs
currently under test by LASL for the NERVA reactor will be made in July 1962.

(3) No extensive hardware research and development
activaty will be initiated until after a successful test of a Kiwi reactor with
liquid hydrogen 1s performed.

b. Recommended by Contractor
It 1s 1mportant to the planning of the NERVA project that

the stipulation regarding the selection of the core for NERVA should be re-
viewed in greater detail. The state of development of the reactor on the date of
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III Development Program, A (cont.)

selection is critical. To date, it 1s believed there has been no specification

stated as to what can be expected. After review of the needs of the development
program, the following recommendations are proposed for adoption as the selection
criteria for the reactor:

(1) Tentative Selection

A tentative reactor selection for the NERVA engine
would be made following the operation of the B-1, B-2, and B-4 Kiwi reactor de-
signs using liquid hydrogen as the propellant feed. The reactor would be required
to operate for a single, full-power, 300-sec cycle at full rated propellant core
exit temperature. Each reactor that passes this requirement will be considered
a candidate for tentative selection. Criteria for success in this test are as
follows:

(a) There has been no catastrophic failure of the
reactor; that 1s, no excursion, loss of reactivity by loss of core parts, or seri-
ous erosion 1n the core.

(b) Mechanical damage 1n post-operative inspec-
tion is minor and can be analyzed and understood, and corrective action can be
specified.

(c) The reactor has operated satisfactorily under
test 1n terms of observable data.

The LASL schedule 15 set to complete by July 1962
the testing of at least one of each of the three core designs. If any of the core
candidates has passed the above criteria, a tentative selection can be made.

(2) Selection for Devélopment 3

The reactor selected as the tentative choice would
then be required to pass additional verification tests, and this verification would
require two additional reactors for test. In one of these tests the reactor would
be required to operate a minimum of two full-power cycles at full rated propel-
lant outlet temperature with complete shutdown between cycles. In the second
test utilizing the second reactor, the reactor would be required to pass certain
transient tests including several relatively rapid start-ups, transient operation
1in the power range followed by scram shutdown. Satisfactory completion of
these tests would be judged on the same criteria as for the tentative selection.
Should the tentative reactor choice pass these verification tests, it would be
selected as the reactor for development for the flight engine.
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III Development Program, A (cont.)

If the above recommendations are accepted, the
NERVA program can be logically planned to achieve the overall objective.

2. Development Approach

The approach taken to the development of an engine system 1s,
among other things, strongly influenced by the time available for such develop-
ment. For the NERVA nuclear rocket engine, this available development period
can be specified fairly definitely. Based upon considerations of its role as a high-
performance upper stage and upon the stated objectives of the first flight (which
is to be a demonstration of feasibility for both engine and vehicle), schedule avail-
ability times emerge quite readily. Further, the NERVA engine thrust and per-
formance 1s governed by the requirement that it incorporate a reactor of the Kiwa
type, so that, contrary to usual practice, only limited stage optimization effort
1s necessary or required. Similarly, only limited flexibility can be expected with
regard to booster stage or stages, and it 1s logical to use the first booster sys-
tem to be developed which even closely approaches an optimum vehicle system.
Considering the development cycle of the Saturn vehicles (which will be used for
the RIFT flight tests), and making suitable allowances for RIFT vehicle integra-
tion and the activation of assembly, test, and launch facilities, it appears that
a first flight test 1s feasible during the third quarter of 1966, and the development
. schedule is postulated accordingly. It i1s evident that some program acceleration
could be effected, but details of the acceleration can be indicated only after close
examination of test facility construction and availability schedules, booster sys-
tem availability dates, and overall vehicle system engineering and integration
milestones. With this target date specified, it remains necessary to define an
engine system development program whose goal is the provision of a PFRT-con-
figuration NERVA engine for this first flight test.

The development of the NERVA nuclear rocket engine resembles
1n many ways the normal development of the cryogenic-liquid-propellant rocket
engine in that components for very-low-temperature service are required. How-
ever, the NERVA engine presents problems not normally encountered in chemi-
cal rocketry. These are the development of the nuclear reactor and the neces-
sity to provide hardware components that must withstand the high-flux neutron
and gamma radiation that surrounds the reactor when in operation as well as the
cryogenic environment. These two factors constitute the major technical hurdles
that must be crossed.to achieve success, and therefore the approach to engine
development must account heavily for the solution of these problems.

There are two basic approaches which may be followed in the

development of the NERVA engine. The first embodies the immediate and con-
current development of all engine component subassemblies on the basis of
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III Development Program, A (cont.)

present and, in some instances, limited knowledge. This approach generally re-
sults in the early testing of the complete assembly so that system problems are
detected early in the program.

The second approach delays complete-engine testing until ex-
tensive research and development of the critical components and subassemblies
have been completed. As the problems are defined and their solutions delineated
1n these critical areas, the development of the remaining engine components is
initiated and the program may then be accelerated to engine testing.

Each of the two methods possesses advantages and disadvantages.
The concurrent-component-development approach leads to early engine system -
test, albeit with a certain risk that engine failure may occur. Past experience
has shown that component development tests do not always reveal design deficien-
cies and that such problems very often occur in a completely assembled system
due to interactions between components and their connections. Therefore, early
recognition of this type of difficulty ascertained by system test is both necessary
and desirable, since a greater amount of development time to correct these dis-
crepancies can be obtained. This development approach also has an unprece-
dented history of success, since practically all of the operational rocket engines
in existence today were developed according to this procedure. This approach
does, however, require a high initial rate of expenditure early in the development
program and an early commitment of a significant amount of R & D hardware.
The latter factor violates the SNPO ground rules.

By the same token, extensive R & D on individual components,
prior to engine assembly and test, delays recognition of system problems until
late 1n the program. This constitutes a risk in case serious difficulties are en-
countered in system test. On the other hand, because of the nature of the nuclear
reactor and the expensive and consequently limited facilities available for test,
an engine failure leading to destructive failure of the reactor 1s both costly and
time-consuming. Since the Kiwi reactor has not yet been tested with liquid hydro-
gen, and since the NERVA engine development depends on the demonstration of
this key milestone, the latter development approach 1s the logical choice to pursue
in the initial period of the program to minimize financial risk and is the one
chosen for development of the NERVA engine.

3. NERVA Development Program Plan

In keeping with the discussion above, the program plan proposed
for the NERVA engine is characterized by separate and concurrent development
of the NERVA reactor subassembly and the non-radiative components that make
up the various systems comprising the'engine. The general development path
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III Development Program, A {cont.)

consists of testing individual components to demonstrate their capability to operate
in all expected environments including nuclear radiation, incorporating these
components into major subsystems and performing development testing of the
major subsystems. Final system integration is accomplished after the reactor
subassembly and other subsystems have been extensively tested under the antici-
pated radiation environmental conditions. The NERVA engine requires that
certain of the components perform their function in a combination of environ-
ments complicated by the radiation and cryogenic aspects of the problem. In
view of these considerations, considerable effort is devoted to the accomplish-
ment of radiation-effects test programs. Plans have been made to perform some
preliminary screening tests side-by-side with the scheduled Kiwi test series; in-
pile tests of candidate materials are scheduled; and an extensive series of in-
vestigations 1s planned :n a Components Irradiation Test System described in
Section IV, B, 9. Extensive use is made of simulation devices during the test
programs planned for the engine components and subassemblies, so that realis-
tic environments, as well as interactions, can be provided.

To provide a common basis for the program discussions
following, 1t is worthwhile at this point to review briefly the NERVA FX-engine.
As shown by Faigure III-A-1, the NERVA engine is a fully gimbaled, monopropel-
lant, nuclear-powered rocket engine. The fluid in the engine 1s hydrogen, which
is used by the thrust-vector and roll-control actuators, the reactor control-drum
actuators, and all valve actuators, as well as for tank pressurization and for the
production of the engine thrust. No organic materials are used in the engine.

The main propellant shutoff valve is located in the bottom of
the propellant tank to minimize pressure drops in the pump suction line, and to
eliminate all requirements for positive static seals in the turbopump assembly.
A bypass around this valve, monitored by an electrically controlled valve, pro-
vides the low flow rates needed in final cooldown of the reactor following a power
run. The pump suction line runs from this valve complex down around the gim-
bal to the turbopump assembly, which 1s mounted in the thrust structure above
the pressure vessel. In this way, the propellant provides adequate cooling for
the large metal masses involved in the gimbal assembly, without creating a
significant temperature rise in the fluid.

The pump 1s located on the gimbaled portion of the engine, to
eliminate the necessity of routing the high-pressure pump discharge and turbine
feed lines across the gimbal. The turbopump is a single-stage mixed-flow
(centrifugal with axial inducer) pump, and 1s capable of an extremely wide
range of operation, ranging from a few pounds per second to more than 90 lb/sec.
The pump 18 overhung on one end of a short shaft, on the other end of which the
turbine is overhung, using hydrogen for cooling and lubrication of the bearings.
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III Development Program, A (cont.)

Two cycles are still considered for construction of the FX-
engine: the heated-bleed cycle and the hot-gas-bleed cycle. The engine shown
in Figure III-A-1 1s the heated-bleed cycle. The differences between the two
lie in the design for the turbopump, the plumbing leading from the bottom of the
reactor to the turbopump, and the design of the nozzle skirt. In the hot-gas-
bleed engine, the nozzle beyond area ratio 9:1 18 uncooled, whereas in the
heated-bleed version, the nozzle beyond area ratio 4:1 is hydrogen-cooled to
provide energy for driving the turbine. The pump discharge is ducted to the
main nozzle to provide cooling, entering the jacket at the point where the nozzle
area ratio is 4:1. The flow then moves toward the throat, up along the conver-
gent section of the nozzle to the reactor reflector, through the reflector, and
into the reactor inlet plenum. Part of the flow 1s then diverted through the
shield, which 1s located immediately above the core. The bulk of this bleed
flow 1s then ducted down to the nozzle, entering at the point where the nozzle
area ratio 1s 9:1, flowing out to the nozzle exit plane, and returning to the 4:1-
area-ratio point, where 1t is collected by a manifold. This gas is then used to
drive the turbine and is exhausted overboard through nozzles for residual thrust
recovery. These nozzles are rotated to provide roll-control torque for the
vehicle.

The designation, "heated-bleed cycle," is derived from the
preheating of the hydrogen provided by the shield and nozzle after the fluid is
bled from the reactor plenum. The remainder of the flow passing through the
shield is again divided, one part going to the various pneumatic actuators and
the remainder going to the propellant tank to maintain the tank pressure.

The nozzle utilizes the conventional tubular construction. Due
to the large contraction ratio of the nozzle, longitudinal loads (which are carried
by the tubes in chemical rocket engines) are very high, and a supporting shell
must be provided around the tube bundle. Care 1s exercised to insure good
thermal contact of the shell with the tubes, to prevent shell overheating from
the radiation field of the reactor. Special cooling circuits are provided for all
material not in intimate contact with the main propellant flow and through all
thick sections, such as the flange at the junction between the nozzle and the re-
actor pressure vessel. Current indications are that only those structures be-
low the gimbal will require cooling fluids, unless very thick sections become
involved.

The reactor assembly for the NERVA engine is a solid-core
graphite assembly based on Kiwi-B design concepts. As shown in Figure III-
A-1, it consists of a homogeneous uranium oxide-fueled core, 36 in. 1n diam-
eter and 52 in. long, surrounded by a cylindrical beryllium reflector assembly
of 5-i1n. radial thickness, Twelve reactor control drums located i1n the reflector
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. IIT Development Program, A (cont.)

assembly each rotate a "poisoned" surface in or out for criticality control. Be-
tween the cylindrical beryllium reflector and the high-temperature core is a 2-in.
radial thickness of graphite reflector, which also serves as a thermal barrier.
The individual fuel elements containing the coolant flow passages (metal carbide-
coated holes) are encased in unfueled graphite modules for support. Each module
has 7 holes, approximately 3/4 in. in diameter, in a triangular array in which
the fuel elements are stacked. Each module is secured to the top support plate
by a special hollow stud. The aluminum top support plate is perforated with
holes to permit coolant flow to each fuel element. The top support plate is
connected to the pressure vessel through a thin steel cylindrical shell which
passes down through the cylindrical graphite reflector to the pressure vessel-
nozzle joint closure. Above the top support plate there is mounted a 10-in. -
thick, 50-in.-dia, shadow-shield assembly. This shield assembly is com-
prised of approximately 1/2-in. -dia, 18-in. -long, thin-wall tubes filled waith
lithium hydride pellets. The tubes each have welded-in plugs, with turned-down
ends to fit through holes in the shield top and bottom closures, which are joined
at the periphery to form an assembly. The shield and reflector are structﬁrally
secured to the pressure vessel at the top flange joint, The reactor control-drum
drive shafts (12) pass through the shield and pressure vessel to the pneumatic
control activators which are flange-mounted to the outside of the pressure-vessel
head closure.

The program plans discussed in the following sections were
formulated around the technical tasks required to develop this engi.ne].

) Reference is made to Figure III-A-2, which is an abbreviated
summary program chart showing projected facility availability and test schedules,
and to Figure III-A-3, which is a kéy milestone summary.

These charts show that, as a result of the five Kiwi tests
scheduled from February to June 1962, reactor design is to be tentatively se-
lected in July 1962, and that final selection for development will be made in
November 1962. Fabrication will then be initiated for the NRX series of reac-
tor development tests, which will start in August 1963, pfobably utilizing
NNRDC Test Cell "A."

An initial NERVA reactor test, primarily to test shield con-
cepts, is suggested for January 1963, as an extension of the Kiwi test series.
For this particular test, it is assumed that the test configuration will be pro-
cured by LASL, and the tests will be managed and conducted by LASL person-
nel. A total of four NRX configurations are planned to support the initial de-
velopment of the flight-engine configuration. An additional three may be re-
quired to reflect either subsystem improvements for subsequent availability -or
necessary continuations and refinements in development testing of the selected
flight design.
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The Component Irradiation Test System (CITS) 1s planned to
start early in the program and is scheduled for Test Stand ETS-1, which is avail-
able for beneficial occupancy in December 1962 and will be fully activated in
February 1963. It 1s assumed that the CITS tests will start in June 1963 and will
continue beyond June 1964. Because of this contingency, Test Stand ETS-1 1s re-
served for CITS testing exclusively, although it could be readily adapted to ac-
commodate engine testing 1f additional component radiation tests should not be
required. Some initial radiation effects testing of a screening nature can be con-
ducted side-by-side with the planned Kiwi-series tests, and it is anticipated that
some limited testing can occur as early as March 1962, for those components or
elements that will be available.

It is seen that the first development NERVA engine test is
scheduled for the first quarter of 1964, or slightly over 2 years prior to first
flight. This selection 1s in keeping with the general approach as outlined pre-
viously and allows 6 to 9 months of radiation testing, of a confirmatory nature,
of engine components as well as several NRX reactor tests, prior to engine
test.

The development series of engines, the E series, are divided
(for procurement purposes) into five blocks prior to PFRT, each block reflecting .
a refinement in configuration and development for which a design freeze is 1m- '
posed. The design freeze date i1n all cases is intended to indicate that the freeze
applies only to the design of the longest-lead component or subassembly. There
1s a great amount of flexibility in making changes to other components or sub-
assemblies after the indicated freeze dates. For each engine block of the pro-
gram, the design freeze 1s indicated as being 10 months prior to the first test
in that particular series.

Since the components comprising the engine will have completed
a significant number of component development tests, the first E-engine (E-1)
can be expected to achieve full power conditions, and the goal is to accumulate
30 min of test, part of which will be at full power. After a thorough post-mortem
examination of subassemblies and components, it is appropriate to start testing
of the E-2 engine with most of the tests at full power. It 1s to be pointed out that
1t could be possible to incorporate changes into the E-2 engine reactor if the re-
sults of the NRX-1 tests make it desirable. It 1s planned that two engine test
stands be available for development engine testing and that these same stands
will be used for the PFRT and Qualification Tests. These stands are described
in Section IV, D of this volume.

A dummy-engine flight-test program 1s suggested, using two
engines of the DFX series, to be scheduled for flight during the second and third

quarters of 1965. The purpose of these tests is to provide an opportunity to
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obtain actual flight environmental data for the engine, particularly during the
boost phase when the reactor will undergo the most severe structural loading
conditions. It is expected that any significant results-of these.tests may indicate
some configuration changes that should be incorporated into the PFRT program.
No special assembly facilities are needed at the launch site for the dummy flight
tests; no radiation difficulties can occur, and so an existing hangar can be used
for pre-flight assembly and checkout purposes.

The PFRT program will be completed prior to flight, and this
four-engine test series is shown as starting during the third quarter of 1965.
Three GVX engines will be provided to the vehicle contractor late in 1964. It is
evident that some additional test facilities will be required at NNRDC, but the
vehicle test stand (VTS~-1) cannot be defined at this time.

Between the completion of PFRT in the first quarter of 1966
and the start of qualification testing, an additional block of E-engines is sched-
uled for testing as preparation for the qualification test program, which will be
based on all preceding testing, but particularly on the PFRT.

The RIFT flight-test program is assumed to consist of three
flights, and the corresponding NERVA engines are designated as the FX series.
Special assembly facilities will be required at the launch site in support of these
tests. The preliminary criteria for the launch-site assembly facility will be
established early in 1962, and facility design is scheduled for completion i1n
January 1963. -

Full engine qualification testing is scheduled to start in the
second quarter of 1967, and will be completed in the third quarter of the same
year.” Four Q-series qualification-test engines are provided.

Development-test schedule details are shown in Figure III-A-4
and the facility milestones are indicated in Figure III-A-5. Based upon a con-
sideration of test schedules and facility milestones, it is obvious that facilities
and their availability are critical and significant aspects of the overall develop-
ment program. Considering normal lead times for these facilities, the test and
flight schedules are possible only if the facilities can in fact be made available
when needed. Any delay in the making of decisions or in the initiation of con-
struction by facility contractors could delay the overall program.

It is planned that two engine test stands will be available for
the development engine testing, and that these stands will be used for PFRT and
for the qualification-test program. The GVX engines will be tested as part of
the complete stage in a vehicle test stand, the criteria for which can be specified
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only after the stage contractor 1s selected. The CITS (Component Irradiation
Test System) tests are planned for Test Stand ETS~1. It is, therefore, assumed
that the ETS-1 stand will not be available for engine testing; however, if the CITS
program can be terminated earlier than presently anticipated, this stand can be
subsequently refitting for engine test purposes early in 1965.

It 18 expected that Test Stand ETS-1 will be available for bene-
ficial accupancy on 15 December 1962, Test Stand ETS-2, 1n the second quarter
of 1963; and Test Stand ETS-3, in the second quarter of 1964 (see Section 1V, D).
The E-MAD facility, equipped with hot, cold, and satellite cells, will be avail-
able for beneficial occupancy in the third quarter of 1963; the existing MAD
building will be used on a shared basis with LASL personnel to accommodate
the NERVA NRX-1 and CITS test programs occurring prior to E-MAD activation.

The significant milestones in the development plan are reactor
selection dates, the initiation of the Component Irradiation Tests, the NRX reac-
tor test series, and the first nuclear engine test. Figure III-A-6 15 a program
planning master network which shows the interrelation of these events and how
the technical data obtained are utilized to accomplish the program objectives.

4. Program Summary, 11 January 1962 through 30 June 1963

The proposed program for the SNP-1 extension 1s planned to
most economically achieve the expeditious development of critical components
within the limiting ground rule established by SNPO that hardware commitments
be held to an absolute minimum pending successful Kiwi-B liquid-hydrogen tests.
To keep expenditures for the SNP-1 extension within the limitations, hardware
fabrication and testing during the 9-month period from 11 January through
30 September 1962 has been limaited to those items which are deemed critical.

Components falling into the critical category must satisfy
either or both of the following conditions:

E-engine components which must have demonstrated com-
bined nuclear-cryogenic environmental capability by the
time E-1 engine tests are 1nitiated.

Long-development-lead-time engine components, the
development of which must be initiated before September
1962 to meet the E-1 test schedule commitments.

