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California, on Air Force Contract AF 33(657)-6123, under Tasks Nos

2 of Froject No. 6554, "Nuclear Ramjet Fropulsion Uystems Research and Tech-
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(This abstract is unclassified)

ABSTRACT

Test planning studies in this report present the present con-
cept of test programs, their scope, test objectives, probable testing
schedule, estimated number of test weeks and test runs, existing facilities
vhich can be utilized, and test conditions. The schedule and test plans pre-
sented are based upon the program outlined in the Air Force Developmcnt/Plz—m
for Pluto (AF Report 055A(62A SRS 1614 ) dated 26 June 1962.)

Flight engine ground test facility criteria are updated to re-
flect the latest facility studies and test planning. The site selection core
drilling program and underground air storage experiment are described.
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L. INTRODUCTION

bxperience accumulated by The Marquardt Corporation and other
powerplant companies on many propulsion system development programs has firm-
ly established the requirement for test facility and test program planning
and analysis prior to and during a development progrem. This advanced planning
has become increasingly more important with the advent of larger, faster, more
expensive, and more sophisticated Propulsion systems.

A concept of the Pluto propulsion system and flight vehicle con-
figuration is shown in Figure 1, The propulsion system consists of a super-
sonic Inlet, subsonic diffuser, nuclear reactor, exhaust nozzle, and associated
inlet, bypass, and reactor controls, The test program as outlined takes each
of these componenta through the appropriate steps of model testing, component
tests, subsystem tests, and integrated system tests. The test planning re-
sults evolved and presented herein concern only the propulsion system and
represent a first iteration. Subsequent propuleion system tast planning
studies are required to revise the development plan to incorporate sdvancements
in technology end program requirements . Further test planning studies are re-

quired to provide a thoroughly coordinated plen with the AEC reactor contractor
and the vehicle contractor.

It is noteworthy to point out the evolution of test planning phi-
losophy associated with the Pluto program. During the early conception of the
program it was envisioned that system testing would constitute the bulk of the
development. This would involve many units in a long series of tests to de-
velop simultmneously both components ang systems. As more knowledge of the
system and 1ts components was galned, it beceme apparent that a more logical
and more economical development would manifest itself as an extensive compon-
ent development program followed by a few Judicicusly selected syst=ms tests.

The nucleer ramjet propulsion system requires a spacially de-
6igned facllity to accommodate both the large quantities of air required for
simulated f£1light testing and the nuclear radiation from the reactor. The test
facility, and in particuler the air supply, may be considered a long lead item
and its requirements and preliminary design must be established to allow defi-
nitive development program planning to proceed,

Test facility studies bave been conducted to assure incorporation
of the most recent test requirements into +tha facility criteria. Facllity
studies have also been directed toward establishing feasibility of economical

design concepts such as the storage of large quantities of air in underground
chambers .
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2.0 SUMMARY

The test planning studies asssume a development plan proceeding
from initial model and component test programs up through PFRT (Preliminary
Flight Rating Tests). In addition, preliminary system tests are presented
for formulation of militery specifications governing Acceptance Test and
Qualification Test procedures for “he naclear ramjet powerplant.

The proposed nuclear ramjet development program schedule is
shown in Figure 2. The program schedule shows the estimated time span for
Fropulsion system development and facility construction. The schedule and
test plans presented in this report are based upon and are in accordance
with the progrem outlined in the Air Force Development Plan for Pluto (AF
Report 655A(62A SRS 161 ) dated 26 June 1962),

The FEGTF (Flight Engine Ground Test Facility) studies were cou-
ducted to incorporate current testing philosophies into the facility design
and to update the facility criteria accordingly., The criteria updating re-
flects changes in test time, air storage system recovery time, engine design
changes, and test planning. Design studies have included the concept of an
"open" test point and cost comparison of facilities desipgned to accommodate
various maximum engine sizes and test run auration,

The concept of economicel air storage in urderground chambers
was investigated further through a site salection cors drilling program, de-
slgn of an underground aeir storage chamber, and the underground air storage
experiment. The core drilling prog=am included the drilling, core recovery,
and logging of nine holes that ranged in depth {rom 262 to 1000 feet. Two
sites which appear suitable foo underground ailr cteorage were located within
the area proposed for the FEGTF,

Design of an undergroond a.y etorage chamber was completed
based on the assumption tkat the surrounding rock mass would behave as en
elastic, semiwinfinite thi -k walled “vlinder and a minimum in situ modulus
of elasticity of 1.5 x 109 psi. Thea d=sign includea necessary structural
and mechanical calculations design d.oawings specifications. and cost esti=-
rate. For a chamber capacity of 7 milllion pounds useable aiy stored under
3,600 psig, the cost was 2gtumated at A9 176.047.

An experimental program e onducted {1 Sty ol obtad e
ing date on the prrfermance of o high pressure metal Liontd andey round air
storage chamber. located in * e 4Ol Area cf the Nevada Tes! Lite,

During the experiment, a Lressure of 2500 psi vas obtained. At
this point the metal liner ruptured and the axpsrinznd jad ‘o Yo twaiminated.
An inspection of the test hamber vevealed that o sudden displacement of the
rozk mass to one sida of the hapher oerurrec, thewebhy allowing the metal
iiner to rupture.

SEEREF RESTRICTED DATA
—AFOHHEENERGY RCT-0F 954
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For economical reasons the pllot chamber was located at the rela-
tively shallow depth of 190 feet. The rock in this area exhibited more than
adequate quality in leboratory testing. However, during excavation a rather
high degree of fracturing and gappage was found to exist. It is expected,
based upon the inspection of cores from the site selection core drilling pro=-
gram, that a significantly lower degree of fracturing and tightly sealed
gappage occurs at the full chamber depth of 500 to 800 feet.

The date obtained from the experiment heve confirmed the design

approach and have established a theoretical model describing the behavior of
pregsurized rcck.

A quantitative correlation between the characteristics of pilot
location rock and full chamber location rock must be made to allow a full
evaluation of the experimentsl data relative to liner design.

“SEERET-RESTRICTEDDATA
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4.0 PROPULSION 8YSTEM TEST PLANNING

3.1 Model Test Frograms

Initial design oprimization or certain Pluto components and sub-
systems may be accomplished more aconomically utilizing scule models. Com-
ponents in this category and for which model test programs were defined in-
clude the supersonic inlet, the subsoni- diffuser, the exhaust nozzle, and
the exhaust system afterbody. A model test program is also defined to provide
design criteria for the full scale free Jet test nozzles.

3.1.1 Superscnic Inlet

Two inlet design configurations are currently under
investization for use on the Fluto Propulsion system: the axisymmetric ine
let beinz investimated at TrC; and the double scoop inlet being investigateq
by CVC. The test program for the axisymmetric inlet i5 presented in this re-
port (Table I)and covers the period of October 1962 to July 1365. Three
scaled models will be used for the test program. These are:

1. 1/11 scale medel for aerpdynamic paramctric
studies, performence predictions and dreg
measurement

2. lfj scale model for conirol parameter studies

arnnd ir;l“' Avrw a4

v.lo scale mcoel Tor inlet bleed, control parame-
ter and performance studies.,

During CY 1962, OYC conducted a development program on
¢ double scoon inlet design similar “o that on the axisymmetric design.,

Following the NASA Ames Lest schedunled for December 1902 on the 0.15 scale
axlsymmetric model, the Air Force will celect a design from the two inlets.
The selected inlet design will then be developed. The indicated test program

scope shown in Table I ig apprlicable for either inlet desiyn. The & pro-
gram outlined consists of B7 test doys vielding approximutely o000 test data

Tuns over a calendar perior of 33 menths The test conditions include a Mach
nuwnber range of 2.4 to 1.6 with angle of attack and yaw range of 0° to 5°,

3:l.e  Subsonic Diffuser
The nuclear ramjet missile desipn includes a sunmerged
installation of the propulsion 5Y5 €N the contyolling iniluence on design
ok the subsonic diffuser emanates Syom vehlcle integraticn and structural
cons lderations . Devalopment of the suhsonic diffusey must thersfore be ac-
complished in conjunction with +he velicle. internal aerodynamic development
of the diffuser will be accomplishad cencurrently with the supersonic inlet.