Although 1t has been repeatedly demonstrated in the develop-

ment cycle of purely chemical rocketry that earliest accomplishment of complete-
system tests avoids many component interaction problem areas, still, because
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of the development status of the reactor assembly, previously discussed, and the
unknown effects: of radiation on engine components, the concurrent development
of the non-radiating engine components and of the reactor is scheduled for
separate facilities. The program has been planned to provide adequate testing
and data feedback and exchange between the development programs. The major
efforts of this program fall into the following categories:

a. Development of non-radiation-producing components and
subassemblies -

b. Development of reactor

c. Irradiation testing of materials, components, subassem-

blies in side-by-side tests, in-pile testing, and Component Irradiation Test
System (CITS).

Development effort in the absence of irradiation will be con-
cerned primarily with demonstrating the functional reliability of the components
and/or subsystems for operation in the non-nuclear environment, so that, in
subsequent testing in the nuclear environment, the effects of irradiation may be
recognized. To aid in assuring environmental compatibility of the nuclear and
non-nuclear producing systems, it is planned to conduct early limited side-by-
side tests in conjunction with the Kiwi test program and in-pile tests at Plum
Brook or other in-pile facilities.

Serious limitations are inherent in both the Kiwi-B and the
in-pile systems. After the early Kiwi-B tests, the full power level will be
achieved, and the dosage rate will approximate that of the NERVA engine. How-
ever, due to experiment location relative to the radiation source and the shorter
duration of the tests, it is felt that NERVA prototype irradiation conditions will
not be reached and the side-by-side tests will yield only peripheral information;
i.e., the ability of a component to withstand the Kiwi-B nuclear environment
will not assure compatibility of that component with the prototype NERVA-engine
irradiation environment. Any failures, of course, will be conclusive. Similarly,
though prototype NERVA-engine total dosage 18 achievable in the ‘Plum Brook
in-pile facility, the same situation as in the Kiwi-B tests applies regarding
dosage rate.

To eliminate the shortcomings of dosage rate and thermal en-
vironment associated with the side-by-side and in-pile tests, it is proposed to
later conduct a more extensive irradiation program utilizing a Component
. Irradiation Test System (CITS) to test the components and/or subsystems under
prototype NERVA-engine environmental conditions, including irradiation. The
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CITS reactor is to be a gas-cooled, low-power system having unshielded neutron
and gamma-flux intensities equivalent to the prototype shielded NERVA engine.
The functioning of the reactor will be operationally independent of the CITS
experimental hardware; that i1s, 1t will be open-loop. To simulate shadow
effects and facilitate location or hanging of the experiments, the structure
supporting the experiments will be 1dentical to the prototype NERVA-engine
structure. This assures excellent simulation, and eliminates the necessity of
designing and fabricating the complicated )igs and fixtures which would be re-
quired to serve as simulated support structure. The reactor itself will be capa-
ble of sustained, long-duration operation, independent of experiment life, and
will be invaluable from a reliability demonstration viewpoint, since critical
component exposure can be prolonged for testing to safety-factor limits con-
siderably in excess of durations to be met under actual flight conditions. For
example, the turbopump assembly and associated controls can be run for ex-
tended durations independently from the reactor, and shutdown or failure of
either element will not disastrously affect the other. In addition, the prototype
remote-handling equipment and GSE will serve-the CITS facility in the same
manner as it will the engine test and maintenance and disassembly facilities.
Figure III-A-7 shows the major milestones occurring in the CITS and associated
programs.

During the calendar period covered by this section, the princi-
pal efforts will be concerned with detailed design of the engine and of its major
subassemblies and components, followed by the iterative cycle of component
fabrication and test, redesign and modification, and retest where required. The
design of the non-nuclear components will take advantage of presently available
engineering knowledge concerning nuclear or cryogenic environmental effects,
supplemented by in-pile and side-by-side tests. Requirements for test facilities
for the overall program will be continuously reviewed, and procurement of re-
quired handling equipment and facilities instrumentation and control will
commence, consistent with the requirements for CITS testing commencing in
June 1963, for NRX reactor development tests in August 1963, and for E-engine
testing during the first quarter of 1964. A summary component hardware utiliza-
tion schedule and testing schedule is presented in Figure III-A-8.

These tests will demonstrate the integrity of the critical
components preparatory to the CITS program. Concurrently, effort 1s directed
toward development of a reactor subassembly i1n preparation for the first test
at NTS of a flight-type reactor (NRX-1), in August 1963.

Cold-flow tests of the Generation-II, Model-I simulator will
commence in April 1962, and continue through August 1962, to yield engineering
data which will lead to the Model-II simulator tests occurring during October
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III Development Program, A (cont.)

1962 through February 1963. The Model-I simiulator system will have no nozzle
or skirt, and will define such engine transient parameters as pump NPSP effects,
heat transfer from the reflector and shield, the pressure head potential for
turbine power from the tank for pump start-up, and control system and propel-
lant-feed system operational parameters under full-power design conditions (back
pressure being supplied by a load valve the control of which depends on engine-
control-system signals), as well as component interaction data. The Model-II
system will contain a NERVA expansion nozzle and skirt, and will extend the
Model-I data to include coolant jacket and expansion nozzle effects. Data ac-
quisition from these transient cold-flow simulator tests will be complete in

time to supplement and feed back experience and information useful for the de-
sign of a steady-state simulator system.

The analysis and conceptual designs of the steady-state simu-
lator NERVA Engine Test Systems (NETS) will be completed by April 1962, and
the detail design and engineering drawings will be completed and released by
July 1962. A lead time of approximately 8 months for fabrication and assembly
is required before testing can begin. Based upon a decision to proceed with
component fabrication in July, full-duration hot testing utilizing the LH3~-LO,
propellant combination can commence in the first quarter of 1963, provided that
the LRP "H" area has been activated. The objective of the NETS system is to
provide steady-state design-level operation under virtually prototype thermal
and thrust environmental conditions.

Analysis and design of prototype hardware directed toward the
E-engine configuration will continue during this period and will result in design
definition by 30 September 1962. E-engine design freeze is scheduled for May
1963. Acceptance testing of the Block-1 E-engine components will occur in the
fourth quarter of 1963 in the NERVA Engine Acceptance Test System (NEATS).
The NEATS system will be similar to the NETS system except that it will employ
all deliverable engine hardware, and will be the test system used to perform
quality-assurance acceptance tests prior to delivery of the hardware to NTS.

In Section IV, detail test schedules, which include the facility
location, accompany the discussion of the development of each component and
subassembly at the Liquid Rocket Plant. This information has been consolidated
for convenient reference into a test-facility utilization chart and is presented in
Figure III-A-9. Major test items are grouped by facility. The bulk of compo-
nent testing is conducted in the Cryogenics Laboratory which becomes available
to the NERVA program early in July 1962. Laboratory testing during the first
half of 1962 is conducted in the Controls Laboratory which is adjunct to the
Cryolab and is limited to liquid-nitrogen temperatures with very limited liquid-
hydrogen capability. Activation of the liquid-hydrogen Cryolab in July greatly
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expands the environmental testing capability of the facility as evidenced by the
step increase 1n test activity, particularly in the bearing, seal, and valve area.

For the conduct of the program during the initial funding period
through 30 September 1962, it is assumed that certain materials and services
will be furnished without cost by the Government. Propellant requirements are
shown by month in Table III-A-1. In addition, it is assumed that a Mark XV
turbopump built by Rocketdyne will be supplied to permit its evaluation for
possible use in the NERVA engine system, if this program is authorized. At
the Nevada Test Site, 1t is expected that office, housing, and transportation will
be made available to those participating personnel assigned to the test planning
activity of the NASA program.
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TABLE III-A-1

ESTIMATED PROPELLANT REQUIREMENTS

MONTH oggn I(f]f;R
(1962) 2

Jan 180,000
Feb 270,000
Mar -40-
Apr 60,000
May 90,000
Jun 110,000
Jul 120,000
Aug 130,000
Sep 210,000

FUEL
LH, (1b) LN, (ib)
45,000 69,600
32,100 91,000
24,000 © 10,000
18,600 21,000
57,200 77,000
74,000 80,600
69,000 58,600
61,600 59,000
77,000 85,000

Table III-A-1, Vol. I

ESSURANT
(SCF)

2,800
2,400
2,500
2,500
2,100
2,100
2,100
2,100
2,100
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CUMULATIVE HARDWARE DEMAND AND COMPONENTS TEST SCHEDULE

30 September 1962 31 December 1962 30 June 1963
Hardware Hardware Hardware
Component/Assembly N R-A S Tests N R-A S Tests N R-A S Test
Propellant Feed System
TSOV 3 5 325 6 5 428 15 11 622
Reactor Cooldown Valve 4 120 7 250 16 6 417
Remote Disconnects 10 294 13 510 25 804
TPCV 3 5 274 7 7 2 344 17 22 6 482
TBPV 3 112 6 154 14 6 239
Seals 30 443 40 443 43 443
Turbopump Assembly 5 6 19 8 11 53 11 19 78
Pump 7 7 8 10 14 1 20 15 21 1 44
Turbine 5 6 1 4 8 10 2 4 11 15 2 4
Bearings Housing Assembly 5 5 1 25 8 10 2 94 11 15 2 295
Thrust Chamber Assembly 30
Nozzle Assernbly 24
Skart & 2 4 7 33
Nozzle 1% 2% 4 10 16 45
Pressure Vessel 2 1 8 4 3 9 5 4 18
Thrust Vector System
Gimbal 1 11 1 11 3 32
Roll Control Assembly 3 22
Structure
PV — Gambal 1 2 11 1 2 42 2 2 90
PV — Tank 1 2 11 1 2 42 2 2 90
Engine Controls
Programmer 8 26 8 26 14 56
Thrust Vector Control Actuator 7 34
Roll Nozzle Actuator 2 t 10 33
TPCV - Actuator 5 39 6 69 15 112
Electrical Harness — 2 2 2 2 4 4
Electrical Connectors _ 2 2 2 2 4 4
Amplifiers 6 23 6 23 14 46
Pressure Transducer 4 24 8 38 20 92
Temperature Transducer 4 24 8 38 20 92
Simulators
Gen. II (Transient — Cold Flow) 1 4 10 1 4 21 1 4 31
Gen. III (Steady State — Hot Flow) 1 14
Special Items
Boost Pump Assembly 10 ‘ 20
Boost Pump 3 28 5 56
Boost Pump Bearings 9 32 30 63 62
Boost Pump Gears 18 45 45 115
Boost Pump Drive Train 8 32
Simulator Injector Tests 3 15 3 15 3 15
Kiwi-B Nozzle 2 2 4 2 2 2
X187 TCA 3 6 9 3 6 9 4 6 9
Pressure Vessel Materials 78 78 90 90 210 120
Instrumentation
Doped Germanium Transducers 15 60 15 60 15 60
Vapor Pressure Thermometer 4 10 4 10 4 10
Indiumn and Indium Alloy Transducers 15 60 15 60 15 60
Mimaturized Transducers 21 60 21 60 21 60
Reactor 4 4 5 5 6 6
Bearing Tester 2 10

*Add 2 nozzles and 2 tests for alternative hot-bleed program port:on.

Column Heads

New Hardware
Reworked Hardware
Available Hardware
= Spare Hardware

7
nouon

Fig. III-A-8, Vol. I
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TEST FACILITY UTILIZATION

1962 _ 1963
Test Stand Type of Test J F M A M J J A S O N D J F M A M J J A S O N D

C-6A Injector Development 6 3

Nozzle Development 2 3 3 215 6 6 6 6 6

Kiwi1-B 2
C-6B TPA Development 3 4 2 2 5 4 3

Simulator 2 2 2 2 2 2 4 5 5 5 14 12 16 12

TSOV 3 3
D-3 Pump Development 2 1 4 2 212 2 4 4 )
G-7 Bearing Development 3 3 8 7 2 3
H NETS and NEATS 4 5 5
Controls and Cryolab
Bay | and 2 Bearing Evaluation 3 3 3 15 20 25 |20 20 25 25 15 15
Bay 3 Dynamic Seal Development 20 20 40 20 20 20 30 40 40 40 40 40 |55 55 35 45 45 10
Bay 4 Vacuum Simulation 12 16 16 12 12 18 6 6 6 10 10 8
Bay 5 and 6 Valves, Actuators, Regulator 64 76 83 76 57 84 86 156 138 133 107 10886 71 56 155 104 108
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III Development Program (cont.)

B. GENERAL DEVELOPMENT APPROACH
) Much of the general development philosophy has, of necessity, been
defined 1n the preceding section (III,A). The obvious differences between the
NERVA nuclear rocket engine and the general family of liquid chemical rockets
1mply some changes 1n general development procedures. The NERVA engine
requires that certain of the components perform their function in a combination
of environments complicatdd by the radiation and cryogenic aspects of the problem.
In view of these considerations, considerable effort 1s devoted to the accomplish-
ment of radiation-effects test programs. Plans have been made to perform some
preliminary screenng tests side-by-side with the scheduled Kiw1 test series;
in-pile tests of candidate materials are acheduled; and an extensive series of
investigations 1s planned for the CITS program. Extensive use 1s made of simu-
lation devices during the test programs planned for the engine components and
subassemblies, so that realistic environments, as well as interactions, can be
provaded. ‘

For the NERVA engine, 1t is logical to conduct a parallel development
program of the reactor subassembly and non-radiation-producing assemblies,
allowing relatively independent development of the reactor subassembly to pro-
ceed concurrently with the development of the remainder of the engine system.
The general development path will then consist of testing individual components,
incorporating these components into the major subsystems, and conducting
development testing of the major subsystems. Final system integration s
accomplished after the reactor subassembly and other subsystems have been
extensively tested under the anticipated environmental conditions.

Following this general approach, complete-engine-system testing
occurs somewhat later than might otherwise be possible, but it 1s believed that
the resulting engine system will readily achieve reliability goals and that the
completion of successful development can be forecast with confidence.
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III Development Program (cont. )

C. CRITICAL DEVELOPMENT AREAS

The detailed description of the follow-on program, to 30 September
1962, 1s determined by the work required to accomplish the testing of the E-1
engine 1n the first quarter of 1964. The E-1 engine 1s planned to be comprised
of prototype hardware and to become the first test of the integration of the
reactor and the major engine subsystem. This engine will be completely
self-contained and will have a configuration similar to that shown in Figure
III-A-1, except that some auxiliary subsystems, including roll control,
thrust vector control, gas pressurization, pneumatic power supply, and the
master engine controller will not be present. This latter hardware is
scheduled to be included in the E-3 engine. The E-3 engine is scheduled
for test in August 1964.

The task 1n the follow-on program is to begin the development of
those components considered critical (therefore possessing the longest develop-
ment lead time) to the operation of the E-1 engine.

Components falling into the critical category must satisfy either
or both of the following conditions*

1. They shall be E-engine components which have demonstrated
combined nuclear-cryogenic environmental capability by the time E-1 engine
tests are initiated - failure of which could cause irrepairable damage to the
engine

2. They shall be long development lead-time engine compo-
nents, and, to meet test schedule commitments, 1t must be necessary that
development shall be initiated prior to September 1962.

Componeits thus defined as critical are listed in Table III-C-1.

Ground servicing equipment and remote handling equipment will be
developed and/or procured only to the extent required to support the NRX
tests and the Component Irradiation Test System (CITS) program. Continuing
efforts will be expended in engineering studies to resolve E-engine servicing
and handling systems. '

Because of the problems associated with the development of nozzle
coatings, thrust-vector control actuators, destruct systems, and the diagnos-
tic instrumentation are not clearly defined to the extent necessary to estimate
the development time required, work to define the problem will be continued
or initiated in these areas. Specifically, effort will be concentrated in the
following areas of engine system design and development:

Page III-C-1, Vol. 1




II1 Development Program, C (cont. )

1. Thrust-Chamber Assembly

Emphasis must be placed -on components that have in-line
functions in the development of the E-engine system, in addition to those areas
where the development problem cannot be defined. That is, those components
which must be developed prior to the development of other components that
are necessary for operation of the E-engine.

The nozzle and pressure vessel are examples of this class
of component and development areas. Both components must have been fabri-
cated before the Generation II Model 2 simulator can function. The Generation-
II Model 2 simulator 1s, 1in turn, necessary to establish the start sequence for
the engine and precedes the NETS, which will yield the design information to
freeze the E-engine design. The time required for this chain of development
events, then, requires an immediate development effort during the follow-on
contract on the nozzle and pressure vessel that will provide hardware at the
earliest possible time 1n the program.

The nozzle extension 1s also required for the Generation-II
Model 2 simulator, but it 1s of such a nature that perturbations of the design
performance will not have a large effect on the operation of the E-engine.
The time requirement in this case allows 1initiation of component fabrication
to occur after this 9-month program increment, with essentially no slippage
in the overall program. The development effort 1s, therefore, confined to
material tests of brazing methods and to a detailed design of the nozzle
extension that will be ready for release at the end of this program increment.

2. Control System

Early development of some control components must be
carried on in order to determine the design requirements necessary to insure
the proper operation of these components in the NERVA environment. Typical
items are the servo actuators, transducers, and electronics.

In order to determine the effects of radiation on these compo-
nents, designs and fabrication must be completed for early irradiation tests
in order to obtain information to develop items for the E-engine. Problems
of concern are the generation of noise in the electronics, transducers, and
cabling, and the reliability of maintaining sufficient accuracy of calibration.
This 15 particularly true for neutron, temperature, and pressure sensors.

Long-lead time for development of adequate actuators
requires that early experience be acquired on the detail design problems
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III Development Program,‘ C (cont.)

posed by the criteria of speed of response, light weight, and environment.
Safety problems also impose a design requirement that actuator failure or
malfunction can occur in a particular mode.

3. Propellant Feed System

Aside from the turbopump mechanical performance itself,
the critical development areas in the propellant feed system are considered to
be 1n the valve seats and seals, pump suction performance, turbopump bearings,
and turbopump speed sensing device.

The valve assemblies must be capable of providing a positive
seal, but due to the radiation environment, organic materials normally used
for positive seals cannot be applied. Metal seals, however, may be subject
to distortion and surface defects when exposed to extreme temperature
gradients and irradiation. Thus, the sealing of all valves 18 a major critical
development area.

Suction performance of the pump is a major development
area in the propellant feed system. The pump must start pumping at a mini-
mum value of net positive suction pressure (close to a saturated laquid)
preferably wathout the aid of a boost pump. The tank pressurization system
can provide adequate net positive suction pressure during normal engine
operation.

The turbopump bearing 1s another highly critical develop-
ment area. Because of the radiation environment, the bearings will be cooled
with ligquid hydrogen. In addition, metallic cages or cageless bearings com-
patible with the radiation environment must be employed. Hot spots and other
surface effects may occur through the combination of inadequate cooling and
irradiation.

A speed-sensing device for the turbopump assembly presents
an additional critical development area. Current speed-sensing devices rely
on amplification of an electronic signal. This method, however, may not
function adequately, due to radiation effects on the electronics Devices that
do not depend on amplification of electronic signals, such as tachometer
generators, offer a possible solution of this development problem.

4. Reactor Subassembly

The availability of the reactor is clearly critical to the
beginning of the engine test program. The failure of the reactor in an engine
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III Development Program, C (cont.) -

test would mean the loss of the test objective and, depending on the nature of
the failure, could result in the destruction or contamination beyond practical
reuse, of the engine components. In the worst case of reactor failure, the
test stand could be rendered unusable for a significant period with resultant
delay in the entire program.

Within the reactor development program there are critical
component development items, the failure of which would result in reactor
and, consequently, engine failure. These i1items are the structural integrity
of the core assembly, the control drum actuators, the control instrumenta-
tion, and the shield.

The solution of the core structural integrity 1s the principal
remaining Kiwi test objective and will be a pacing 1item waith respect to the
entire reactor development schedule.

The development of the control drum actuators 1s to a very
large extent one of precision engineering and fabrication, and of simplifying
the desagn to assure reliability bordering on the absolute, without sacrificing
too much 1n the areas of actuator energy demand, and response time, and
precision.

The control instrumentation and in-core sensory elements are
critical to reliable control of the reactor and yet must function under the most
adverse radiation and thermal conditions. An interim development program
has been established to support this critical item in design.

The shield is a cratical item particularly from the standpoint
of structural support, heat transfer requirements, and the resolution of
possible problems of radiation damage to shield materials.