“SEEREL RESTRHGHER-BATA
ATORTT ENERG YA EF—Or—ta,
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In the aerodynamic evaluation program, the subsonic dif-
fuser utilizing structural lines supplied by CVC, will be tested with the 1/11,
1/3 and 0.15 scale inlet models. The number of test runs, number of test days,
and test conditions will correspond to that shown for the inlet model Program
and will coincide with the program shown in Table I for the period 1963 through
mid-1965. The development information to be obtained is as follows:

1. Pressure recovery cheracteristice

2. Inlet and exit pressure profiles
e 3, Drag data

L. Inlet-diffuser coupling effects

5. BSeparation at pitch and yaw operation, and
6. General duct dynamics

Jeds' Exbaust Nozzle

Initial development tests of the exhaust nozzle were ac-
complished during 1961. From these tests & design concept was selected which
exhibited superior performance characteristics and a favorable trade-ofif be-
tween weight, material of construction and cooling. The development of the
convergent-divergent ejector type exhaust nozzle will Proceed through a combi=-
netion of scaled model testing and full scale component testing. The full
scale component test program is described in Section 5.1.2 of this report. A
summary of the scaled model test program is shown in Table II.

The model test progrem will utilize both full scale
test sectors and scaled models during the four test periods consisting of 55
test days and yielding approximately 254 test date runs. Development informa-
tlon to be obtalned will include (1) heat transfer design date and demonstrate
Teaplbility of ejector cooling concept, (2) investigate structural design in-
tegrity, and (3) determine the nozzle performence characteristic.

Temperature, pressure and air flow rotios of the second-
axy and primary air streams will be varied to bracket the characteristics of
any configuretion which mey be selected upstream in the secondery flow chennel.

Test facility surveys indicete that exleting test fecil-
lties at MIL-VN or NASA are suitable for the test program. Speclal test equip-
ment required includes e booster air heater of the vitiated type.
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3.1.4 Exhaust System Afterbody Optimization

The current system desi n requires that the cooling alr
used for airframe, air conditioning, shielding, and auxiliary envirorment
control be discherged overboard through the annulear sprce between the ex-
heust nozzle and airframe shroud. As shown in Figure 3, there will be four
air streams impinging within thig area: primary elr stream, secondary air
stream, airframe and auxiliery cooling, and vehicle external air stream.

Flow interference problems may develop during off-design operation affecting
auxiliary flow reguirements, nozzle performance, and drag.

Wind tunnel tests of 1/12 scale models will be accom-
plished in two series of tests as shown in Table TTI. Test objectives will
include optimization of the annular gap configuration between the exhaust
nozzle and airframe for the initial PS-1 design and the finel flight design.
Annulus temperature, rregsure, and bosttail drag will be determined.

Existing wind tunnel facilities, either commerical or
government, with simulatlon capability for the "on the deck" flight condition

ére avellable. Special test equipment in the form of air heater capacity may
be required.

3.1.5 Free Jet Nozzle Spillage Ratio and Starting Technigue
Tests

The model tests (Table III) to be conducted will pro-
vide design criterie for the flight engine ground test facility. The effects
of blockage of current proposed engine inlet d=signs on startup and cperation
of free Jjet nozzles will be determined. Engine inlet leads will be obtained
during flow transition from subsonic to supersonic. The test progrem will
include evaluation of the selectad Tluto/ﬁl&m inlet configuretion using 1/11

scale models with several free et nozzle systems having l:road spillage
ration .

Existing Alr Forcs facilities can be utilized for the
test program. Opecial test emquipment nesds include the frae Jjet nozules
and shrouds.

3.2 Component Test Frograms

Test proprams are defined for development of the following com-
ponents which meke up the Fluto propulsion system: exhaust nozzle, reactor
side suppert, inlet-diffuser, remactor axiel supports, controls, and the ailr-
frame auxiliary cooling system,
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The component development test plans presented in the next four
tables include documentation of the components &t the most severs operational
conditions expected in programmed flight to establish a high degree of compor
ent reliability, Additionsally, test conditions will be imposed during the
tests which will simulate several eventuslities which may occur during the
flight program. The eventualities include the following: inlet-diffuser buzz,
extreme g meneuver, operation at off-design condltions, extreme climatic cone
ditions, hendling and transport eccidents, and Treactor over-temperature, A
description of each component development test sres isg presented below.

3.2.1 Exhaust Nozzle

The convergent-divergent ejector type exhsust nozzle de -
8lgn which evolved from the scgle model program hes been selected for full
scile development test. The uncosted nozzle configuration must satisfy the
following requirements: (1) high performance (Cg> 0.98), (2) withstend 2600°R
€85 temperature and 325 pais pressure for an extended period of time, (3) with-

stend high ¢ loads, and (4) have remote coupling/uncoupling capability for re-
&ctor removel/instellation.,

The component development test areas of the exhaust noz-
zle include the primary duct wall and liner, the airframe cooling system, the
liner seal, the duct attach mecheanism (including the remote disconnect feature)
and the instrumentation required for determinstion of propulsion performance.
Proof tests of hardware required for PS-1, PS-2, and PFRT system test progrems
are &lso defined. The test brogram 1s shown in Table IV, The development test
program is shown in Table IV. The development test program outlined in the
table consists of 30 test weeks over a time gpan of approximetely 27 months
with completion during the first quarter of 1966,

Test facility surveys indicate the Tory IIC facillty
has the required flow capabllities. Special test equipment required includes
wn alr heater booster (2600°R tempersture and 2000 pps cepebility) and an eir
distribution menifold upstream from the test itam.

3.2.2 Reactor Side Suppo-t

The resctor side support system provides redial re-
straint of the reactor core during thermel cy~ling of the reactor. and during

vehicle meneuvers meintains proper alignment of the reactor with the exhrust
duct.

The development test program as defined proceeds in &
step pettern lnvolving individual spring component tests, full length sector
model tests, and full scele slice tests. The component tests wlll consist of
load-deflection and structursl evaluatlon of seversl candidate spring designs
under elevated tempereture conditions of 1200°F., The full length sector model
Wwill b~ used to determine pressure drop and hest transfer cheracteristics at
design mass flow (120 pps totsl) and temperature (1200°F). Approximetely 12
weeks of tests ylelding epproximetely 80 test data runs ere required for the
sector tests s shown in Table V.

NER
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Side support system dynamic behavior will be deter-
mined by vibration and shock tests of a full diemeter slice. The proposed
tests will be conducted at ambient conditions end with verious spring pre-
loads . Test conditions will include rendom and sinuscidal vibration inputs
up to 7 g's and cyelic differentigl pressure loading 1o simulate effects of
buzz condition on the core matrix and 8ide support system. The core metrix
will be of steatite tubas representing actual fuel element geometry ., Three

test periods involving a total of 12 test weeks, are requlred os indicated
in Table V,

Test facility surveys indicete several eXisting com-
mercial and Air Force facilities having the required capabilities are avail-
able for the side support system tests. Special test equipment required in-

cludes an air booster heater {1200°F) ang cyclic differential pressure simula-
tion,

3.2.3  Inlet-Diffuser

; The development test program for the inlet-diffuser is
divided into 5 phases which includes the air bleed system, the bypass doors,
variable geometry inlet, remote coupling, and proof tests of herdware for
PS=«1, PS5-2 and FPFRT system demonstration programs. The test Programs are sume
merized in Tables V and VI. A brief description of the tasts follows:

1. Bleed system - Eight test weeks ylelding 20 test
data runs at free jet flow conditions of Mach 2.5,
2.7 and 3.0 are required to optimize bleed slot
position and performence documentation. National
test facilities (OAL-Texas and Tory IIC-Nevada)
are availeble for the subject tests. Special
test equipment required includes fres Jjet nozzles
and shrouds.

2, Bypass door - Approximetely 9 weeks of direct-
connect test are indicated yielding ebout 25 data
runs to evaluate door size and flow characteristics,
decor functional operation under load, and struc-
tural integrity. National facilities indicated
under Item 1 above cen be utilized for the tests.
Special test equipment required includes & direct-
connect alr nozzle and booster alr heater,

3. Variebles gecmetry inlet ~ Development tests of the
cowl and transleting spike are required to deter-
mine inlet recovery characteristics at predeter-
mined spike positions; to obiain control parameter
date; and to verify structural integrity of com-
penents during inlet stert, unstart and restert
conditions. Approximately 10 free jet flow test
weeks in the Tory IIC facility are required which
is estimated to yield 27 data runs.
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L. Remote coupling - These series of tests involve
functional snd structurel evaluation of & remote
coupling device for the inlet which is required
for subsequent propulsion system ground documen-
tation tests. Static tests at expected opereting

pressures to prove the structural integrity are
required.

5. System proof tests.- Three test Periods in the
Tory IIC facility are required for documentation
of structural integrity of hardwere required for
the PS-1, PS-2 and PFRT test demonstration pro-
grams .

3.2.4 Resctor Axial Supports

Development tests of Lhe reactor axial supports will
be accomplished by a reactor contractor selected by the AEC, therefore, only
structural proof tests of hardware for the PS-1, PS-2, and PFRT propulsion
system programs are defined (Table VI), The axial supports consist of the
forwvard grid front support, the core tie rods, and the downstream base plates .
Existing Air Force and Nationel facilities are available for test use; how-

ever, 2 booster air heater (2550°R temperature capability)and load simulation
equipment is requir: . as special test equipment .