The research and technical effort necessary to accomplish
the development of the engine critical components, and the tasks associated,
form the basis of the program proposed for the period 11 January through
30 September 1962. The description of the principal problem areas and the
solutions proposed to solve these problems 1s contained in the following
sections of this volume.
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‘ . TABLE III-C-1 -

CRITICAL COMPONENTS

Component

Reason for Criticality

Tank shutoff valve and actuator
Reactor cooldown valve and actuator
Turbine power-control valve

and actuator

Turbine bypass valve and actuator

Turbopump assembly

Reactor

Reactor control actuator

Shield

Nozzle assembly

Pressure vessel

Must seal tank supply from reactor
Must operate to cool engine

Necessary for control of turbopump,
Serves as part of engine malfunction
and the engine control system

Necessary for control of turbopump.
Serves as part of engine malfinction
and the engine control system

Most critical - necessary to supply
reactor with propellant

Kiwi design core support structure
must be modified for flight loads;
modification must be verified by
test. Structural failure would result
in loss of engine and possibly render
test stand unusable for a significant
period of time

To actuate reactor control drums for
shim, regulation, and scram

Must be 1n E-engine to determine

effects on reactor neutronics - shields

components for engine and LH, 1in
prototype vehicle-engine installation

Thrust-producing part of engine in
series with propellant flow loop,
failure would cause failure of engine

Contains reactor under working
pressure-failure causes failure of
engine

Table III-C-1 (Sheet 1), Vol. I




TABLE HI-C-1 (cont. )

Component

Reason for Criticality

Tank shutoff valve pilot valve

Structures

Bellow - pump suction line

Disconnects

Electronics

Transducers

Actuates tank shutoff valve (may be
shielded during early tests)

Failure would result in loss of engine

Rupture would result in loss of propel-
lant, which,in turn,would cause failure
of engine

Seals may leak, resulting in a
hazardous condition which, 1n turn,
may cause failure of engine

Signal-to-noise ratio may induce
erroneous signals causing serious
malfunction of engine

Signal-to-noise ratio may induce
erroneous signals causing serious
malfunction of engine

Table III-C-1 (Sheet 2), Vol. 1




III Development Program (cont.)

D. STATUS OF MAJOR ELEMENTS

The development status of each of the major components of the engine
18 discussed under appropriate headings 1n Section IV of this volume. For con-
venience, the more significant of these status statements are summarized in the
following paragraphs:

1. Engine System

Preliminary design of both the heated-bleed and hot-bleed cycle
flight configurations of the NERVA engine will have been completed by 10 January
1962l

Conceptual design of an engine utilizing the Phoebus reactor will
have been completed.

Generation I simulator testing will have been campleted and a
report discussing the results prepared and published.

Design of the Generation II Mod 1 simulator has been completed.
Tests are scheduled for April 1962,

Major elements of the wooden mockup of the NERVA engine wi1ll
have been completed and assembled 1n January 1962.

2. Propellant Feed System

Detailed design far the third generation turbopump will have been
completed as well as performance and cavitation tests of the Generation II
turbopump (with the Generation II - Generation III impeller).

Bearing tests at 3/4-speed and at partial axial and radial loading
will have-been completed.

Detailed design of the high speed vertical shaft bearing tester
will have been completed, as will the design of the interim tester.

Conceptual design of the boost pump will have been completed.
The tank shutoff valve (TSOV) and the turbine power control
valve (TPCV) have been designed and experimental hardware has been built

and tested.

3. Reactor Subassembly

Preliminary design of shield and reflector configurations com-
patible with any of the candidate reactor designs will have been completed by
10 January 1962.
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III Development Program (cont.)

Preliminary definition of the reactor subassembly-pressure
vessgel interface will have been established.

Basic reactor nuclear design, and preliminary steady-state and.
transient analysis will have been completed. )

Conceptual design of reactor inner control loop will have been
completed and requirements for core sensory instrumentation and control
actuators will have been established.

Conceptual design layout of the Kiwi1-B flight adaptation will
have been completed i1ncluding method of core lateral support,

4, Thrust-Chamber Assembly

Preliminary design of the nozzle for both the heated-bleed and
the hot-bleed cycle engines will have been completed.

Scale model heat transfer experiments, liguid side and gas side,
will have been completed,

_Hot bleed port tests, using a modified LR-87-AJ-1 thrust chamber
assembly, will have been conducted.

Preliminary design and thermal and stress analysis for the
pressure vessel will have been completed.

5. Engine Control System

Preliminary analysis and design for both hot-bleed and heated-
bleed engine control system will have been completed.

Schematic design of engine programmer circuits will have been
completed.

TPCV and reactor control rod experimental actuators will have
been delivered and evaluation tests inmitiated by 11 January 1962.

6. Destruct System

Major problem areas will have been defined and a special report
prepared and i1ssued.




IVv. TECHNICAL DISCUSSION

A. GENERAL DISCUSSION

This section presents, for each major subassembly of the engine,
a definition of critical components, the status of development of each compo-
nent, and a summary of the tasks associated with the development of each
component. In addition, the extent of the total development task is defined.
The hardware and test requirements, supported by schedules and milestones,
are defined, where applicable, through 1963. Finally, master program net-
work charts for each major subassembly are presented to convey the
development sequence. ‘

The planning networks present information links as well as inter-
dependencies between major activity blocks. The position of activity blocks
does not indicate relative or absolute time. The September 1962 reference
line is included only to indicate the scope of work covered 1n this proposal.
Activities enclosed by broken lines are those performed under subtasks
other than the one shown and are included for purposes of continuity.
Activities related by broken lines are not within the scope of the program
-as proposed, and are included for information purposes only.

In addition, other major program activities are discussed. The
specific work programs for the period ending 30 September 1962 are pre-
sented in the NERVA Technical Administration Documents in Volume II.

The Kiwi side-by-side radiation-effects testing 1s limited in
scope and is discussed in connection with each major subassembly in this
section. Because this testing 1s limited to the fairst 9-month period, a
composite schedule is included 1n Volume II as the NERVA Technical
Administration Document for Task Item 1. 3. 8.
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IV Technical Discussion (cont.)

B. ENGINE SYSTEM AND SUBSYSTEMS

l. Engine System

This section of the proposal presents a technical discussion
of the NERVA engine assembly as presently conceived, and briefly reviews
the status of the Phase I effort, the critical development areas as they are seen
at this time, the technical program proposed for the solution of the critical
problems, and a development program plan which forecasts when and how the
technical program will be implemented.

a. Status of Phase I Effort

A brief summary of the design and preliminary
development effort for the NERVA engine assembly 15 presented. This descrip-
tion does not summarize all of the work performed but instead treats only the
major items of accomplishment. A complete report of all activities will be
presented i1n the Phase I Summary program report.

(1) Engine Design

Two versions of the NERVA engine have been
reduced to preliminary designs. A layout drawing of the heated-bleed cycle
FX engine 1s presented in Figure IV-B-1-1, and the hot-gas bleed variation
15 shown in Figure IV-B-1-2. Sufficient work has been performed on the two
concepts to identify the differences i1n design. As can be seen by comparison
of the two figures, the differences between the two engines lie i1n the turbine
utilized, the nozzle skirt, the plumbing required to complete the flow circuit,
and the inclusion of a hot-gas bleed port for extracting the turbine working fluid.
Since neither cycle has been selected for development (nor will such a
selection occur in the near future), the design activity has been directed toward
providing components with as great an interchangeability as possible between
the two engines. Thus, analysis has shown that if the heated-bleed turbine
and turbine power control valve are made from sufficiently heat-resistant
materials, they will perform adequately for either the heated-bleed or hot-gas
bleed engine. Preliminary designs for an uncooled nozzle skirt for the hot-
bleed engine have been prepared, and design and experimental testing of hot-
gas bleed ports has been performed.

Sufficient work has been performed to permit the
refinement of engine design 1n the next program period.

Page IV-B-1-1, Vol. I
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IV Technical Discussion, B (cont.)

(2) Engine Analysis

Engine analysis utilizing the analog computer has
been performed primarily to determine the design-point operation of the heated-
bleed engine but sufficient work on the hot-gas bleed engine has been performed
to describe differences 1n operations. These tasks have covered.

(a) Design-point operation analyses.

(b) Trade-off analyses between shield and
nozzle heat exchanger performance to determine the effects on overall engine
performance for the heated-bleed engine.

(c) Engine vibration analysis.
(3) Engine Simulators

Testing of the Generation I start transient simu-
lator has been performed. A series of 8 test runs have been completed. These
tests have shown the value of the simulator program and have yielded data to
indicate that low NPSP operation of the turbopump can be achieved, control of
the start during boot-strap operation may be achievable, the heat capacity of
the propellant feed system provides ample energy to start the engine, and that
for simulation purposes a control system employing a simplified reactor
synthesis by analog 15 a feasible scheme.

The design of the Gen. II Mod,l simulator shown
schematically 1n Figure IV-B-1-3 and which incorporates full-scale engine
hardware has been completed and all of the hardware components for this
system have been released for fabrication. It 1s expected that this simulator
will be assembled and ready for test in C-area in April 1962.

(4) Engine Specifications

The design effort in Phase I has resulted in the
upgrading of the initial preliminary model specifications for both the AJ 31-6
heated-bleed engine and the AJ 30-5 hot-bleed engine. In addition, an engine-
to-test stand interface specification has been completed in draft form. These
specifications will be published by the end of Phase I.

(5) Engine Mockup

The combination wood and metal mockup of the
NERVA FX heated-bleed engine being fabricated in Phase I has progressed to the

|
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IV Technical Discussion, B (cont.)

point where the following items have been completed nozzle and nozzle skirt,
pressure vessel, upper thrust structure, turbine power control valve, turbo-
pump assembly, control rod actuators, and lower thrust structure

The remainder of the engine mockup parts are
scheduled for completion by 10 January 1962 Figure IV-B-1-4 1s a photo-
graph showing the partially assembled mockup.

(6) Weight-Control Program

By conventional standards, the weight of the
NERVA engine 1s very high in comparison with 1ts thrust level, and the
engine 18 long, the main masses being situated at significant distances from
the gimbal point. As a result of these distances, and because changes in the
design of some of the components of the engine can shift the location of the
center-of-gravity significantly, the moments-of-inertia of the engine are very
sensitive to design changes.

b. Critical Development Areas and Proposed Solutions

This section contains a discussion of critical areas
related to the development of the NERVA engine assembly, integrated with
discussions on the technical program plan, which 1s proposed for resolution
of these critical problems. The program planning network, Task 1.1, Figure
IV-B-1-5, shows the development paths and their interrelationships.

(1) Cycle Selection
(a) Nature of Problem

Two cycles are currently under considera-
tion for the NERV A engine: the hot-bleed cycle, and the heated-bleed cycle.
Cycle selection becomes a critical area because of the possible effect on both
the cost and length of the engine development program. Partially for this
reason, the heated-bleed cycle was chosen for major preliminary design effort
in Phase I, however, in weighing the design unknowns, 1t was also believed
that, on a known reliability basis, the heated-bleed cycle had an edge in
reliability. On the other hand, the hot-bleed cycle has a known performance
advantage, and 1n some respects presents an easler testing problem, since a
major portion of iontnuclear development tests 1nvolving the nozzle can be
performed without high-altitude environments. Neither cycle has yet been
firmly selected for the reason that sufficient engineering data are not available
to permit such a choice to be made on an engineering basis. Cycle selection
should be made by the last quarter of 1962 i1n order not to jeopardize the
flight date.
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IV Technical Discussion, B {(cont.)

Insofar as the hot-bleed engine 15 concerned,
the major development problem 1s one of extracting hot hydrogen from the core
exit region, and quenching 1t to a workable temperature without melting the
bleed port and adjacent bleed-tube system as a result of temperature stratifica-
tion. Hot-bleed-port tests have been 1nitiated 1n Phase I to provide some
information. In four short tests conducted to date, when using a LO;/LH;
combustion chamber and a full-scale bleed port mockup, problems with the
test system have prevented obtaining useful data. Further testing with this
device will provide data useful in characterizing the nature of the development
task. The Phase I program, however, was not designed to produce more than
verification of design, and more test data are required before a decision can
be reached. In addition, the success of the hot-bleed system also depends on
the reliability of the turbine by-pass valve since recent analyses have shown
that inadvertent opening of the valve at design power would result in melting
of the bleed tube system and a destructive malfunction of the engine. Testing
of this device during the interim period 1s also required to provide the necessary
data to help in the cycle selection.

Considering the heated-bleed cycle, the
performance level of the cycle 1s intimately assocrated with the heat trans-
ferred to the turbine working fluid i1n the shield and nozzle skirt. Uncertainties
ex1st as to what heat input values may be expected because analytical methods
required to accurately determine these values are uncertain. Research ex-
periments are currently 1n progress to determine experimental values for heat-
transfer coefficients for hydrogen through model tests using heated nitrogen
as a working flud.

(b) Proposed Solution

The solution to the task of cycle selection
1s to acquire additional experimental data on the operation of both the hot-gas-
bleed system and the turbine power control valve. However, in accordance
with the program ground rules outlined in Section III, the performance of
further hot-gas-bleed system testing 1s not considered critical since the E-1
engine can be operated on the heated-bleed cycle. Therefore, the follow-on
program to 30 September 1962 does not propose to perform any hardware
R&D on the hot-gas bleed system.

The performance of this work 1s still very
important. If delayed until after October 1962, cycle selection cannot occur
until early 1963, perhaps not until after release of the E-1 engine for fabrica-
tion. If the hot-gas cycle were ultimately chosen, the cycle probably would not
be introduced into the engine development test schedule until late 1964, thus
possibly delaying the flight-test date.
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IV Technical Discussion, B (cont.)

Because of the importance of these tests,
an experimental program 1s discussed in Volume I, Section IV,B, 4, of this
proposal and the costs are presented as Item 6.3 i1n Volume II for inclusion
in the basic follow-on program 1if funds permat.

(2) - Radiation Effects on Materials
(a) Nature of Problem,’

The environment of a nuclear rocket en-
gine 1s one which can affect the physical and mechanical properties of
materials. This environment consists of both extremely high and extremely
low temperatures, the presence of hydrogen in large quantities, and a very
intense neutron and gamma field.

The effects of nuclear radiation on many |
structural materials has been investigated by several groups (Argonne
National Laboratory, Los Alamos Scientific Laboratory, Armour Research
Foundation, NASA,and many others). Most of these investigations have been :
carried out at ambient temperatures and/or at low flux rates and have 1‘
indicated that there 1s little or no effect at integrated doses of less than 1018
nvt. Enough low temperature work has been carried out, however, to indicate
that there is an annealing effect on ferrous materials which occurs between -200
and -300°F. At the lower temperatures, radiation-induced changes in the
metallic material properties are '"frozen-in." In general, the extent of these
effects are not yet well defined. It 1s considered that there might also be a
rate effect, particularly at the temperatures where the annealing rates may
be comparable to the generation rates of interstitials or holes, which appear
to be the source of the radiation effects.

An i1nvestigation has been carried out by
General Dynamics/Astronautics, in conjunction with General Dynamics/Ft.
Worth, to determine the effects of a combined environment of liquid hydrogen
and a radiation field. In this program, control samples were tested at 70°F,
while similar samples were tested at -423°F in the thermal environment of
liquid hydrogen both with and without exposure to reactor radiation. Materials
tested were 2014-T6 aluminum, AT 110 titanium alloy, and Types 301 and 310
stainless steels. These data are available to the NERVA program. In: \
general, the two stainless steels exhibited reduction in ultimate tensile
strength and ductility. The titanium exhibited some decrease i1n elongation,
but no significant changes in tensile or yield strength. The notched tensile
strength increased following irradiation. The 2014-T6 aluminum alloy showed
no reduction 1n elongation, but exhibited slightly lower yield and tensile
strengths.
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IV Technical Discussion, B (cont.)

Valuable data have been obtained on the
three types of candidate alloys considered for nuclear space vehicle applications.
Damage (which resulted in the reduction of the mechanical properties of
materials affected by high neutron flux at cryogenic temperatures) indicates
that further studies of other materials, specifically the alloys presently being
considered 1n the design of the NERVA engine and components, should be
initiated as soon as possible, 1n order to obtain the extent of these damages
prior to final material recommendations.

(b) Proposed Solution

Because of the high fluxes to which NERVA
components will be subjected during full-power operation, the NASA Plumbrook
reactor 1s the only test reactor except for the Kiwi-B reactors that can pro-
vide test capability at near-NERV A operating conditions. The NASA early
recognized this fundamental problem of possible damage at cryogenic tempera-
tures and instituted a research program with the Lockheed Corporation,
Continuous communication with NASA, Cleveland Research Center, and
Lockheed has been effected, and this communication will continue 1n the
follow-on effort. The Lockheed Corporation 1s currently carrying out screening
tests at ambient and cryogenic temperatures and will initiate the radiation
test program when the Plumbrook reactor facility becomes available about
July 1962. In this program, the sample temperature can be varied over a wide
range, since the temperature 1s controlled by means of helium refrigerator rather
than by means of immersion i1n liquid hydrogen, as was done in the General
Dynamics program. This will also eliminate any possible effects of the
hydrogen 1tself, which could conceivably lead to discrepancies in the two sets
of data. If such discrepancies appear, 1t may prove desirable to add hydrogen
to the test environment in the Lockheed program, if possible.

In order to be sure that the NASA
material radiation effects program will provide adequate data for the NERVA
Program, close coordination will be maintained with Lockheed. In instances
where 1t 1s found that this program 1s incomplete, or where materials of
interest to NERVA are not being tested, appropriate recommendations will be
made via SNPO-Cleveland. In addition to the above, other sources for con-
ducting radiation damage test on materials at cryogenic temperature will be
sought. Other sections of this proposal describe the programs proposed for
radiation effects tests on components, subassemblies, and subsystems.
Reference 15 made to these sections for greater detail.
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IV Technical Discussion, B (cont.)

(3) Development Testing
(a) Nature of Problem

The development test of the NERVA nuclear
rocket engine differs from conventional chemical rocket test inasmuch as the
nuclear reactor 1s surrounded by an i1ntense radiation while at full power and
necessitates a remote location for conducting such operations. Because of
this fact, each test 1s costly since additional labor is required to prepare amd
conduct the test, and to provide post-mortem examination of the test hardware
which has become activated by the nuclear environment and which must be
handled 1n spec:ial facilities and by special techniques. Minimization of the
number of engine tests to achieve the target reliability permits a more
economical and shorter development program. The accomplishment of such a
program which yields the very high reliability demanded for flight test 1s thus
one of the major critical program tasks to be performed.

(b) Proposed Solution

The solution of the above problem is
proposed to be achieved by the following approaches. In general, the develop-
ment of the reactor and the non-nuclear portions of the NERV A engine will be
accomplished for the most part i1n separate series of tests. Figure IV-B-1-6
1s a component hardware demand schedule, the test summary, Figure
IV-B-1-7, summarizes the numbers of tests, and the facility to be used for.
the tests for the non-nuclear portion of the engine development.

The development of the NERVA reactor
will be accomplished through the Kiwi1-B tests to be conducted by the Los
Alamos Scientific Laboratory and through the NERVA NRX reactor tests to
be conducted at the Nevada Test Site. The latter tests are largely for proving
that the mechanical structure of the reactor core will withstand repeated.long
duration operation and to demonstrate structural strength for capability to

withstand the anticipated flight shock and vibration loads on the engine.

The non-nuclear engine hardware will be
developed according to a scheme that permits intensive functional testing of
the individual components and the subsystems in which they operate. Initially
this type of hardware will be subjected to test in all environments except
radiation for proof of basic design. Radiation effects testing will be accom-
plished 1n side-by-side tests utilizing the Kiwi1-B reactor series and ultimately
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IV Technical Discussion, B (cont.)

in prolonged tests at the NERVA flux levels in the components irradiation test
system facility. In this manner, demonstration of individual component and
limited subsystem operation in all environments imposed by the NERVA
reactor can be accomplished prior to installation into a complete nuclear
engine.