3.2.5 Propulsion System Controls

The functions of inflight propulsion system controls
include precise modulation of engine thrust and engine aerodynamics to fit a
programmed mlssion course. The controls must compensate for any varistions
from programmed thrust, sltitude, Mach number, @ngle of attack, and angle of
vaw. The control components while being subjected to elevated temperatures
and a nuclear environment must perform their function for extended periods of
time, possibly for 10-hour flight missions.

The major components which make up the control system
include the following:

1. Mechenical-pneumstic actuators and servo valves
to operate the reactor control rods, the bypass
doors, and the contraction ratio controller.

2. Inflight control electronic circuits and esso-
ciated sensors which supply the intelligence to
control the nuclear reactor during flight.

3. Ground contrcl system consisting of sensors and
electronic computing end control equipment to
start the nuclear reactor and bring it to & power
level reedy for launching.
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The proposed controls t=st program schedule is shown
in Table VII. The development test program consists of bench development
testing and environmentel test of the components., The development test mile-
posts include component development test phase completion by mid 1964, con-
rletion of flight prototype hardware tests by the end of 1965 and documents-
tion of flight type hardwere prior to pre-PFRT, A detailed description of
the component development test pheses is included in Reference 1.

3.2.6 Airframe and Auxiliery Cooling System

The airframe and suxiliary cooling system perform a
variety of functions within the propulsion system &nd the flight vehicle.
These functions are as follows:

1. Provides the air requirements for the pneumatic
actuator systems of the variable geometry inlet,
bypass doors, and reactor control rods

2. Provides the air requirements for the air condi-
tioning system located in the vehicle, and

3+ Supplies cooling air for the warhead shielding,
the airframe attach structure, and the exhaust
nozzle shroud and convergent-divergent sections

The air is scooped within the propulsion system dif-
fuser and is exhausted to the atmosphere at the aft end of the exhaust nozzle.

The development problems assccisted with the eirframe
and auxiliary cooling system include sizing of air inlet scoops and the ex-
haust passage to meet the pressure snd mass flow requirements cf the functions
listed above. Additionally, exhaust sys+*sm afterbody geomatry has a signifi-
cant effect on propulsion system drag end will requirs a sophisticated de-
velopment program. Initim)l development and concept selestion will be performed
with a scale model as indicated in tne model secticn of this repoxt. Full
scale development tests can best be accomplishied As pa-t of the diffuser and
exheust nozzle component PrOgrams .

3.3 Subsystem Test Programs

The purpose of subsystem testing is to demonstrate the compata-
bility of two or more developed romponents and to document subsystem perform-
ance and structural characteristics of the combined components . The subsys-
tems of the PLUTO propuision system are identified as follows:

1. Inlet, diffuser, bypass doors, and actuator systems for
varlable geometry and bypsss doors

2., Reactor cide support svstem, control recd essembly, and
exhaust nozzle

SEGRE-RESTRIGHEBDATA
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3. Nuclear reactor, control rod agsembly, control rod
actuator system, and exhaust nozzle

A summary of the planned test programs is presented in Table
VIII. A brief description of each subsystem program follows.

3.3.1 Iniet, Diffuser, Bypass and Actuator Systems

The subsystem test program involves documentation of
the variable geometry inlet, the diffuser, and the bypass doors with the
actuator systems which position the variable geometry inlet and the bypass
doors. The main purpose of these tests will be to verify the function and
response of the integrated components during conditions of inlet start, un-
start and restert. Additional test objectives will include documentation of
inlet performance, verification of selected locations of control sensors, and
the documentation of subsystem structural charscteristics . Backpressure
simulation of the reactor and exhaust nozzle performance will be obtained using
& pressure drop device and plug arrangement .

ihree test periods each of 6 weeks duration are required
yielding approximately 60 test data runs. The first two test periods will be
devoted to documentation of initial component development designs and the lat-

ter test period will culminete the development program with documentation of
the tinal PFRT/flight design.