Testing of the behavior of the components
when arrayed in their respective system to determine interactions can be ac-
complished by two methods. Obviously such behavior will be determined when
complete NERVA engine assemblies are operated. However, prior system
experience 1n the absence of a radiation field can be obtained through the
utilizatron of simulators. Such devices can be tested in plant facilities where
high rate, economical testing can be performed. Thus by pursuing a program
of 1individual component qualification in all environments including irradiation
prior to engine test, and performing subsystem tests in simulators to obtain
advance system interaction data, complete engine tests thus become simply
tests for determination of system interactions and, subsequently, proof of
engine system performance. By this means 1t 1s believed possible to achieve
target reliability with a minimum number of complete engine system tests.

The work of Phase I has demonstrated that .
systems (Generation I and II simulators) of NERVA components can be
assembled to simulate, from the standpoint of thermodynamics and fluid
mechanics, the first 15 sec of engine startup of the NERVA engine for which
period the heat capacity of the nuclear system 1s the major source of energy
available 1n the real engine. Therefore, during this period, information can
be obtained concerning the turbopump assembly boot-strap conditions, heat
transfer, flow instabilities, transient temperature distributions, and pres-
sures 1n the system. It i1s this period which causes the most concern, since
1t 1s the most difficult to analyze mathematically. The data have supplied and
will continue to supply the basis for preparation of equations, describing the
operation of the engine during this period, which will be incorporated into the
analog computer engine analysis program. Beyond the 15-sec point in engine
operation, a discharge pressure 1s achieved which 1s above the critical pres-
sure of hydrogen, so it 1s reasonable to assume that, once this point 1s
reached, the two-phase flow problems will not exist. Since the problem of
two-phase flow during the early portion of engine startup will have been solved
by the Generation II system, 1t does not appear that further investigation of
this time period will be required in other parts of the non-nuclear engine test
program.

The effect of all these variables on the
propellant-feed control loop can be determined, since a closed-loop control
system will be a part of the nuclear engine startup simulator. Various
startup schemes can be run to test different modes of startup and different
operating methods. The result will be'a map of the engine startup regime.
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IV Technical Discussion, B (cont.)

Where possible the intention 1s to have components 1in the Generation II

nuclear engine startup simulator which are as close to the prototype engine
components as possible. These engine components which are not available

for the engine startup simulator program will be simulated. Particularly, the
nuclear reflector and shield will be simulated, for thermodynamic and fluid
mechanic areas by equivalent components which will provide adequate simula-
tion of the functions of these components during the first 15 sec of startup.
Other components, such as the nuclear reactor itself, will be simulated elec-
tronically by an analog computer connected to a load valve; the computer will also
simulate the master engine controller to provide realistic operation of the
engine and the engine control system. It is anticipated that, during the test pro-
gram, newer components will be added as they become available.

, The Gen. II Mod. 1 engine startup
simulator assembly will test the turbopump assembly, the tank shutoff valve,
the turbine power control valve, the pressure vessel, and the connecting lines -
and fittings. The Gen. II Mod. 2 system (see Figure IV-B-1-8) will, 1n addition,
include the nozzle and heated bleed skirt mockup, the gimbal assembly, the
control-rod actuators, the turbine by-pass valve and additional connecting
lines and fittings.

Design investigations will be carried further
to determine whether reactor heat input can be simulated in the Non-Nuclear
Engine Test System (NETS), as well. This system 1s described below. The
Test Summary, Figure IV-B-1-7, shows the test facility, test dates, and
numbers of tests planned for the NET system.

A second system 1s presently visualized as being
both necessary and useful in performing-the: NERVA engine development
program. This system 1s described as a non-nuclear engine acceptance test
(NEAT) system whose purpose 1s to acceptance-test hardware prior to delivery
to NTS for either CITS work or installation 1n an engine.

A portion of the work proposed for the
immediate follow-on period 1s to develop the conceptual designs and prepare
preliminary test plans for both NETS and NEATS. The overall program
schedule for accomplishment plus test and hardware requirements through
June 1963 and the pictorial representation of the simulator development plan are
shown in Figures IV-B-1-5, IV-B-1-6, IV-B-1-7, and IV-B-1-9, \ The details
of the program to 30 September 1962 are presented 1n Volume II, Section III,
Task Item 1.1.
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IV Technical Discussion, B (cont.)

The task remaining to be performed 1s the
design and operation of a system or systems, which will permit meaningful
simulation of steady state operation, and the full ramp from start to steady
state operation. It 1s proposed that the design effort initiated 1n Phase I be
continued to accomplish this task. The Test Summary, Figure IV-B-1-7
shows the facility test dates and number of tests scheduled for the Gen. II
Mod. 1 simulator. Also shown are the tests planned for the Gen. II Mod. 2
simulator.

The design of a system to simulate steady
state operation of the NERVA engine 1s complicated by the necessity to
simulate heat fluxes to the various components due either to conduction or
to the incidence of hard gamma radiation. Since large quantities of heat
energy are deposited by these mechanisms, convenient simulation 1s dif-
ficult to achieve. There 1s, however, a design approach which permits
steady state operation but not design heat input that will serve a necessary
function in the development program. This system 1s called the Non-Nuclear
Engine Test System (NETS) and a conceptual schematic 1s shown in Figure
IV-B-1-10.

The purpose of the NETS 1s to serve as an
engine subsystem and components test bed for non-nuclear developmental
testing, with the intention of operating all engine non-nuclear components at
their design points, thus placing full loads on all the system components.

This means full-scale dynamic loading of these components at design flow

rate and pressure. This type of test 1s essential, since 1t provides the only
means of testing all of the non-nuclear engine components at full load, short
of installation in the NERVA engine. While the NETS probably cannot be 1deal
from the standpoint of simulating the actual environment of the NERVA engine,
1t can provide a reasonable means of testing all of the non-nuclear engine
hardware 1n one integrated test system and under operating conditions which
are reasonably close to the actual operation conditions of the NERVA engine.

The NETS could conceivably include an
LH-LO; combustion chamber, which would fire through the NERVA nozzle.
This liquid propellant system would be operated at a mixture ratio and a
chamber pressure which would supply the design-point nozzle gas-side wall
temperatures and heat fluxes. Through the use of an auxiliary heat source,
simulation of the heat input to the turbine fluid contained in the reflector and
shield regions can be achieved. If the combustion chamber 1s included in
this engine test system, a dynamic thrust load, as well as combustion 1nduced
vibrations and acoustical vibrations, are supplied to the NERVA engine

\
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IV Technical Discussion, B {(cont.)

structure. It is then possible to test the thrust vector control system under
dynamic loads, and to operate the propellant feed system, with its control
loop, at design point conditions of temperature and pressure. The NETS 15 a
subsystem and component test bed which can operate for extended periods to
aid the development of the subsystems and their components, as well as to
provide reliability data concerning these subsystems and components.
Operations.of the NETS, 1n place of using individual subsystem-component
tests, yields an economic advantage, as well as providing more realism, since
subsystem interactions may be examined.

It appears at this time that the require-
ments for computer control equipment will be very nominal and that standard
sequence control units may be employed to bring the system to the operating
design point. It 1s not intended, for instance, that the reactor inner control
loop will be evaluated on these test systems except to test the mechanisms
involved. The only closed-loop control system which will be used will be that
involving the propellant-feed system wherein control 1s maintained between
the chamber pressure and the turbine power control valve setting. In
summary the NETS concept permits the following type of evaluations:

1 The NERV A nozzle may be run for
fall duration, with the chamber pressure or nozzle heat flux loads that will be
experienced during actual operation.

2 It will permit testing of the entire
propellant feed system for extended durations under design-point conditions of ..
temperature, pressure, and flow rate.

3 The engine-thrust structure and the
thrust-vector control system may be tested for extended durations under
dynamic and static loads, and wrth a fair degree of simulation of the engine
vibrational and thrust loading.

4 The reflector and shield, and control-
drum mechanisms, as well.as the control-drum actuators, may be tested for
extended durations at cryogenic temperatures with pressure loading, and in a
vibration environment.

5 The roll control system may be
tested for extended durations at pregsures and temperatures very nearly
1dentical with those to which the system will be subjected during its actual
operation.

6 The pneumatic supply system may
be tested for extended durations.
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IV Technical Discussion, B (cont.)

(4) Pump-Inlet Conditions
(a) Nature of Problem

The pump-inlet conditions are critical,
since for proper operation of the NERVA engine, the propellant pump must
function 1n a satisfactory manner. For this to be accomplished, sufficient
NPSP must be avalilable at the inlet of the pump to permit normal operation
of the pump. In chemical-rocket engines, pressure 1s applied to the tank
above the surface of the liquid to supply NPSP to the fluid entering the pump,
however, 1n the case of a nuclear rocket eéngine, the energy input to the
propellant within the tank due to radiation leakage from the reactor causes
the propellant temperature to rise sufficiently that tank pressurization require-
ments may become excessive. To overcome the gross effect of the radiation
field on the propellant within the tank, a primary shield will be incorporated
within the NERVA pressure vessel to attenuate this flux field to an acceptable
value. In addition to the nuclear heating of the propellant within the tank,
there will be heat leak through the walls of the tank due to the radiant energy
from the sun, and to the convective heat transfer from aerodynamic heating
during the boost phase of the stage flight.

The NERVA engine 1s expected to be
capable of restart after extended coast periods in space, during which period 1t
1s reasonable to assume that the propellant within the tank will come to
equilibrium with 1ts vapor pressure. Thus, to obtain significant NPSP at the
inlet of the pump, a slug of helium or hydrogen gas would be required to give
the tank fluid NPSP. This slugging of the tank with pressurization gas 1s
undesirable, due to the weight and controls associated with the storage and
proper venting of the pressurization gas to the tank.

Other alternatives are to utilize the
engine tank pressurization system, or to have the NERVA engine fitted with a
boost pump or with a main stage pump, which will require little or no NPSP,
It 1s considered impractical to utilize the engine tank pressurization system
during engine restarting for the purpose of supplying net positive suction
pressure, since a relatively large amount of gas 1s required when the ullage
volume of the tank 1s large and this gas 1s not available during restarting.

The boost pump represents additional
pumping equipment and 15 therefore undesirable from a weight and reliability
standpoint 1f the job can be accomplished without the use of the boost pump.
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IV Technical Discussion, B (cont.)

The technical task which remains to be
solved 1s the derivation of a pumping system that will meet the pumping re-
quirements anticipated in operational flight. Ideally this system should be
capable of pumping boiling hydrogen.

(b) Proposed Solution

The solution to this problem follows two
paths. If the NPSP characteristics of the feed system pump cannot be reduced
to an acceptable value, a boost pump capable of very low NPSP performance

"can be employed 1n series with the main feed pump to achieve low overall
NPSP pumping capability. The preliminary design of a boost pump for the
NERVA engine was initiated during Phase I and 1t is proposed that this design
effort be continued 1n the follow-on program.

- The second and more attractive solution
18 to expend effort to develop a pump that will work satisfactorily with zero
NPSP or which will function-during engine starting transient with little or no
net positive suction pressure. The design of impellers and inducers to
accomplish this objective started in Phase I. The development plan and
detailed technical approach are discussed 1n Section IV,B,2.

(5) Integration of Control Systems with Propellant-
Feed System

The critical problem associated with the integra-
tion of the reactor and the propellant feed system stems from the fact that
there 18 an inter-reaction between the propellant accumulated within the core
and its reactivity worth and the core nucleonics, thus there 1s a potentially
hazardous condition when the propellant-feed system 18 married to the
reactor for the first time. This interaction will be calibrated during the
NRX tests and with the Generation II non-nuclear engine tests. The Generation
IT tests will provide propellant accumulation transient data through the 1nitial
phase of the engine startup. This problem cannot be fully evaluated until
the first E-engine is operated, and 1ts true magnitude has yet to be experi-
mentally evaluated. The Kiwi1-B program, to be conducted in the first
quarter of 1962 will provide the first detailed experimental data on the
operation of a reactor with liquid hydrogen.
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COMPONENT/SUBASSEMBLY TEST SCHEDULE
ENGINE SYSTEM (TASK ITEM 1. 1)

No. of Tests

No. of Tests

|
f
.Config. No, 1962 ] 1963
Component or Subassembly or Series Test Objective Facility JFMAMIJJASOND|JIF MAMUJIJ AS OND Total
System Simulator Gen, II Cold flow — transient operational LRP Area C-6B 2 2 2 2 2 10
Mod-1 tests to provide data regarding !
performance and component inter- |
action effects, This system utilizes
no nozzle or skirt, Inlet plenum
distributes propellant to reflector,
Yields transient pressure, thermal
and flow data.
Gen, II Cold flow — transient tests to refine LRP Area C-6B 2 4 é 5 5 21
Mod-2 and supplement Mod-1 tests. Con-
tains nozzle, skirt and gimbal
system.
NETS Hot flow — transient steady state at LRP Area H 4 5 5 14
Gen, III near design point operating condi-
tions.
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IV Technical Discussion, B (cont.).

2. Propellant-Feed System

The function of the propellant feed system is to supply the
thrust chamber with a high-pressure liquid hydrogen flow from the tank supply.
This system, shown in the engine layout, Figure IV-B-1-1, consists of the
tank shutoff valve, reactor cooldown valve, pump suction line, turbine power
control valve, turbine bypass valve, remote disconnects, and the turbopump
assembly. Currently the pump suction conditions are not well enough defined
to permit inclusion of a boost pump as a possible part of the propellant feed
system.

Energy for driving the pump 18 derived from the heat
produced by the reactor and i1s converted to useful shaft work by a three-stage
turbine directly coupled to the pump. Starting of the propellant-feed system
1s dependent upon the latent heat of the engine major components (reactor)
and upon the driving potential (pressure) of the tanked hydrogen. \

Control of the propellant feed system output 1s regulated by
the turbine power control valve (turbine inlet throttle valve) and complete
cessation during reactor cooldown of turbopump operation 1s accomplished
by closing the turbine power control valve and bypassing turbine flow around
the turbine. Turbine exhaust flow 1s ducted overboard via nozzles for thrust
recovery and roll control.

Major mileposts to be accomplished during the next nine
months are shown in the Technical Administrative Document, Section III,
Volume II of this proposal.

a Tank Shutoff Valve, Cooldown Valve, and Remote
Disconnect -

(1) Tank Shutoff Valve
(a) Program Status
Development of this assembly was started
during the inmitial phase of the program. At the end of Phase I a preliminary
design of this valve assembly will have been completed. The first elements

of the development effort, including leak, proof, and functional tests on an
experimental valve, will have been 1nitiated during Phase I.
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(b) Critical Development Areas

The major development problem area for
the tank shutoff valve will be the main shutoff seal, since sealing liquid
hHydrogen 1n a radiation environment, will require a definite advancement 1in
the "'state of the art.'" Because of the radiation environment, the use of
organic seals 18 prohibited. To date, limited success has been obtained with
hard-on-soft aluminum seals, A poppet-type design for this valve was chosen
so that a high sealing force could be applied, and the design also provides that
the shutoff seal can be easily changed to other configurations. The actuator
18 an integral part of the valve. Since the actuation fluid is also gaseous
hydrogen, no particular effort will be made to maintain perfect sealing across
the piston seal and the shaft seal. The valve has been designed with these
dynamic sliding seals '"'upstream'' of the poppet so that external or down-
stream leakage 15 not possible through these seals.

Another major problem area will be heat
transfer from the actuating gas to the liquid surroundings. During operation
this pressurant will require a continuous replenishment of the actuator gas.
At the end of operation the ''gas' 1n the actuator will be at the liquid tempera-
ture, but above critical pressure, as that during valve closure liquid will be
formed in the actuation system due to the reduction in pressure. The exact
effect of this on the valve operation will be evaluated by operational tests.

(c) Program Plan

During the program period, operational and
environmental testing will be performed, as scheduled in Figure IV-B-2-1,
on hardware fabricated during Phase I. It 1s expected that testing during this
time will yield an answer to the major development problem, metal-to-metal
shutoff sealing. Prototype hardware, 1n which the tank shutoff valve and
disconnect will be an integral unit, will be fabricated during the program
period, and preliminary testing will be 1nitiated in August 1962. During the
period from October 1962 to June 1963, operational and environmental tests
will be performed with prototype hardware. These tests will provide
information which will serve to differentiate between operational failures
and be conducted by May 1963. The radiation effects will be conducted with
LH3 to determine the effect of radiation on the sealing surfaces'of this
valve. CITS tests will start in June 1963 as shown on the program planning
network, Figure IV-B-2-2.
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IV Technical Discussion, B (cont.)
( v

Following the engine test, most of the
program will be devoted to design-improvement type of changes. The last
part of the program will be devoted to testing for pre-qualification and
reliability improvement, including tests conducted at the peripheral test
conditions required for manufacturing, system’storage, transportation, ‘and
operation, to determine failure points, safety margins, and life expectancy.
Components for qualification testing will be chosen at random, whereas one
phase of the reliability-improvement testing program will be devoted to
testing components made up of parts manufactured and assembled to critical
tolerance limits.

(2) Reactor Cooldown Valve
(a) Program Status

Investigation of this assembly was started
during the Phase I program. Analysis to determine the cooldown flow rate
for sizing the valve was completed. At the end of Phase I a preliminary
design of this valve will have been completed.

(b) Critical Development Areas

Although valve sealing will be a problem
area, a satisfactory solution will probably be obtained from the seal testing
presently being conducted on the tank shutoff valve. In addition to the motor
problems due to the poor resistance of elastomers and plastics in a nuclear
environment, there is also the problem of bearing surfaces for the low-
temperature hydrogen. Aerojet 1s presently working on a low-temperature
(LH3) electric motor for similar application on other programs.

(c) Program Plan

The development effort of the cooldown valve
will be directed toward operational ability in the nuclear and low-temperature
environment. Because of the nuclear environment, valve sealing will be
metal-to-metal and a2 ceramic or a silicone-impregnated glass insulation
will be used for the actuator motor windings and connectors. Aluminum wire
will be substituted for copper to reduce the half-life of the motor assembly.

During the follow-on program, from January
to September 1962, the cooldown valve will be designed and fabricated, and
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IV Technical Discussion, B (cont.)

preliminary developmental testing will be initiated during August and September.
During the period of October 1962 through June 1963, the motor and valve
assembly will be subjected to dynamic response, dry and wet cycle life, and
environmental tests as 1llustrated in the test schedule of Figure IV-B-2-1,

CITS tests will start in June 1963 as shown in Figure IV-B-2-1, No major
difficulty 1s anticipated in providing hardware for the first engine test in

March 1964, although backup pneumatic actuators will be investigated.
Following the engine test, design improvements will be incorporated to fix

any weaknesses uncovered by the engine test. The last part of the program

will be devoted to testing for pre-qualification and reliability improvement.

(3) Remote Disconnect
(a) Program Status

At the completion of Phase I a preliminary
design of the remote disconnect will have been completed. A conceptual
design of a remote disconnect 1s shown in Figure IV-B-2-3.

(b) Critical Development Areas

The major problem area of the disconnect
will be its sealing and alignment, which are particularly important due to the
large diameter (18 in.) of this disconnect. Metal-to-metal sealing will again
be a problem, although repeated operation such as required by the shutoff
seal of the valve, is not a requirement for the disconnect.

(c) Program Plan

During the program extension, the tank shut-
off valve and remote disconnect will be integrated into a common assembly.
Prototype hardware will be fabricated and preliminary testing will be initiated
in August 1962. Operational and environmental testing will be performed
during October 1962 to June 1963. Side-by-side testing will be conducted 1n
May 1962. CITS tests will start 1n June 1963.

b. Turbopump Assembly
(1) Program Status
The third-generation turbopump layout, installa-
tion, detail, and assembly drawings will have been completed during the

Phase I program. Operating capability of this unit embraces all temperature
and hydraulic environments of the heated and hot-bleed cycles.
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IV Technical Discussion, B (cont.)

A review of NASA and Aerojet hydrogen pump
cavitation data was made, and results were compared and analyzed. A
thermodynamic analysis was made in an attempt to eéxplain the difference be-
tween water and hydrogen tests, and resulting conclusions were utilized for
the design of the inducer of the improved third-generation impeller.

During the Phase I program, 24 pump cavitation
tests will have been conducted with LHj liquid hydrogen in the second-
generation (oil lubricated bearings) turbopump. Both second- and third-
generation impeller will be tested in the pump tests. Early testing indicates
that satisfactory pump operation may be possible at NPSP values approaching
zero. -

Fourteen water, and 18 hydrogen tests have been
run during Phase I to obtain data on non-cavitating head rise vs capacity,
efficiency, and cavitating performance. Testing was accomplished on both
the second- and third-generation pump impellers.

Pump power for the water tests was supplied by
an electric motor. Pump speed and suction pressure were maintained at
constant rates during the non-cavitating test; speed and pump flow rates were
held constant, while the suction pressure was lowered to obtain the cavitating
performance data. Pump speed was limited due to available drive power;
however, the pump was operated over the full specific speed operating range
at speeds up to 5000 rpm. The pump demonstrated cavitation performance up
to 30,000 suction specific speed with water.

The pumps used for the hydrogen tests were’
driven by the three stage NERVA turbine. The bearing housing was o1l lubri-
cated and electric resistance heaters maintained the oil temperature above
its freezing point.

Turbine testing at the NASA Lewis Research
Center will be completed during the Phase I program. '

(2) Critical Development Areas
The major critical development area in designing
and developing a turbopump assembly for the NERVA engine 1s the radiation

environment and 1ts effect on bearings and the propellant conditions at the
pump inlet. Because the bearings are considered to be a major development
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IV Technical Discussion, B (cont.)

area they are treated separately under Item 5 of the propellant feed system
discussion. The problem of pumping a boiling liquid which 1s further complicated
by the heat addition from nuclear radiation 1s a critical area 1n developing the

pump.
(3) Program Plan

Turbopump testing will continue during the program
extension as shown on the program planning network, Figure IV-B-2-2. These
tests will be performed using both the second- and third-generation turbopump
assemblies 1n order to attain a design for the E-engine tests in 1964. Nineteen
turbopump assembly tests will be conducted during the period of January 1962
through 30 September 1962, utilizing five complete (new) turbopump assemblies.

Interaction of the turbopump with the engine
system will have been evaluated by analytical means, using a computer. Turbo-
pump will be tested in conjunction with the engine simulator to confirm
computer-predicted system performance. Inmitial testing will be performed using
the second-generation turbopump, and the third-generation turbopump will be
used 1n the simulator tests following demonstration of development. The
second- and third-generation turbopump are functionally identical, differing
only 1n the method of bearing lubrication and cooling.

The second-generation turbopump 1s a develop-
ment vehicle which will be used in initial development of the pump with improved
suction performance, the pump with reduced axial thrust, and the three-stage
turbine. Use of the second-generation turbopump will permit developmental
testing of the pump and turbine components at rated conditions prior to the
demonstration of development of liquid hydrogen-cooled bearings.

The third-generation turbopump will be the
prototype configuration. The turbopump will be tested with pump and turbine
components which were 1nitially tested on the second-generation development
vehicle. Development of the third-generation turbopump will be achieved by
testing and evaluating the interactions between the pump, the LH;-cooled
bearings, and the turbine.

The turbopump tests, in addition to evaluating
pump and turbine performances, will be instrumented to evaluate the bearing
performance under the actual operating conditions. With regard to interaction
of the bearing coolant flowing between intermediate pressure areas of the pump
and turbine bearing temperature, total bearing LHj3 coolant flow will be
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IV Technical Discussion, B (cont.)

recorded. Bearing loads will be calculated from pressure gradient measure-
ments on the pump, and bearing coolant flow ratio will be evaluated to
establish minimum requirements and safe operating values.

Safety aspects of the turbopump assembly will
be investigated, such as would be related to overspeed shutdowns, loss of
NPSP, and malfunctions of the tank shutoff valve, turbine power control valve,
and turbine bypass valve.

Developmental efforts will be continued during
the program period to evaluate the thrust-balancing characteristics of the
impeller back vane. Variables to be evaluated will include repelling vane
height, number, length, and running clearance. Data from the tests will be
evaluated and used to establish the optimum back-vane configuration to
minimize thrust forces.

Evaluation of various back vane configurations
w1ll be accomplished by using one impeller which will have provisions for
attaching a plate with any desired back vane configuration. Since water tests
will be conducted at low speed, the mechamcal attachment of a plate with
repelling vanes provides a direct method of evaluating various repelling vane
configurations with minimum cost. Strain-gage-instrumented thrust-fixture
data will be correlated with the pressure gradient as measured on the housing
walls and on either side of the impeller. Thrust data using hydrogen will be
computed using the measured pressure profile over the impeller and its
correlation with the water strain gage thrust readings.

Pump performance testing will be done with both
water and hydrogen using electric-motor-driven and turbine-driven pumps.
Testing will continue through June 1963 when a total of 44 will have been
completed. Of these tests, 8 will be completed by 30 September 1962. The
motor-driven pumps will be used to cover the full specific speed range of the
pump, while also obtaining data on efficiency through the temperature rise
across the pump and the required electric power. Pump test data will be
evaluated and compared with test data obtained during Phase I.

Full-speed-performance evaluation of the pump
will be conducted with the second-generation turbopump using LH) as a test
fluid. Tests will be conducted to evaluate low-suction-pressure characteristics
of the turbopump, axial thrust during start and steady-state operation, pump
head, efficiency, and turbine-performance characteristics using GH; at

Page IV-B-2-7, Vol. I




.“?WM

IV Technical Discussion, B (cont.)

ambient temperature as the drive source for the turbine. Hydrogen pump data
will be evaluated and compared with data derived from water tests to establish
performance correlation.

The third-generation turbopump will be initially
tested at an intermediate speed (16,000 to 20,000 rpm) to evaluate the
interaction of the LHp-bearing coolant flow on the pump 1mpeller thrust, this
test will be conducted in conjunction with low suction pressure testing, and
results will be evaluated to establish the capabilities of pump operation at
design speed (21,000 to 22,000 rpm). The turbopump will be operated at
design speed to provide evaluation at rated conditions, incorporating bearings
which have demonstrated the most promise 1n the bearing-test program.

A program will be conducted to investigate
possible turbopump speed sensing devices. Devices to be investigated will in-
clude (but are not necessarily limited to) tachometer generators which do not
require a signal amplification. However, tachometer generators currently
1n use are potted with materials unsuitable for operation 1n a radiation en-
vironment. -

Remote disassembly procedures for the tarbopump
assembly will be analyzed, remote handling aspects will be designed into the
assembly. In addition, handling tabs and holding fixtures will be evaluated
during the extension program.

The turbopump windmilling flow rate during
reactor cooldown will be determined by analysis and experiment during the
extension program. Data obtained will be used to determine the permissible
leakage flow through the turbine power control valve as well as to supply
information for sizing the turbine bypass valve.

Turbopump assemblies will be evaluated to
select the most reliable design for the NERVA engine. Factors to determine
reliability, performance, and compatibility with the engine design will be
established. Also, experimental data will be obtained for component and engine
simulator tests.

c. Bearings
(1) Program Status

Pre-irradiation bearing testing with gaseous and
liquid hydrogen has been initiated at the Aerojet Sacramento test facility. The
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IV Technical Discussion, B (cont.)

test rig, shown in Figure IV-B-2-4, was a prior Aerojet design modified to
utilize LH2 1n the test head. Oil lubricated bearings (not test bearings) are
used to carry the drivaing shaft. Original design features of this tester limited
speeds to 16,000 rpm or about 75% of the NERVA turbopump design speed.
Tests were run at axial and rad:al combined loads up to 2000 1b.

Spec:ally fitted bearings utilizing 52100 and
440 C stainless steel for balls and races and silver-lead plated iron-silicon-
bronze cages were operated in two environments: (1) with a drip-dry film
of MIL-L-7808 o1l, and (2) in a super clean and dry condition. A total of 45
tests have been conducted. The 52100 steel bearing used 1n these tests 1s
shown 1n Figure IV-B-2-5.

A high-speed vertical shaft bearing tester 1s
being designed for testing turbopump bearing to 32,000 rpm and 5000 1b axial
and radial loads. This tester will utilize gaseous and liquid hydrogen for
bearing coolant. It will be suitable for irradiation testing in the CITS
facility.

To expedite experience with hydrogen-cooled
ball bearings under irradiation operating conditions, an interim high-speed
tester has been designed. It consists of a third-generation NERVA turbopump
bearing housing utilizing one pair of pre-loaded ball bearings, to be driven by
an electric motor at NERVA turbopump operating speeds.

(2) Critical Development Areas

The major development area 1n the selection of
bearings for the NERVA turbopump will cover the effects of sliding contact
in a radiation environment at cryogenic temperatures. Even if only lightly
loaded, hot spots may arise 1n the bearings due to insufficient cooling and
the combination of friction and radiation heating. Galling and wear are ex-
pected to be severe problems with hydrogen as lubricant.

There are two approaches to the problem of
sliding contact. One 1s to select cage materials that will tolerate sliding 1n a
hydrogen atmosphere, the other 1s to design bearing configuration that
eliminates sliding. In the absence of reliable friction coefficients, wear, and
galling data for materials 1n a hydrogen atmosphere, cage material selections
have been based on extrapolated data. Bearings having metallic cages are
currently under investigation. Metallic cages are expected to be radiation
resistant.
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IV Technical Discussion, B (cont.)

A study of conventional rolling-contact bearing
geometry reveals that it 1s theoretically possible to replace the cage with a
system of rolling separators and eliminate the sliding that usually takes place
at the cage contact surfaces. This has been done at Aerojet. Figure IV-B-2-6
shows a cageless rolling contact bearing currently under investigation.

(3) Program Plan

Bearing testing performed during Phase I with
the intermediate-speed bearing tester will continue through June 1962 (see
Figure IV-B-2-1). The intermediate speed tests will be performed to
evaluate bearings made of materials believed to be radiation resistant. Bear-
ings demonstrating the most promise during intermediate speed tests will be
further evaluated during high-speed bearing tests. The high-speed tests will
be conducted at the anticipated radial and axial loads and temperature,
starting in July 1962. The bearing development program will be directed
toward evaluating the effects of materials, clearances, load, and speed on
bearing life. Results of the testing will be reviewed to establish a bearing
system capable of supporting the turbopump rotating components at the design
speed and load. These tests will continue through June 1963.

Side-by-side bearing testing will be performed
to evaluate radiation effects on bearings operating at cryogenic temperatures,
Initial 1rradiation tests in May 1962 will be performed with bearings operating
at design speeds and low axial loads only. The 1nitial tests to be performed
using the interim high-speed bearing tester will define possible problem areas
and establish experience 1n operating a bearing tester i1n an irradiation
environment. _ IS

Irradiation bearing tests will also be performed
at design axial and radial loads with the high-speed bearing tester in the
CITS facility Irradiation testing of bearings will be conducted on bearings
showing the greatest promise during the non-irradiation high-speed bearing
test series.

d. Boost Pump
(1) Program Status
The boost pump 1s included in the program to
insure engine operating capabilities, should the NPSP value available to

the main pump be too low for proper pump operation. A design analysis and
preliminary layout was prepared for boost-pump systems using mechanical
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and hydraulic drive during the Phase I program. A conceptual line-mounted,
gear-driven boost pump design 1s shown in Figure IV-B-2-7.

(2) Critical Development Areas

The critical areas in designing and developing
a boost pump for the NERVA engine are a result of the radiation environment
in which the pump must operate. The greatest effect that the radiation
environment has on the pump 1s 1n the development of bearings and gears.

(3) Program Plan
The boost pump design will be finalized during the
program extension, however, no fabrication or testing 1s to be performed.

e. Pump Suction Line

(1) Program Status .

The design features and preliminary design of the
pump suction line will have been established during the Phase I program.
Testing will have been conducted, and data will have been obtained to permut
an optimum 1inlet line flow geometry. Additional analysis of optimum designs .
will be performed to integrate this line 1n the most suitable manner consistent
with the adjoining engine components.

(2) Critical Development Areas

The pump suction line, Figure IV-B-2-8, must
be capable of providing design flow with a flow gradient amenable to efficient
pump operation while maintaining the-capability of elastic flexing to
accommodate the angular engine freedom required by the thrust-vector control
system. It must also be capable of transmitting inertial and thrust loads to
and from the engine-to-gimbal and the gimbal-to-tank thrust structures, and
providing for suction line dimensional changes due to temperature variation.
The necessity of meeting these requirements concurrently with providing
a sealed flow passage under the engine operating environment 1s indicative

-of the development effort required to design this component.

(3) Program Plan
During the program extension, the pump-suction

line will be tested on the Generation II engine simulator. As data becomes
available, the line will be modified as required, and will be proof, leak, and
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IV Technical Discussion, B (cont.)

functionally tested. In addition, results of tests and analyses from various
agencles concerning propellant-thermal behavior during expulsion from a
vehicle tank will be applied to the improved design of the pump-suction line.

The improved pump-suction line will be
utilized 1n the CITS tests as a part of the propellant feed system as shown on
the program planning network diagram, Figure IV-B-2-2.

f. Turbine Power Control and Bypass Valves
(1) Program Status

The turbine power control valve (TPCV) and
bypass valves are required to properly control the flow of hydrogen to the
turbine. Development of these valves and actuator (Bendix), which are
identical with the exception of size, 1s currently in progress, and preliminary
development testing will have been completed on the experimental versions with
a single actuator during Phase I.

(2) Critical Development Areas

The major development problem area for these valve
assemblies will be shutoff sealing in high-temperature operation with radiation
environment. Although the minimum lip sealing requirements for the TPCV
are not as severe as for the tank shutoff valve, 1t 18 still critical because of the
necessity for prevention of the windmilling of the turbopump. Furthermore,
at high temperatures corresponding to high engine operating levels, torque

__requirements increase so that the valve response rate tends to deteriorate
unless compensated for by design. Prior success with a two-way poppet valve
on the Titan-I engines, which operated at 1350°F, impels the conviction that a
similar development plan will allow the target date of March 1964 for E-engine
firing to be met with no difficulty.

(3) Program Plan

During the follow-on program, from January to
September 1962, as shown on the network schedule, Figure IV-B-2-2,
operational and environmental testing will be performed on the TPCV as
scheduled 1n Figure IV-B-2-1, using hardware fabricated during Phase I. In
the radiation effects test(s), the valve and actuator will be caused to function
in a gaseous environment. Prior to the radiation effects testing, a blade con-
figuration to satisfactorily meet torque requirements will be developed.
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IV Technical Discussion, B (cont.)

Fabrication of prototype hardware will be
completed in June 1962 and initial development testing will be conducted on
the individual units during July to September 1962. During the period October
1962 to June 1963, the full assembly will be subjected to dynarmic response,
cycle life, and environmental tests. Additional nuclear environmental testing
will be performed in June 1963 with CITS. Following the March 1964 engine
test, design improvements will be incorporated as required. The remainder
of the program will be devoted to testing for pre-qualification, qualification,
and reliability improvement.

g. Seals and Fiange Assemblies
(1) Program Status

By the end of Phase I, initial development testing
will have been conducted on various types of metallic seals., A standardized
gland configuration will have been devised for anticipated types of seals.

(2) Critical Development Areas

, The major problem area will be external leakage,
together with ease of assembly and disassembly of the flange connection.
Another major problem area 1s the variation in seal-gland dimensions among
manufacturers, which is presently being overcome by establishing standard
gland sizes to which all seals will be manufactured. It is believed that through
a normal development effort the static sealing problems can be overcome.

(3) Programl Plan

Various seals and flange assemblies will be
procured and evaluated during the program extension. Testing will consist
mainly of proof, leak, and pressure-cycling tests using nitrogen, helium, and
hydrogen as test media. The latter part of the program will emphasize
hydrogen testing at the exact operating conditions but without radiation environ-
ment, Side-by-side testing of flange and seal configurations will be accomplished
in May 1962, as shown in Figure IV-B-2-1.

Radiation testing of seals will be accomplished
in July 1963 during the CITS program tests. The test program for this task
1s presented in Faigure IV-B-2-2, the Program Planning Network.
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COMPONENT/SUBASSEMBLY TEST SCHEDULE
PROPELLANT FEED SYSTEM (TASK ITEM 1, 2)

No. of Tests

No. of Tests

Component or Subassembly

Config. No.
or Series

Test Objective

Facility

1962

JJ FMAMIJ

JJA S OND

| 1963

I
'JFMAMJ JA SOND

Total

Bearings — TPA and BPA

Series 1

Evaluate bearings for operation in

--LHp for use in TPA and BPA.

Intermediate speed up to 16,000
rpm and loads to 5000 1b — radaal
and/or axial.

LRP Area G-7

3 3 3 2 2 3

16

Bearings — TPA and BPA

Series 2

Evaluate bearings selected from
Series 1 testing to be tested in high
speed tester at speeds to 32,000
rpm and loads to 5000 1b, radial
and/or axial. LH2 cooled, non-
radiation environment,

Cryogenics

3 3 3152025

20 20 25 2515 15

189

Bearings — TPA and BPA

Series 3

Checkout tests of side-by-side
special test rig — simulated bearing
housing at design speed. Axial load
only. LH> lubricated,

LRP Area G-7

10

Bearings — TPA and BPA

Series 3

Side-by-side tests to evaluate radi-
ation environment effects at design
speed and axial loads only — LHZ-
cooled.

NTS

Series 1

Water tests to establish optimum
thrust balance at speeds ranging
from 3000, 4000, 5000 rpm and
flow rate range of 50 to 150% Q.

LRP Area D-3

24

Series 2

Performance evaluation to establish
head-capacity characteristics over
fuel flow range at increasing and
decreasing flow and cavitation
varying from noncavitating head to
cavitating head.

LRP Area C-6B

17

Pump

Series 3

Performance optimization and
evaluation of performance capa-
bilities of hardware selected from
Series 1 and Series 2 testing.

LRP Area C-6B

Turbopump Assembly

Series 1
Gen, 2

Establish performance character-
1stics of turbopump assembly at
design speed under conditions of
nominal and low values of suction
pressure.

LRP Area C-6B

f Fig. IV-B-2-1 (Sheet 1), Vol. I
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COMPONENT/SUBASSEMBLY TEST SCHEDULE (Continued)
PROPELLANT FEED SYSTEM (TASK ITEM 1. 2)

No. of Tests

No. of Tests

Component or Subassembly

Config. No.
or Series

Test Objective

Facility

1962

1963

J FMAMJJASON

J FMAMJ JASOND

Total

Turbopump Assembly

Series 1
Gen, 2

Establish performance character-
1stics using LOZ-LHZ gas gener-
ator, Turbine speed 22,000 rpm,
inlet temperature 1300°F, inlet
pressure 500 psia.

LRP Area C-6B

4% 2

Turbopump Assembly

Series 1
Gen. 3

Demonstrate performance char-
acteristics in conjunction with
LH,-lubricated bearings at 16, 000
to 20,000 rpm and 5 to 40 1lb of
suction pressure.

LRP Area C-6B

|
2 2 2 6 8fl0

%
10 10 5 2 2

59

Turbopump Assembly

Series 2
Gen, 3

Bearing evaluation — establish
performance characteristics of
bearings at design speed and flow
conditions.

LRP Area C-6B

15 15 20 20 10

92

Tank Shutoff Valve

Series 1

Series 2

Series 2

Series 2

Series 2

Series 2

Initial development testing to eval-
uate functional aspects of design —
proof, leak rate, résponse, and
endurance (lafe).

Refinement of design — tests to
evaluate functional aspects of
design — proof, leak rate, response,
and endurance.

Demonstrate operating and endur-
ance capabilities including cycle
life, leak and response.

Determine and evaluate valve flow
characteristics with water and LHZ
vielding flow vs AP at various
poppet posations.

Environmental — expose to thermal
soak, thermal shock, vibration,
etc., to demonstrate integraty.

Side-by-side test with Kiwi1~-B and
CITS to determane radiation effects
regarding leakage and response.