The test objectives, test conditions, and the reguired
special test equipment are shown in Table VIIT. The indicated test conditions
were established based on the facility capabilities of MJL-VN and QAL-Texas .
Trese facilities have short run time capabllities; however, they were selected
lor these test series because of anticlipated scheduling problems in the Tory
ITC facility. If the testing can be accomplished in the Tory IIC facility,
then lower altitudes than indicated can be documented.,

The special test equipment which is required includes
the backpressure simulator, the Mach 2.5, 3.0, and 3.6 free Jet nozzles and
shrouds, and the test item support stand.

332 Reactor Side Support System

Froof tests of tk= full scale (lengih and diameter)
reactor side support system (and associated components ) are required to demon-
strate system dynamics and structural integrity under normal programmed f1ight
conditions of boost, gust, maneuver, and stares ejection loading.
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During the vibration tests, lateral acceleration at the
fore and aft remctor stations will be varied in end out of phase to simulate
englne structure whip., The sige support structure and reactor core should be
subjected to the elevated temperature environment (if practicable) expected
in flight during the subject tests, and for time periods equalling that in
flight. The proof tests will include vibration of the test item through the
g load range of 1 to 9 and a frequency range of 1 to 500 cpa.

The test item will include the reactor core, the pres-
sure vessel, reactor side and axial supports, the exhaust nozzle and the con-
trol rods (mounted in simulated diffuser sectlion). The reactor core will be
simulated using steatite tubes.

Comuercial test facilities are available for the vibra-
tion tests; however, capabiliities are limited. To meet the above test regquire-
ments, sheker assemblies will have to be added to exlsting ganged shaker sys-
tems. In addition, the vibration test facilities investigated lack the re-
quired temperature environmental capability.

3.3.3 Reactor, Reactor Control Rod Actustors and Exhaust
Nozzle

This subsystem test program will involve demonstration
tests of the reactor, exhaust nozzle, and the inflight reactor control system.
The cverall purpose of the test program will be to demonstrete reactor control
by the inflight control system. The demons’ration will include control systen
moduletion of reactor power level from the condition of launch to cruise power
while maintaining the reactivity below "prompt" critical and reactor tempersa-
ture at 2500°F. Additional test objectives will include documentetion of re-
actor performance using control system overrides and structural snd functional
evalustion of the flight type actuator systems. The detail test objectives
and test conditions are listed in Table VIII.

Two test program periods each of 6 weeks duration are
required for the subject tests. Tae latter test period which is shown

scheduled just prior to pre-FFRT will culminate the reacter development pro-
gram,

3. Integrated System Test Flanning

The PLUTO propulsion system test demonstration program was es-
tablished by the Air Force in mid-1962 and is rresented in the Air Force De-
velopment Plan for PLUTQ (Reference 2). The integrated system test programc
which have been scheduled include the following:

P5-1., To be accomplished 20 months after initistion of the
full scale program

P5-2, To stert 9 months after PS-1

SEEREFRESTRICTEEDATA
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PS-3. (Pre-PFRT) To start 18 months after FS-2
PS-L. (PFRT) To start 2: months after P3-2

A brief description of esch system test program and the plamning studles which
were accomplished during CY 1962 is presented below.

3.k FS-1 Program Plan

The purpose of the P5-1 test program is to demonstrate
successful operation of a ramjet engine consisting of a supersonic inlet, an
S-shaped subsonic diffuser, a Tory IIC type reactor, end an exhaust nozzle,
Test hardware will be flight type but not flight weight. Testing will be ac-
complished in the Tory IIC facility and test conditions will be restricted to
those avallable with current capabilities.

The detail test program objectives, test installatlons,
and special test equipment needs mre contained in Reference 1. The proposed
test run plan is shown in Table IX. A detail test run plan will be formulated
Jointly by the participating Air Force contractors end the AEC reactor con-
tractor prior to the test demonstration.

3.4,2 P5-2 and PS-3 Program Plans

Detail test program plenning for PS-2 and PS-3 has not
been accomplished to date. In general, the test conditions end test run plan
for PS-2 will be identical to PS-1. It 1s assumed at this time that, follow-
ing the Tory IIC reactor demonstration tests, an AEC reactor contractor will
be selected and assigned the task of designing and fabricating e flight proto-
type reactor. PS-2 will then serve as the test demonstration of an integrated
system of flight weight design utilizing this reactor. The test program will
be conducted in the Tory IIC facility.