Controls and
Cryogenics Lab

Controls and
Cryogenics Lab

Controls and
Cryogenics Lab

Controls and
Cryogenics Lab

Controls and
Cryogenics Lab

NTS

30 30 30 30 30 30 30

30 30 30.30

4 1010 8

30 1515 30 20 30

8 8 810 8 6

210

290

32

12

74

E3
Gas farm driving fluad.
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COMPONENT/SUBASSEMBLY TEST SCHEDULE (Continued)
- - PROPELLANT FEED SYSTEM (TASK ITEM 1. 2)

No. of Tests

No. of Tests

1962 l

1963

. Config. No.
|
Component or Subassembly or Series Test Objective Facility JFMAMJ JA SON lD JFM AMJ J AS OND Total
i
Cooldown Valve Series 2 Initial development testing to evalu- Controls and 30 30 20 10 10 100
Valve ate valve design and to determane Cryogenics Lab
actuator requirements and operating
characteristics — torque, flow ‘
coefficients and functional aspects —
proof and leak. i
Series 2 Initial development testing to evalu- Controls and 30 30 20 10 10 100
Actuator ate actuator capacity —loaded and Cryogenics Lab I
unloaded operational characteristics (
— dynamic response and life, !
Series 2 Initial development testing to evalu- Controls and 10 10°10J10 10 5 30 20 20 125
Valve and ate functioning as integral assembly Cryogenics Lab
Actuator — dynamac response, leak rates, i
Iafe, {
Series 2 Demonstrate operational and endur- Controls and 4 !:8 8 6 6 32
Valve and ance capabilities — response, leak Cryogenics Lab
Actuator rates, life cycle. "
Series 2 Determine and evaluate valve flow Controls and 3 3 6
characteristics with water and LH, Cryogenics Lab
yvielding flow vs AP at various poppet
positions.
Series 2 Environmental — expose to thermal Controls and 4]8 8 610 8 6 50
soak, thermal shock, vibration, etc.,] Cryogenics Lab
to demonstrate integrity,
Series 2 Side-by-side tests with Kiwi-B and Controls and 1 1 11 4
CITS to determaine radiation effects Cryogenics Lab
regarding leakage and response,
Turbine Power Control Valve Series 1 Initial development testing to evalu-. Controls and 20 20 20 20 20 20 20 140
ate design and to determine actuator Cryogenics Lab
requirements and operating charac-
teristics — torque, flow coefficients, .
and functionsl parameters (life, '
proof, and leak).
Series 2 Refinement of design — tests to eval- Controls and 5 5 5 3020 20 175

uate functional aspects of design —
proof, leak rate, response, and life.

Cryogenics Lab

30 20 20 10 10
|

Fig. IV-B-2-1 (Sheet 3), Vol. I

“CONFIDENTTAE




COMPONENT/SUBASSEMBLY TEST SCHEDULE (Continued)
”~ 7 PROPELLANT FEED SYSTEM (TASK ITEM 1.2) -

No. of Tests

No. of Tests

Config. No. 1062 ] 1963
Component or Subassembly or Series Test Objective Facility JFMAMJJASONIDNIUJFMAMJIJI AS OND Total
Turbine Power Control Valve Series 2 Demonstrate operating and endur- 'Controls and 10 6 6 6 4 4 4 4 4 1010 4]l4 76
(cont, ) ance capabilities including cycle +Cryogenics Lab
life, leak rate, and response.
Series 2 Determine and evaluate valve flow Controls and 2 2 2 2 8
characteristics with gaseous Ny “Cryogenics Lab
(or air) and gaseous H, yielding
flow vs PO/PN at various blade
posations.
Series 2 Environmental — expose to thermal Controls and 4 6 6 6 6]/8 8 6 108 6 74
soak, thermal shock, vibration, Cryogenics Lab
humaidity, salt spray, etc., to
demonstrate integrity — leak rate,
response, and life.
Series 2 Radiation effects — side-by-side and NTS 1 11 1 4
CITS to determine effects regarding
leakage, response, and life. |
Turbine Bypass Valve Series 2 Initaal development testing to eval- Controls and 30 30 30 20 ; 110
uate valve design and to determane Cryogenics Lab
actuator requirements and oper-
ating characteristics — torque, flow '
coefficients, response, and cycle
lafe. i
Series 2 Determine and evaluate valve flow Controls and 2 20 10 1005 5 5 30 20 20 127
characteristics with gaseous N, Cryogenics Lab l
(or air) and GHZ at various valve - l
opening positions — yielding flow vs 1
AP.
Series 2 Determine and evaluate valve flow ‘Controls and 2 | 2
characteristics with gaseous N, Cryogenics Lab ‘
(or air) and gaseous H; yielding
flow vs PO/PN at various blade
positions.
Seal Assemblies Series 1 Initial development testing for Controls and 40 40 40 40 I' 160
selection of satisfactory seal design Cryogenics Lab !'
— leak and proof tests.,

Fig. IV-B-2-1 (Sheet 4), Vol. I

CCONEIDENTAL



COMPONENT/SUBASSEMBLY TEST SCHEDULE (Continued)
PROPELLANT FEED SYSTEM (TASK ITEM 1.2)

No. of Tests

No. of Tests

Config. No.

1962

1963

JFMAMJJASOND]

Component or Subassembly or Series Test Objective Facility JFMAMUJIJI AS OND Total
Seal Assemblies {cont. )} Series 2 Evaluation of refinements for Controls and 40 40 40 40 40 40 40 280
prototype design leak at proof Cryogenics Lab
pressures.
Series 2 Radiation effects — side-by-side tests NTS 3 3
Kiwi-B,
Remotely Disconnected Flanges Series 1 Initial development testing for selec- Controls and 20 20 20 60
tion of satisfactory designs — leak Cryogenics Lab
and proof tests.
Series 2 Evaluation of refinements for proto- Controls and 20 20 20 20 20 20 20 20 20 20 200
type design leak and proof tests. Cryogenics Lab '
Series 2 Operational endurance and functional Controls and 12 16 16 16 12 12‘ 84
life tests — cycling and environmental Cryogenics Lab
tests (nonradiation).
Remotely Actuated Flanges Series 1 Initial development testing to evalu- Controls and 10 20 20 20 20 20 |20 20 10 20 20 10 210
ate functional capabilities — proof, Cryogenics Lab
leak, and functional tests.
Series 2 Operational endurance tests — cycle Controls and 25 35 I35 35 25 25 25 205
Ixfe, leak, and proof tests. Cryogenics Lab
Series 2 Environmental tests — vibration, Controls and 6,16 6 61010 8 52
thermal shock and soak, leak, and Cryogenics Lab
determane flow characteristics,
Series 2 Side-by-side tests in conjunction NTS 1 1 1 3

with Kiwi-B and CITS.
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IV Technical Discussion, B (cont.)

3. Reactor Subassembly

. The reactor subassembly consists of the reactor core and
internal support structures, the reflector and reactor control elements
(drums), radiation shielding within the pressure vessel, and such components
of a destruct system as may have to be accommodated within the reactor sub-
assembly, Also, for purposes of project organization, the reactor control
loop, which includes the drum actuators,' neutron sensors, other electronic
components, and the electrical harnesses for these items, 1s considered a
part of the reactor subassembly. Fundamental experimental programs con-
ducted at LASL under the ROVER program (Kiwi-A series) have demonstrated
the basic feasibility of a graphite-moderated, hydrogen-cooled reactor for
rocket propulsion. Continuing development and experiments of the Kiwi1-B
series will provide the basic technology and engineering data upon which the
design of the NERVA reactor assembly will be used. The principal engineer-
ing and development problems in this task are the adaptation of the LASL
technology to a flight environment and the integration of those design features
necessary to an engine-vehicle system.,

Three reactor-core structural concepts (Kiwi-B-1, B-2,
and B-4 of the LASL test series) are being considered for use in the NERVA
system. A tentative selection will be made following the operation of the
various configurations with liquid-hydrogen propellant. The reactor will be
required to operate for a single full-power cycle of 300 sec at full rated
propellant-ocutlet temperature. Each type of reactor that passes this require-
ment will be considered a candidate for tentative selection, on the basis of
success 1n testing in the following categories: (a) that there shall be no major
failure of the reactor, (b) that mechanical damage found in postoperative
inspection shall be minor, and can be analyzed, understood, and solved, and
(c) that the reactor shall operate satisfactorily under testing in terms of the
observable data.

The program plan (depicted in the Program Planning Net-
work, Task 1.3, Figure IV-B-3-1) 1s premised on the basis that these tests
will have been completed by July 1962 and that at least one of the candidate
reactors has passed the test. If more than one of the designs 1s satisfactory,
a tentative choice will be made on the basis of other factors (adaptability to
flight design, reliabality assessment, growth potential, etc. ).

The tentatively selected reactor will be required to pass
additional verification tests, including two additional reactor tests. One

test will require operation for a minimum of two full-power cycles at full
rated temperature with complete shutdown between cycles. The second test
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"IV Technical Discussion, B (cont.)

will require that the reactor pass certain transient tests, including several
relatively rapid startups and transient operation in the power range, followed
by a scram shutdown. The satisfactory completion of these tests will be
judged i1n the same manner as for the tentative selection. Two separate
reactors will be used for these tests to enhance the interpretability of post-
operative inspection.

When these verification tests have been successfully com-
pleted, the successful candidate will be adopted as the selected design for
the NERVA flight engine. It 18 expected that these verification tests can be
completed by November 1962, permitting the release of the flight-design
reactor for fabrication at that time.

Concurrently with the Kiwi1-B test series, through 30 June,
1962, studies will be conducted on each of the candidate reactor designs to
adapt them to flight versions.” During the second half of 1962, the detail
design for flight operations of the tentatively selected reactor will be
developed preparatory to release for fabrication by November 1962. I
general; the necessary reactor modifications and developments required
for the flight engine will be as follows:

a. A radial, mechanical-restraint system designed to
protect the core from mechanical damage during booster operation and ground
handling

b. Incorporation of a shield within the pressure vessel
to reduce radiation heating of the propellant in the tank to a tolerable level
(Figures IV-B-2 and IV-B-3 1llustrate the neutron and gamma fluxes around
the shielded NERVA engine. )

c. Such modifications of the nuclear and thermal design
as will be required by the mechanical modifications

d. Mechanical-design features to permat integration of
the reactor in the pressure vessel for the engine assembly and remote dis-
assembly required during the testing program

e. Reactor -control-system development 1nvolving the
principal problems of control-rod (drum) actuators, neutron sensors, and
the reactor inner-control-loop system compatible with the flight-environment
radiation_and the remainder of the engine-control system

~
'

§F1gures IV-B-3-4 and -5 illustrate the major features of two reactor con-
cepts to adapt them to flight environmental loads.
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IV Technical Discussion, B (cont.)

f. Other details of structure, materials, and mechanical-
tolerance specifications as will be required to increase the reliability of
continued and multiple-cycle poweér operation and to accommodate reactor -
engine integration requirements.

The status of development of the reactor subassembly on
10 January will include preliminary designs for shielded reflector assemblies
compatible with any of the candidate reactor designs; the preliminary defini-
tion of the reactor-subassembly, pressure-vessel interface suitable to the
requirements of the engine-test program, basic nuclear designs of the
reactor (including steady-state and transient calculations sufficient for
conceptual design of the reactor's inner control loop), and definition of
requirements for core sensory instruments and control-element response.
The conceptual design layout for the Kiwi-B, adaptation to flight loads and
conditions including lateral core support will be complete, as will planning
and scheduling for fuel-element processing and procurement including
planning for the operation of the fuel-element development facility.

The design studies, laboratory-test programs, and pilot- '
plant fuel-element development work, which are planned to run concurrently .
with the Kiwi-B tests, will allow a smooth transition into the reactor and
engine development tests of 1963 and later.

Analysis of the modification design for flight of the Kiwi-B-1
engine will be completed early in the program so that recommendations
can be made to the LASL for inclusion in the reactor testing scheduled for
January 1963. The Kiwi1-B-2 and B-4 design analyses will be performed to
the extent that, if either 1s selected, the modified flight designs can be
released for fabrication of the NRX-1 (for the August 1963 test schedule).
These design analyses will be devoted to determining the minimum mechani-
cal-structural changes necessary for NERVA engine integration and for
assuring that the reactor assembly will withstand the expected flight and
transportation loads. The neutronics and thermal analysis will be conducted
consistent with the design target dates indicated. -

Reactor -control-system design work will be conducted con-
sistent with the reactor target dates. The reactor-control system for NRX-1
will be carried to the point that the design can be frozen on 1 October 1962.
Drawings must be released and fabrication initiated in October. Concurrent
design, analyses, and research and-development work will be conducted to
the extent that the controls for the FX engine can be described and the static
and dynamic performance can be analyzed. Similarly, the reactor-control-
system work for the E-1 engine must be carried out to the extent that a design
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IV Technical Discussion, B (cont. )

freeze can be made 1 May 1963. Work on the FX and E-1 engines will be
carried out to the extent that component, subsystem, and system design
specifications can be written by 1 October 1962. Hardware research and
development work will be performed to the extent that a flight-design control-
drum actuator can be tested under mechanical and thermal environmental
conditions. In addition, at least one actuator of a preliminary design wall
be tested in a side-by-side test by 30 June 1962, assuming that preliminary
development testing will have been completed to the extent that possible
failure can be attributed to the radiation environment alone. The delivery
of hardware to the NTS for radiation testing in CITS by June of 1963 will be
programmed.

Fuel-element processing and procurement will be done in
this manner., The Westinghouse pilot plant will be activated by January 1962
with pilot-run pieces made to meet LASL specifications. Concerted effort
wi1ll be exerted on B-1 types to meet the needs of the CITS reactor, for which
production is planned to start 1 October 1962. Production for the NRX-1
core should start 1 November 1962. Research and development work only
will be performed through 30 September 1962 to the point, for inspection and
quality control purposes, that LASL methods can be mastered, and that the
necessary work may be done as needed to ensure a process specification
for NERVA fuel fabrication. Development, process-specification, and other
work aimed at the outside procurement of cores, and the selection of candi-
date personnel for training, will be supported as required.

Mechanical testing of fuel elements and core structures
will be carried on during the program period with the objective of laboratory
testing sufficient to determine the behavior that may be expected under
flight-environment conditions. The B-1, B-2, and B-4 reactor-core compo-
nents will all be involved in this program in accordance with schedules
compatible with the reactor-design schedules indicated above.

Details of the reactor-subassembly-task items and the
associated schedules to meet the overall requirements of the NERVA program
are presented 1n the Technical Administration Document for Task Item 1.3
in Volume IIL
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COMPONENT/SUBASSEMBLY TEST SCHEDULE

REACTOR SUBASSEMBLY (TASK ITEM 1. 3)

No. of Tests

No. of Tests

N e —
Config. Nos 1962 : 1363
Component or Subassembly or Series Test Objective Facility JFMAMJJIASONDIJFMAMJIJT AS OND Total
Reactor K1:w1-B-1 Demonstrate basic capability of Test Cell "A" 11 1 3
Kiwi-B-2 reactor-configuration, NTS
Kiwi-B-4
Kiwi1«B-N Verification tests of tentatively Test Cell ""A" 1 2
selected reactor configuration. NTS
Kiwi-B=- Provide i1nitial information regarding | Test Cell "A" 1 1
reactor shield and lateral support
scheme,
NRX Provide flight reactor component Test Cell "A" 1 1 3
’ development and transient and NTS

durability demonstration.
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IV Technical Discussion, B (cont.)

4, Thrust-Chamber Assembly

a. General Considerations

The thrust-chamber assembly is divided into four sub-
assemblies for the purposes of the development program. As shown in Figure
IV-B-4-1 the subassemblies consist of the nozzle and nozzle extension, the pres-
sure vessel, the thrust structure and gimbal, and the thrust-vector and roll-
control assemblies. The breakdown has been established in this manner from
functional and dynamic considerations of the thrust-chamber-assembly operation.
The heated-bleed cycle has received emphasis during Phase I of this contract,
and will be used as the basis for describing the subassemblies in this discussion.
The hot-bleed cycle is the alternate under consideration in this program, with
the major difference between the components of the thrust-chamber assembly
required for the two cycles being the nozzle and nozzle extension. Analyses and
testing to define the better cycle are in progress during Phase I, and should
continue through the follow-on effort to yield the necessary data for cycle selec-
tion. Since the hot-bleed cycle is considered backup for the heated-bleed cycle,
the follow-on effort on the hot-bleed testing progré.m has been itemized as an
additional program increment in the thrust-chamber assembly work item (Task

-Item 1.,4). The work effort is described in terms of the subassemblies of the
thrust-chamber assembly for clarity in discussing both the engineering effort
in Phase I and the complete development problem.

b.  Nozzle and Nozzle Extension
(1) Description

The NERVA heated-bleed nozzle 18 of the conven-
tional convergent-divergent shape with a contoured divergent section. The con-
struction 1s tubular, utilizing a protective coating to reduce heat transfer, with
an integral, cast aluminum pressure jacket upstream of the throat to carry the
pressure loads. The nozzle terminates at a divergent area ratio of 4to 1 and
is cooled by the entire propellant flow rate. The nozzle extension starts at the
4 to 1 area ratio and extends to the exit area ratio. It is of tubular construction,
but is not coated. This extension 1s cooled by the turbine working fluid bled
from the plenum chamber upstream of the reactor, and thus acts as an auxiliary
heat exchanger to raise the turbine working fluid to the desired temperature
necessary to drive the turbine.

The NERVA hot-bleed nozzle also has a conventional
convergent-divergent shape with a contoured divergent section. However, the
hot-bleed nozzle has a bleedoff port located near the reactor face where hot gases
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IV Technical Discussion, B (cont.)

from the core are bled off and cooled to'l76Q°R by 1njection of the relatively cold
coolant. These gases are then used as the working fluid to drive the turbine for
the turbopump assembly. The construction of the nozzle 1s the same as for the
heated-bleed nozzle, with a Type 347 stainless steel tube bundle and cast integral
aluminum jacket and flange. A protective coating 1s used to reduce pressure drop.
The divergent section extends to a 9 to 1 divergent area ratio before the nozzle
extension begins. The hot-bleed nozzle extension is radiation-cooled from 9 to 1
to the exit area ratio, and will be fabricated from a Type 110 AT titanium alloy

or other suitable material.

(2) Critical Areas

- The nozzle critical areas are the gas-side coating
of the tube bundle, the brazing methods to be used for the aluminum pressure
jacket and tubing, and the heat-transfer and pressure-drop conditions through the
nozzle. The coating on the gas-side wall performs the double function of reduc-
tion of local heat-transfer rates in the throat region, as well as lessening of
pressure drop through a reduction 1n total heat rejection to the coolant.

The nozzle contour 1s formed by a tube bundle which
1s furnace brazed for assembly purposes, and over which an aluminum jacket 1s
cast to take hoop and axial loading in the convergent section., The aluminum jacket
forms an integral pressure shell and flange, and 1s self-cooled by conduction to the
tube bundle. The nozzle 1s secured to the pressure vessel with individually-cooled
stainless steel studs.

The nozzle extension 1s critical, since 1t affects the
turbine-flow rate and therefore the cycle operation, but, since changes in the
required turbine-flow rate can be compensated for in the design, no major
development problems are anticipated.

(3) Current Development Status

The preliminary design of the nozzle 1s in progress,
and thermal and stress analyses are being made to refine the design.

Preliminary designs for the nozzles, on both the
heated-bleed and hot-bleed cycles are being made. The heated-bleed design 1s

essentially complete, due to its similarity to the Kiwi-B backup nozzle design,

Model test work for both cycles 1s 1n progress.
Testing of 1/11 scale models 1s complete, and testing at 1/4 scale is starting. The
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IV Techmcal Discussion, B (cont.)

S

1/11 scale data presently 1s being reduced. Preliminary results for the hot-bleed
port indicate an extremely high heating rate on the downstream side of the bleed
port. The heating rate 1s apparently equal to the throat value (220 Btu/in. 2sec) on
the downstream side of the bleed port, and about half of this value on the upstream
side. Water table tests, to evaluate the effects of bleed-port configuration on flow
into the bleed-port line, are in progress. Heat-transfer tests with LH_ for appli-
cation to both designs are being made, using a totally heated, curved tube to simu-
late the NERVA throat contour.

Candidate coating materials for the nozzle are being
screened from a reactivity and thermal-shock viewpoint.

Hot-bleed-port tests, using a modified LR 87 AJ-1
thrust chamber, are in progress to evaluate the bleed-port problem areas. At
the most, only three long-duration tests will have been made at the end of Phase
I. The first five tests had combustion instability, and the program has been
stopped to allow insertion of gas side baffles to the injector to suppress the in-
stability. It is expected that three additional tests with the baffled injector waill
be made during Phase I.

Thermal analyses of the pressure-vessel flange,
aluminum jacket, and hot-bleed extension flange are in progress to define thermal
and stress limitations on the design. The'possibility of throat inserts and/or film
cooling of the throat area 1s also being considered as backup. to the design effort.

(4) Development Problem Areas

Operation of the NERVA nozzle is dependent upon the
ability of the coolant to keep the wall temperature of the tube bundle within a satis-
factory operating regime, with only a reasonable pressure drop in the circuit.

Due to this requirement, the NERVA nozzle may utilize a protective coating on the
gas-side wall to reduce both heat-transfer rates and pressure drop, although 1t 1s
not believed to be necessary, at a rate of reduction (and hence also the local flow
velocity and pressure drop) dependent upon the coating material and the heat-
transfer conditions on the liquid side. Use of the coating as a safety factor-for
the nozzle makes 1t necessary to have a well-defined heat-transfer coefficient for
both the hot gas and the coolant,

The four problem areas related to the throat region
are therefore: the gas-side heat-transfer coefficient, the liquid-side heat-transfer
coefficient, the coating material properties, and the data on behavior under operat-
ing conditions. The NERVA nozzle requires a more precise evaluation of the heat-
transfer coefficient, because heat fluxes are considerably larger than in chemacal
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1V Techmcal Discussion, B (cont.)

nozzles, and also because the heated-bleed cycle requires a finite and defined
quantity of heat to be rejected through the nozzle extension, thus making the design
of the nozzle extension dependent upon an accurate knowledge of the hot-gas and
coolant heat-transfer coefficients. However, the turbine weight flow may be
adjusted according to the amount of heat rejection to this flow; therefore, this
problem becomes one of obtaining precise information for detail design.

There 1s a special problem area in the hot-bleed-port
nozzle in addition to the throat problems. The heating rates in the bleed-port area
apparently equal that of the throat, but, in addition, the bleed port has a mamfold-
ing and flow distribution problem not found in the throat. Because of these condi-
tions, the bleed port must either have a considerably better protective coating
than the throat region or resort to film (or transpiration) cooling to permat satis-
factory operation. Another design approach would be to change the geometry of
the bleed port to help alleviate the conditions in this region. Of equal concern is
the possibility of incomplete mixing of the bleed-off gases and coolant which would
cause a severe heating problem 1in the line elbows, and might require film cooling
1in these regions as well.

An additional factor 1s that the presence of a reactor
1n the NERVA engine requires that failures in the nozzle (as well as 1n any other
component that may lead to engine destruction) be minimized. The need for
detailed information on the hot-gas-side heat-transfer coefficient in the NERVA
nozzle was recognized at the beginning of the program, and Task Items 7 and 13 in
the current problem include experimental programs for obtaining data for the
NERVA nozzle contour, employing heated nitrogen gas as the testing fluad.

Considerable work has been done on obtaining data
on liquid hydrogen as a coolant by NASA-Lewis, Aerojet, North American Aviation,
and the Garrett Corporation, but the test data has not been obtained under the con-
ditions that will exist in the throat region of the NERVA nozzle. Differences in the
test data from these sources indicate that test configurations have a considerable
influence on the heat-transfer conditions and require additional test data for the
NERVA design.

The use of coatings as a means of reduction of heat
flux and pressure drop in the nozzle coolant passages is very attractive. In terms
of their published physical properties, specifically thermal conductivity, there
are many coating systems which, in the order of 0.010 to 0.020-1n._thick, can
reduce the throat heat flux by a factor of 4, or from 20 to 5 Btu/in. /sec., Such a
reduction in heat flux would be a major benefit to the NERVA nozzle design since
thermal stresses as well as pressure drop 1n the coolant passages would be re-
duced to reasonable limits. Although coating systems have been successfully
employed in other nozzles (such as tungsten carbide in the Ablestar nozzle) they
have not been subjected to NERVA operating conditions, since no other nozzle to
date has had the unique combination of conditions present therein. It 1s therefore
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necessary to gain experience with coating systems under NERVA nozzle con-
ditions as soon as possible to benefit from the use of a coating 1n this nozzle.
These coatings must withstand both the hot reducing conditions of 4000°F hydrogen
and the oxidizing conditions of the LHZ/LOZ propellant system possible in the
simulation testing programs for the NERVA nozzle. The coatings must have a
minimum content of materials with long half-lives of induced radioactivity, and
must be sufficiently thin to assure the highest probability of remaining intact after
many firings of the nozzle. They must exhibit good spalling resistance to the
thermal shock resulting when the thin wall to which they are attached 1s chilled
momentarily to the temperature of LH, and then suddenly heated to approximately
1000°R. Because of these and other unique requirements, 1t 1s necessary to
1nitiate a coating development program as early as possible in the follow-on pro-
gram to supplement the screening tests currently in progress during Phase 1. It
1s to be noted that coatings applied to either side of the throat, which would be
subjected to less severe conditions, would be beneficial in the reduction of pres-
sure drop or, as an alternative, allow higher throat velocities with the same pres-
sure drop.

The assembly of the tube bundle and aluminum pres-
sure jacket 1s another problem area 1n the nozzle. The cobalt content of the Nicro-
braz currently in use for Titan thrust chambers makes the use of this brazing
material undesirable because 1ts long half-life. However, during the Titan
development program, many brazing materials were tested that were adequate
structurally but would not provide the necessary pressure seal for the Titan thrust
chamber. The NERVA nozzle does not have this problem, since the aluminum pres-
sure jacket acts as a pressure seal in the converging section; with only a small
welght penalty, this jacket can be extended to the coolant inlet manifold to provide
a complete pressure seal. Thermal stresses during operation of the nozzle put
the aluminum-tube interface in compression, and will minimize axial flow of any
gas that might leak through pinholes in the brazing material and will also main-
tain good thermal contact. Therefore, the brazing and aluminum jacket assembly
problems can be attacked simultaneously to provide a completely satisfactory
design for the NERVA nozzle. The flange joining the nozzle to the pressure
vessel presents a design problem to provide adequate pre-loads through the studs.
However, known design procedures can solve this problem,

The effects of the high radiation rate and total
dosage on the nozzle are not clearly defined at this time. Data from the Plumbrook
reactor, Kiwi1-B, and NRX tests will define the problems associated with these
effects.

(5) Proposed Program

To obtain a nozzle assembly suitable for "E'" engine
use, the development program shown as Task Item 1.4, Program Planning Network,
Page IV-B-4-5, Vol. I
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IV Technical Discussion, B (cont.)

Figure IV-B-4-2 and Figure IV-B-4-3, 1s proposed. This program entails the
detailed design, fabrication, and testing of the NERVA nozzle during the first
nine-month program increment, and incorporation of all subassemblies as a
thrust-chamber assembly early in 1963, The hardware demand schedule and
component test schedule are shown i1n Figures IV-B-1-6 and IV-B-4-4. The
program effort for the first nine months 15 detailed 1n the technical Admimstration
Document for Task Item 1.4 and can be found 1n Volume II, Section III.

The nozzle program wall consist of the following

The preliminary design of the heated-bleed NERVA
nozzle, as established during Phase I, will be refined, and a detailed design will
be completed and released for fabrication. Thermal and stress analyses will
continue to be used for refinement of the design during this period.

To provide the necessary backup data, material
evaluation tests will be run on coatings, brazing materials, and stress-bearing
jacket materials.

A series of injector development tests will be made
early in the program to demonstrate the performance and stability of the system
chosen for simulation testing of the nozzle. This system will incorporate baffles
of the type in use on the XLR-87 AJ-5 thrust chamber to insure that tangential
combustion instability will be suppressed

In the second or third month of the program period,
the Kiw1-B nozzle will be tested at conditions mutually agreed upon by Aerojet and
SNPO for two 15-sec tests to demonstrate the adequacy of the design.

In September 1962, the NERVA nozzle will be tested
1in the same manner, as a demonstration of the adequacy of the design and coating.

An alternative program 1s proposed, to evaluate
the hot-bleed nozzle, that will extend through the first nine months of the follow-
on effort.

As a continuation of the chemical engine hot-bleed-
port tests of Phase I, six of the nine injector development tests for the Kiwi1-B
nozzle will be conducted using hot-bleed-port chambers from Phase I instead of
the standard XLR-87 AJ-1 thrust chamber. On completion of these tests in March
1962, two NERVA-type nozzles and adaptors simulating the lower portion of the
pressure vessel will be fabricated, with the bleed-port design based on the test
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experience from the chemical engine tests and the scale model tests described
below. Two tests will be made on this nozzle system 1n September 1962 to demon-
strate the adequacy of the design.

Model testing at the 1/4 scale will continue 1n order
to obtain data on hot-bleed-port configurations, radiation cooling of the nozzle
extension, and effects of conical nozzle extensions. Heated mitrogen (1600°R) wall
be used as the hot-gas supply, with model nozzles fabricated from stainless steel
to act as a thin-wall heat sink, These test data, as well as heat input data from
Kiwi-B testing, will then be used i1n conjunction with the chemical engine hot-bleed-
test results to obtain the detailed design of the NERVA hot-bleed nozzle for testing
in September.

C. Pressure Vessel

(1) Description

The pressure vessel forms the housing for the
reactor assembly and has two major flange joints. Cooling for the pressure shell
18 provided by the total propellant flow i1n-a parallel circuit with the reflector,
while the flange coolant 1s supplied from a separate circuit. Since the pressure
vessel 1s one of the major items from an engine weight standpoint, several
materials of construction (7079-T6, and 6061-T6 aluminum alloys, and AT 110
titanium alloy) are being considered. Final selection will be made on the basis
of weight, thermal and radiation characteristics, and fabrication problems.

(2) Critical Areas

The pressure-vessel critical areas depend to some
extent on the material of construction but, i1n general, center around joints, in-
cluding seals, and local stress concentration points.

The nozzle-pressure vessel flange 1s a critical
area common to both components and 15 located 1n a high radiation heating zone,
an area in which both the dose rate and total dosage can influence the design. The
upper flange on the pressure vessel may be shielded, and therefore 1s less
critical. The large changes 1n temperature are coupled with stress concentra-
tions at all bosses to make them critical areas in the fabrication of the pressure
vessel. ‘

(3) Development Status

Preliminary design studies are being made to
evaluate the problem areas associated with each of the three candidate materials
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IV Technical Discussion, B (cont.)

for the pressure vessel (6061-ST-T6 and 7079-ST-T6 aluminum alloys, and AT 110
titanium alloy).

Detailed thermal and stress analyses are being con-
ducted for the flange and boss areas of the pressure vessel for these materials and
alternative flange designs. Material (AT 110 titanium alloy) for a spare pressure
vessel has been ordered for structural tests. Thus, data will be provided at an
early date on fabrication problems of these materials, and it may be determined
whether or not the predicted weight savings can be realized with a titanium alloy
pressure vessel,

(4) Problem Areas

Problem areas for the pressure vessel center
around the joints (flanges) and localized stress concentration points. But again,
these are problems for which known techniques of solution are available. Thermal
contraction and pressure expansion of the pressure vessel during the startup
transient 1s an additional problem area causing coolant passages between dis-
similar components to change 1n dimension, as also will the attachment to the
thrust structure, thus defining the reflector cooling system to avoid localized
starving of areas. Also, the flanges may be utilized to clamp the reactor sub-
assemblies within the pressure vessel, thus placing further requirements on the
joint design.

(5) Proposed Program

The development program proposed for the pres-
sure vessel 18 shown graphically as Task Item 1.4 in the Program Planning Net-
work, Figure IV-B-4-2, This program provides for incorporations of the pres-
sure vessel into an i1ntegrated thrust-chamber assembly 1n about one year.
Design information will feed back from Gen. II simulator testing, as well as
NETS and the LASL Kiwi program, to establish a design freeze 1n May 1963,
The maleposts for this program are shown in Figure IV-B-4-3 for the time
period through 1963. A detailed breakdown of the program through the first nine
months can be found 1n Volume II, Section III, Task Item 1.4. For the overall
program, the hardware demand and component test schedules are shown in
Figures IV-B-1-6 and IV-B-4-4. The proposed program for the pressure vessel
is as follows:

) The materials ordered during Phase I (AT 110
titanium alloy, and 6061 T6 aluminum) will be used to fabricate two pressure
vessels for use during the new program period.
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IV Technical Discussion, B {(cont.)

The preliminary design from Phase I will be
detailed and released for fabrication of these pressure vessels,

The 6061 T6 pressure vessel will be used for the
Gen. II, Mod. 1 simulator testing and the AT 110 titanium tank will be subjected
to extensive structural testing to prove the design concept. Thermal and stress
analyses will continue during this period to verify the design changes involved in
producing the detailed designs and refinements.

Proof and structural tests will be made on this
pressure vessel during the new program period. Uni-axial coupons from the
construction materials will be tested over the environmental temperature range
to provide property data for evaluation of the structural tests. Bi-axial tests
will be performed 1n a liquid hydrogen environment,

d. Thrust Structure and Gimbal
(1) Description

The thrust structure 1s in two sections which are
joined by the gimbal. The upper section mates to the vehicle thrust structure
and houses the tank shutoff and coolant bypass valves, and will probably also
house the neutron sensing equipment for the engine-control systems. The
pneumatic accumuoators and upper end of the gimbal actuators are attached to
this section. The lower section attaches to the pressure vessel and acts as a
housing and support structure for the turbopump assembly. The roll-control
assembly and the lower end of the gimbal actuator are attached to this section.
The gimbal 1s a universal joint-type device made of AT 110 titanium alloy using
needle bearings, which are currently planned to be of 17-7 PH steel.

(2) Critical Areas
The thrust structure 1s craitical for.the "E'" engine
primarily from the standpoint of 1its effect on the fundamental frequency of the
thrust-chamber assembly, and its ability to transmat the thrust loading through
the gimbal universal joint.

(3) Development Status

The preliminary design of the thrust structure and
gimbal 1s 1n progress, and 1s being checked by stress, thermal, and vibration
analysis.
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(4) Problem Areas

Stiffness of the thrust structure for both radial and
tangential vibrational modes represents a major problem area for the thrust
structure

In the gimbal joint, the close tolerances necessary
for the operation of the thrust-chamber assembly are a major problem area.

(5) Proposed Program

The interrelation of the development of the thrust
structure with the development of the thrust-chamber assembly i1s shown as Task
Item 1.4 1n the program planning network. Figure IV-B-4-3 gives the milestones
in this development program. A detailed program breakdown can be found in
Volume II, Section III, Task Item 1.4. The overall hardware demand and com-
ponent test schedules can be found in Figures IV-B-1-6 and IV-B-4-4, The thrust
structure development program will consist of the following

Analysis of the thrust structure design will continue
1in the new effort, with thermal, stress, and vibration analyses performed in Phase
I used as the basis to refine the preliminary design.

One additional thrust structure, making a total of
two, will be procured during this program for structural testing. This testing
will occur during July and August 1962, and will consist of limit-load and static
compliance tests on the structure.

The preliminary design of the gimbal will be detailed,
and fabrication will be 1initiated in May 1962. Fabrication will be complete 1n
August, and laboratory tests will be run in September 1962,

e. Roll-Control Nozzle
(1) Description

Roll control on the engine 1s accomplished by dis-
charging the turbine exhaust fluid through two diametrically opposed nozzles.
These nozzles are canted 15° with respect to the vehicle centerline to minimize
possible adverse effects of impingement of the exhaust gases on the pressure
vessel. A rotating joint 1s provided in the nozzle feed line, using rolling contact
bearings, and 1s almost i1dentical to the Titan roll-control assemblies.
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(2) Critical Areas

This 15 2 non-critical component. The only work
effort will consist of a detailed design to verify envelope and frequency response
characteristics.

(3) Development Status
Preliminary design of the roll-control nozzle assem-
bly 1s in progress. Thermal analyses of the cooling problems are in progress, 1in
addition to response frequency analysis for definition of the limits of operation of
the assembly. )
(4) Proposed Program

This 1s a non-critical component. Only a detailed
design will be completed. The milestones are shown in Figure IV-B-4-3,

Page!IV-B-4-11, Vol. I

CONFIDENTIAL—RD




90°

FLTCH AXIS

TAVE SHUTOFF VAL VE 7O
FUEL SURPLY TR CLAMP

180°

ACTUATOR A18 SUPPLY
MALFOLD

DISCOMYECT A€
LCTLATOL

EYGHE TO FUEL TUALY
IRk CLAMP

LAY,
J7ACHMER T

DETAL A‘L

LOWEL STELCTYCE TO SPPEL
STRUCTU LE TELELATIOL ST

TCAeE e

b,

\
Ve DISCOUECT 21
) ACTYRTOL
,
i\
L
N\
T :
FUEL SUPPLY -
TR
R uPPEC
STBUCTURE
FUEL SURPLY TARUL 7D UPPEL
BUCTUEE SEPELATION oM
SCALE - JOUE
TAYL. SHUTOFE
VALVE
FUEL SUPPLY —
TAYE v
LAMP_ATTACHHEYS
VAW AXIS i
2_—70 Z B \;
\ — - —~ A
FUEL SUPPLY TAWE TO TAME SHUTOFE T~ —
VALVE SEPELRTION ST et %
SCRLE - LjodE e
|
T SHYTOFF ——
VALVE
BELLOWS GIMBAL
Y HSG
L AmP
AT TACHMER

4_\

CIMBAL_ACTYATION
| srevcrues

YPPEL THEUST
ITRUCTYRE

CLAMP AT7ACAMENT

LPEEISUEE
VESSEL

LOWEL 780C7TLee 70
LELESSULE VESSEL

HOZZL&E

PLESS, LESS,

BT AI7ACHMEL T

1 see pera N

74
@ 400,

BYEUMATIC SUPPLY

SPHEEES STRUCTURE

fape ~_-....;, -

Zra-r 4

X 7
SELELT SJOMT TE LEERT/O SO/
DCALE: HOE SCRLE . L&
HOZZLE
PEESSUEE VESSEL
S¢/er
- MLET
\ _Sseser N—""
A ouriEr P
T
- _ 1
N o 3
4 0 o
4 4 | ° ! o °
= A~ ¢ 4 q
——— - - - g o o o N
g- N B ’,/ ) B o
4 <4 o 3 . o
19 [l !
- ¢ ‘e
L i
N )
:/‘\ L/ i
_E U
Cln
2 :
..; | \ | .
V||
WV
- %

S44/4
Y

i o
e o

1]
a8l

Fig. IV-B-l-1, Vol, I
=CONFIDENTIALL=RD"-
AGC 5210



E | DESIGN
RELEASE

START SNP-1
XTENSION
———— Fo—————
Fag 2 xiwi-8 | COMMUCT KIWB Jr——
€3 FOR NQILE TESTS
Lasy (wo oss7)| (2 REsATS
L _d COMPLETE SKP-1|
EXTENSION
r-——— Fe————n rm————- - Fo———= SEPT 1962
| weview i loEsion w01 | |FAD WERVA | brest wot
- — *1 wozzee ogs " HBLEED WERVA i — eiNOT BLEED ’——__'7':::0 nozZZLE
i | |wozZLE i |wozZLE | |
[ 4 b d | —— J L U,
[}
r-————-=— - - == j ===
|OESIGN @ FAD ({RUN GEN TT |
|- — _scALE wmoEL oo 2 NETS TESTS
|UNCOOLED H ITesTs ' | SMuLATOR i [
(MOZZLE_SXIRT _j [ - ————d S |
]
PROCURE 2 coNDUCT
i INJECTOR PESIGN NOZZLE FAB NOZZLE
4DAPTERS FOR CHECKOUT TESTS EXTENSION FOR EXTENSIONS
HTD BLD TENTS FOR WTD BLD
)
REVIEW AKD CONDUCT NERYVA
|——e{ anaLvz DESIGN NOZZLE FABRICATE NOZZLE COMP DESTGN FAB 6 conoucT
DESIGN {HTD BLD) 2 NOZZLES EVALUATION iecton WOZILE TESTS
{HTD B10) {HTD BLD} TESTS (HTD BLD) SHTD BLD) {HTO BLD}
. / /
\
CONDUCT \
COATING TESTS \ COAT ONE
{HTD BLD) \ NOZZLE
\ {HTD BLD}
v
e~ M
| GENERATION TX |
oD | |
| SINULATOR
L —_—r—
]
COMDUCT LIQUID PROOF TESY N
HEAT TRANSFER SIMUL. ATOR
TEsTS PRESSURE VESSEL
1
| MATERIAL OESIGH AND TONDUET
| EVALUATION ¢ FAB SPARE STRUCTURE DESIGN AND FAB IDESIGN AND FAB.
| TEST ' PRESSURE VESSEL TESTS [PRESSURE VESSEL TYPE TCA
| S, -
PRE RELEASE
—————n
PROCURE OES PROTOTYPE |
SPARE THRUST STRUCTURE THRUST | comeweT
STRUCTURE TESTS STAUCTURE | TPATESTS 1
Le—J

REVIEW AND
ANALYZE GIMBAL
PRELIM OESIGN

DESIGN GINBAL

CONDUCT LAB
AND

CESIGN ROLL
CONTROL NOZZLE

BES. PROTOTYPE

GIMBAL LOAD
FRACTURE TESTS

GIMBAL.

FAB ROLL

CONDUCT
TCA TESTS

| HOT BLEED PORT TESTS 8 GNp HEAT TRANSFER TESTS ARE NOT PART OF COSTED PROGRAM
BUT ARE PRESENTED AS AN ADDITIONAL PROGRAM OPTION

[CONTROL NOZZLE

="
'
MEATS TESTS :
|
e —J
CONDUCT FUNCT
NON NUCLEAS €-3 DESGM
€MV B RAD TESTS RELEASED
USING CITS ocrosen

PROGRAM PLANNING NETWORK

SUB-TASK | 4
THRUST CHAMBER ASSY

Fig. IV-B-4-2, Vol. I

CONFIDENTHAL



!EthEF?VV\ '
A /PROGRAM

THRUST CHAMBER ASSY.

NERVA
Program Schedules
and

Milestones
11 January 1962 Through 1963

1962

1963

(964

1965

T.C.A.

JUL

octinovpeci sares

auG|sep focTinov Dec] saniFes wariapr

APR]MR! JUN

JUN

(LY

AUG

SEP

LT

19
pec Juan [Fep husslaprimey [amviue. [awofseploctinovivec

START TCA TesTs

DeLiver TCA mo NETS
TCA DesicN FREEZE

A

DeLiver TCA To0 NEATS

NOZZLE-HEATED BLEED

CompLETE INJ DEv TESTS

ComPLETE Kiwi=B TesTs

ComprLeTE DeEsiaN

COMPLETE NOZZLE FAB.

START NOZZLE TESTS

[ [

COMPLETE NOZZLE EXT. FA

START PROTOTYPE NOZZLE

TESTS

NOZZLE~-HOT BLEED #

CompPLETE CHEM ENnG.

BLEED TESTS

(L3

ComprLeTE MopbEL TesTs

CompLETE NozzLe DesienN

CompLeTE NozzLe FasB.

Test NozzLE

[ 313

PRESSURE VESSEL

ComPLETE BamucEvaLlstssy

ComPLETE BraooTyrEcszs|

CompLETE PrROTOTYPE DES

THRUST STRUCTURE

CompLETE STRUCT. TESTS

A

CompLETE PrOTOTYPE DES,

A

# THESE MILESTONES COVER SEPARATE NOT BLEED EVALUATION WORK
WHICH 1S COSTED AS AN ADDITIONAL PROGRAM PORTION,

Fig. IV-B~4-3 (Sheet 1), Vol. I

CCONFHDENTAE




NERVA

NERVA | Program Schedules
PROGRAM and
Milestones
THRUST CHAMBER ASSY. N January 1962 Through 1963
: - !
1961 1962 1963 1964 1965 1966
WRUST STRUCTURE (CONT.) WJUL, WWINVLWCJANFEB [APR|MAY | JUN|JUL SEF{OCT DEC] FEB|MARAPRIMAY |JUN VUL [AUGISEP INOV| JAN[FEB 'ﬁPR MMMIS@WIMDECJANFEBMAR{APR YJLINJULAUGSEPOCYWVEC JAN [FEB IAPRWM JALIG|SEP [OCT [NOVIDEC,
COMPLETE GIMBAL DES!IGN A
GimBaL FAB., COMPLETE A
CompPLETE LAB. TESTS A
ROLL CONTROL
Desien COMPLETE A {
START TESTS |
r'y

Fig, IV-B-4-3 (Sheet 2), Vol. I

\ -~ . - B .
AN 3L L1~ — B




COMPONENT/SUBASSEMBLY TEST SCHEDULE
THRUST CHAMBER ASSEMBLY (TASK ITEM 1. 4)

No. of Tests

No. of Tests

Confag No. 1962 1963
Component or Subassembly or Series Test Objective Facility JFMAMJJA SONDIITFMAMUIJIJ AS OND Total
!
XLR-87 Injector and Chamber XLR-87 Develop injector as a tool for LRP Area C-6A 6 3 9
simulation of nonradiation operating
environment of the NERVA engine.
Kiwi-B Nozzle Test Assembly Kiw1-B Demonstrate operation of Kiwi-B LRP Area C-6A 2 2
nozzle at thermal conditions in non-
radiation environment simulating
the nuclear engine heat flux.
&
NERVA Nozzle Test Assembly NERVA Determine operational character- LRP Area C-6A (2) 3 3/ 2]5 6 6 6 6 6 45
istics of nozzle at design pressures
and heat flux-coating evaluation.
Thrust Chamber Assembly Vibration survey of simulated TCA 15 15 30
to determine fundamental frequency.
Gimbal Assembly Evaluate gimbal structural integraty LRP Area C-6A 11 12 9 32
at ambient and LH, temperatures
while subjected to rated thrust load.
Pressure Vessel Proof test for acceptance of pressure|l SRP Structures 1 2
vessel. Lab
Stress coat test to determine critical | SRP Structures 1 2
stress regions. Lab
Limat load survey to determane SRP Structures 3 3 6
magnitude of critical stress. Lab
|
Deflection survey to determine SRP Structures 3 ' 3 6
design envelope compatibality. Lab
Destruction test to determane SRP Structures 1 1 2
structural integrity at ultimate loads.| Lab
Pressure Vessel Materials Material umiaxial mechanical prop- Materials Lab 36 36 ‘k 36 36 36 36 216
erties throughout the environmental [
temperature range, {
Pressure Vessels Materials Material biaxial mechanical prop- Materials Lab 6 [12 6 24
Battle Program erties throughout the environmental’
temperature range.

%*
() Indicates alternative hot bleed tests.
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COMPONENT/SUBASSEMBLY TEST SCHEDULE (Continued)
THRUST CHAMBER ASSEMBLY (TASK ITEM 1.4)

No. of Tests

No. of Tests

Confag. No. 1962 ( 1963
Component or Subassembly or Series Test Objective Facility JFMAMJJA SONDYJ FMAMJIJ AS OND Total
i
Thrust Structure — Upper Series 1 Limat load survey to verify load 1 1 2
carrying ability and stresses.
Static compliance survey to check 5 10
stiffness at lamit loads.
Thrust Structure — Lower Series 1 Limat load survey to verify load 1 1 2
carrying ability and stresses.
Static compliance survey to check 5 10
stiffness at limait loads., '
Thrust Structure Assembly — Series 1 Static compliance survey to check 5 10
Upper and Lower stiffness of complete assembly at
limit loads.
Vibration survey of complete 15 15 30
assembly to determine fundamental
frequency.
Thrust Structure Assembly — Series 1 Destruction test to determine 1 1 2
Upper and Lower ultimate capacity. }
|

Fig. IV-B-ke4k (Sheet 2), Vol. I
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IV Technical Discussion, B (cont.) -

5. Engine Controls

The engine controls may be considered to consist of several
loops: the reactor control loop (the inner loop), the temperature loop (the outer
loop), the pressure loop (thrust control), the cooldown subsystem, and the master
programmer. The thrust vector control (TVC) and roll-control actuators are also
considered as part of the engine controls.

The reactor control loop regulates and maintaing the reactor
power level and is made up of neutron sensors, amplifiers, control drums, and
control drum actuators. Temperature is measured at various points and this
information is used in safety control subloops.

The temperature loop provides a refined control on the reactor
control loop to mamntain the gas tempe‘:ra.ture at a level to obtain maximum Isp of
the engine. This loop contains thermocouples, amplifiers, and compensating
networks to provide continuous command.to the reactor control loop.

The pressure loop controls the flow from the propellant feed
system by varying the turbine speed. This loop consists of the pressure sensors,
amplifiers, turbine power-control valve (TPCV), turbine power bypass valve
(TPBYV), and turbine power-control actuator (TPCA).

The cooldown subsystem maintains the proper propellant flow
to cool the reactor during the engine shutdown sequence. It consists of the cool-
down valve, an electromechanical actuator, thermocouples, and amplifiers.

The master programmer is the brains of the engine control sys-
tem. It performs the major task of generating the commands to the engine con-
trols based upon the requirements from the vehicle guidance and condition of the
engine with regard to malfunctions and safety. The master programmer-is made -
up of reference generators, sequencers, amplifiers, logic circuits, malfunction
circuits, timers, and registers.

The design and development of the engine controls waill be
evolved from the information obtained from various analyses, simulations, hard-
ware tie-in, and component testing. Figure IV-B-5-1, Program Planning Net-
work, Task 1.5 - Engine Controls, gives a concise picture of the procedures to
be followed for the design and development of the control systems.

Page IV-B-5-1, Vol. 1




IV Technical Discussion, B (cont.)

a. Testing Policies

The kinds and numbers of tests to be run on the various
control components vary. The non-irradiation environmental tests will provide
the necessary information to determine the causes of any failures during irradi-
ation testing.

In general, the components will be subjected to envaron-
ments of temperature, humidity, and vacuum with a limited amount of shock and
vibration tests. Functional tests will be run in these environments on two items
of each component.

After the non-irradiation environmental tests, two new
items of each component will be subjected to radiation tests, usually CITS. In
general, one item will be tested, and the second item will be used as a back-up.
In all cases, functional tests will be run just prior to, during, and immediately
following irradiation.

Careful post-mortem examination and tests will be per-
formed to determine necessary design changes.

Program milestones, detailed hardware delivery, and
test schedule are shown in Figures IV-B-5-2, IV-B-5-3, and IV-B-1-6.

b. Analysis of Controls
(1) Status of Phase I Effort

A portable test stand instrumented for hydrogen
gas operation 1s complete. Preliminary tests of actuator hardware are being
carried out 1n preparation for tie-in to the analog computer. A shim drum, a
regulator drum, and a turbine power control valve actuator are being delivered.

Preliminary studies on both the hot- and heated-
bleed engine cycles will have been completed. A preliminary design freeze of
the controls system is to be made for the final report.

The preliminary design of the engine thrust
vector and roll control 1s being carried on, based on best available require-

ments for RIFT missions. Follow-up work will be delayed until May 1962,
when requirements of the chosen RIFT contractors are reviewed.

Page IV-B-5-2, Vol. 1




IV Technical Discussion, B (cont.)

. (2) Program Plan

The NERVA Program Plan and Milepost chart,
Figure IV-B-5-2, Item 1. Analysis indicate the pertinent events and timing of
the analysis to be done. In general the analytical work will be a continuing
effort throughout the entire program.

During the first nine months of the program period,
real-time simulation tests with the experimental TPCV and control rod actua-
tors will be completed for the heated-bleed and hot-bleed engines. (See para-
graph 4. 1.1 under the TAD, Task 1.5.) The results will indicate. the type of
control compensation necessary for inner loop stabilization of both the propel-
lant feed system and the core exit-gas temperature loop. Reactor control-rod
actuator programming will be coordinated with Westinghouse. Test data will
also generate information on non-predictable actuator dynamics, safety and
malfunction studies, engine programmer requirements, and actuator redesign
criteria.

The analysis and design of the thrust-vector and
roll-control actuator, will be coordinated with the RIFT contractor based on
his requirements. From these control design requirements a more compati-
ble engine assembly layout can be determined for use in the E-3 Series testing,
and specifications for the TVC and roll actuators can be supplied in November
1962 to the actuator developer.

Determination of the operational mode for flow
control will be a continuance of the work imitiated during Phase I. A combina-
tion of the analytical and test results in this area from LASL, SNPO, and the
participating contractors will be made and a decision reached in September
1962. Both digital and analog computer'techniques will be employed 1n this
analysis. Pulsed, continuous, or a combination flow control mode will be
determined, and a control loop designed on this basis.

Preliminary tests of the cooldown control system
will be 1nitiated in December 1962. Tests will be made .of the complete con-
trol loop by flowing hydrogen through the Aerojet fuel-element blowpipe furnace
facility where a thermocouple is attached at the end. Full-scale flow character-
1stics will be accomplished by a bypass orifice downstream of the cooldown
valve. These tests will be compared with the actual B-series core cooldown
tests to determine the applicability of the control loop design. The cooldown
valve will be a radiation tolerant design.

Page IV-B-5-3, Vol. I




IV Technical Discussion, B (cont.)

Performance tolerance and malfunction studies will
be continuous efforts throughout the program. The tolerance studies will examine
the effect of static tolerances on the engine control capabilities. Malfunction
studies will determine the effect of component dynamic performance degradation
relative to overall engine control requirements. A preliminary report s expected
to be 1ssued in September, 1962.

Preliminary analytical studies on both the hot- and
heated-bleed engine systems will be completed during Phase I. Expansion of
this effort during the program period will permit a more detailed analysis of the
complete engine-control system with the various control subsystem components
simulated in more detail. This detailed simulation will supply the control compo-
nent preliminary design staff with enough information to complete their synthesis
on a dynamic compatibility basis. Results of irradiation experiments, such as
side-by-side and B-series reactor controls testing, will permit more realistic
component dynamic response information to be included in the progressive ana-
log simulation of the complete engine.

All basic control parameters for both the heated~
and hot-bleed preliminary design will be determined by October 1962,

In support of the cycle selection, the degree of
complexity between the heated- and hot-bleed engine control systems will be
compared.

Both digital and analog computer techniques for
the analysis of control loop subsystems and components will be used as required.

The study of component cooling requirements will
employ both passive and active analog plus digital computers to determine pre-
liminary requirements for engine control component cooling. This will be done
prior to both side-by-side and CITS tests.

Comparison of tests vs analytical results will per-
mit a more realistic analysis of the final engine control cooling requirements
prior to E-engine tests.

c. Engine Programmer

(1) Status of Phase I Effort

Surveys are being carried out to determine the
types of available components which are capable of operating satisfactorily in
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IV Technical Discussion, B (cont.) . o

the NERVA environment. Schematic designs of logic circuits, amplifier circuits,
and bistable and function generator modules have been worked out for fabrication.

(2) Definition of Cratical Problems

The development of the engine programmer circuitry
(see Figure 1V-B-5-2) will be continued with the objective of obtaining a bread-
board programmer for the E-3 engine, including such items as sequencers,
amplifiers, reference generators, integral checkout circuits, and malfunction
circuits. It will perform the functions of startup, steady-state, and cooldown
commands with built-in decision-making circuitry for safety and malfunction
override.

Electronic gear when operated in a radiation en-
vironment generate intolerable noise and voltage level. Design practices
which will reduce noise to a tolerable level are at or beyond present state of
the art. The required shield to reduce the noise level to an acceptable limit
may produce an intolerable weight problem.

(3) Proposed Program

Component and circuitry will be subjected to non-
radiation environments, such as humidity and temperature, prior to their selec-
tion for use in the side-by-side tests. Based upon the non-radiation tests, side-
by-side tests, and information obtained from the controls study and engine simu-
lation on the analog computer, components will be selected and circuits designed
and fabricated for testing as subsystems in the CITS tests. (See Figure IV-B-5-2,
Item 2.0.)

Prior to the CITS testing, these programmer sub-
systems will be subjected to non-radiation tests to obtain a high confidence level
in their operation.

As a result of the CITS tests, further refinements
will be made 1n the selection of programmer components and circuitry design.
The programmer functional requirements will then be firmed up, based on the

engine studies performed as described in paragraph IV, B, 5,b.

The breadboard E-3 engine programmer can then
be designed to meet the E-3 engine design freeze date of October 1963.
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IV Technical Discussion, B (cont.)

d. Electrical Considerations
(1) Status of P};ase 1 Effort

The electrical harness and connector design studies
will be continued. These harnesses and connectors are required to connect the
control components and transducers to the engine programmer and to provide all
other electrical paths required by the NERVA engine.

Surveys are being carried out to determine the types
of available harnesses and connectors which will function satisfactorily in the
NERVA environments. Reports have been written summarizing the results of
these surveys. At this time stainless steel-clad copper 1s recommended for use
as the conducting material and quartz fabric as the insulating material for the
harnesses. A supplier has been selected who appears to possess the background
experience and knowledge as well as the capability to deliver connectors as re-
quired for the NERVA engine.

(2) Definition of Critical Problems

The major problems are incurred by the radiation-
inducing voltage and currents in the harnesses and reduction of the insulating
properties of normal materials, especially in vacuum. Methods of joining wire
to connectors are peculiar to the NERVA requirement.

(3) Proposed Program

Harnesses and connectors will be procured for
the non-radiation environment tests such as high temperature, shock, vibration,
vacuum, and humadity, as well as for the side-by-side tests. As a result of
these tests, harnesses and connectors will be selected and designed for evalua-
tion in the CITS tests. Analyses of the data obtained from the CITS tests will
result 1n a design freeze for the E-1 engine with parts to be procured and
harnesses and connectors delivered in September 1963. See Figure IV-B-5-2,
Item 3.

e. Amplifiers
(1) Status of Phase I Effort
The studies for amplifier component selection and
amplifier designs are being carried on. Selections have been made for early

side-by-side tests. At present, magnetic amplifiers appear to be the most
promising since it is desirable to operate with very low impedance circuits.
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IV Technical Discussion, B (cont.)

Surveys are being conducted to determine the other
types of amplifier components which may function satisfactorily in the NERVA
environment,

(2) Definition of Critical Problems

The major problem 1s the operation of electronics
in a radiation environment. The particular complications involve the production
of noise, temperature, and vacuum.

(3) Program Plan

Various amplifier components and circuits will be
procured and fabricated for both non-radiation environments, such as tempera-
ture, humidity and vacuum, and for radiation environment of the side-by-side
in-pile radiation tests. As a result of these tests, at least two designs will be
selected and circuits designed for the CITS tests. (See Figure IV-B-5-2, Item 4.)

Analysis of the data obtained from further non-
radiation tests and the CITS tests will result in a design freeze for the E engine,
with parts to be procured and amplifier to be fabricated for the E-engine tests.

f. Actuators
(1) Status of Phase I Effort

The type of servo actuators being tested at Aerojet
consists of an amplifier, torque motor, servo valve, motor, transmission, and
position-sensing device for feedback and readout function. The design of these
test servo actuators 1s capable of withstanding the higher radiation environment;
however, the actuators being provided for the simulation tests do not have radia-
tion-resistant electrical materials. The tests of these actuators allow estab-
lishment of operating characteristics and provide an estimate of the reliability
of the components.

Information on bearing tests is being accumulated
to help establish the reliability of various types of bearings and retainer con-
figurations. Information on lubricants is being gathered and testing will be done
to provide the best lubricant possible for the bearings and gears. Information
from other sources where testing has been done on actuators similar to these
will be gathered to supplement the tests run at A%rojet.
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IV Technical Discussion, B (cont.)

Preliminary studies for the thrust-vector and roll-
control actuators is being carried on, based upon the best information available
concerning the RIFT requirements.

(2) Definition of Critical Problems

The temperature and radiation environments of the
NERVA engine impose severe problems in "obtain-control" actuators which can
operate under these conditions.

(3) Proposed Program

Control actuators similar to that being tested at
Aerojet will be modified for a radiation environment. These units will be pre-
tested to establish their characteristics and performance capabilities; and will
then be sent to NTS for side-by-side radiation testing to establish their ability
to function within the radiation environment. A complete analysis will be made
of the test results to determine if the radiation environment degraded 1ts per-
formance.

The analysis of the data gathered from the side-by-
side radiation test will provide much of the data necessary for the specifications
of the TVC and roll-control actuators, and will assist in arriving at a design
freeze of the TPCV actuator. (See Figure IV-B-5-2, Item 5.)

With reasonably complete specifications available,
an alternate program for actuators will be initiated which will provide a study
progra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>