The PS-3 pireogram objective will be the documentation of
integrated system endurance with flight prototype hardware. Test conditions
will duplicate typical flight conditions and expected flight operating times.
The new Air Force test facility will be used for the program, Successful
completion of the P3-3 program will demonstrate the system 1s ready for formal
PERT

3.b.3 PS-U (PFRT) Program Plan

The proposed test program plan is in general couformance
with the philosophy and intent of tests outlined in MIL-E-8223A Preliminary
Flight Rating Test for Ramjet Engines with deviations and additions to accom-
modate unlque and special features associated with a nuclear ramjet power
plant. The PFRT will be conducted in two parts: (1) full scale propulsion sys-
tem testing, and (2) component/subsystem testing. The PFRT program summary
1s presented in Table X.

RiG et e
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Propulsion system tests will include boost simulation,
high altitude performance and dynemics, boost takeover, letdown, low altitude
performance and dynamics, and low altitude durability. Subsystem PFRT will
include documentation of performence and endurance characteristics of the ir-
let, reactor, controls, reactor lateral support, and exhaust nozzle.

3.5 Proposed Trocedures for Acceptance and Qualification Test of
the Nuclear Ramjet

5l Acceptance Tests

Accepteance test procedures will, in general, follow
those deseribed in MIL-E-82224 (ASG) Acceptance Test for RemJjet Englnes, The
major deviation from the military specification is the elimination of the thrust
demenstration run. The radiation level subsedguent to a hot reactor run would
prohibit post test inspection &nd use of the englne for flight. The proposed
tests will inelude calibration of non-nuclesr components separately and cali-

bration of the engine system using & pressure drop simulator in plece of the
nuclear- reactor.

3.5.2 Qualification Tests

The qualification test program philosophy presented in
Reference 1 1s in general conformance with the military specification MIL-E-
82214 (ASG) Qualification Test for RamJjet Engines. The test program described
in the reference takes into account factors peculiar to nuclear power plants.
These include nuclear power plant trajectory times, the limitation on nuclear
component cycling, radiation hazards, and the post test inspection limitation.
Because of the above factors propulsion system tests are subdivided into nu-
clear and non-nuclear test phases. The major deviatlon from the military
specification is in regard to demonstration of propulsion system endurance.
In the proposed plan, system endurance will be documented in flight.
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4.0 PROPULSION SYSTEM GROUND TEST FACILITY STUDIES

b Facility Criterie Studies

As part of the 1962 contract, FEGTF studies were conducted and
the criteria were updated eccordingly. This updating reflected changes in
run time, alr storage system recovery time, PLUTO engine design changes, and
engine test planning revisions. The following discussions of the facility re-
vised criteris studies are excerpted from Reference 3,

k.1 Facility and Test Regulrements

At the beginning of the contract year, an evaluation
of the testing requirements for the facllity was made, and ground rules were
established which provided that the facllity shall

1. FProvide an independent Air Force test point while
sharing the Tory II Maintenance and Disassembly
Bullding and making maximum use of exiting Tory II
services

Utilize underground air storage and vitiated air
heating (finding results of the UAS Experiment
and Core Drilling Program)

3. Be capable of handling test engines to & maximum
of 63 inches in diameter

. Provide the following meximum operating condi-
tions for thle 63-inch dlameter engine

Mach Number Day Altituae EMass Flow | Duration
3.0 ANA Cold | 1000 ft 2585 pps | 90 minutes
3.0 YA Hot | 1000 ft 2300 pps 90 minutes
3.1 ANA Cold | Sea level | 3240 pps | 60 minutes

2. Be capable of handling a maximum equivalent of
1 full power 90-minute run every fifteen days

6. Be capable of free jet testing an axXlsymmetric
inlet configuration on engines of maximum diame-
ter

Have an open %:st pcint with provisions for re-
mote inspection of the test item but no provision
for remote maintenance or service shall be estab-
lished.
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S Air Supply System

Updating of the design criteria covering the test air
supply system was accomplished during the 1962 contract year to reflect re-

visions of the required test air flows.
sulted from revisions to engine operating
altitude, mass flow, test duration,

and other related criterisa.

The test air flow requirements re-
conditions such es Mach number, day,
The basic

areas of the air supply system affected were:

compressors, low pressure blow-

ers, alr storuge system, piping ard valving, and the heater,

4.1.2.1 Alr Compressor System

Study of the testing requirements of the PLUTO propul -
sion system, (that is, testing frequency and duration) changed the test air
Ccompressor system performance criteria. The basic requirements for the high
pressure compressor system were redefined as follows:

! Component or Function Requirement
| Alr Discharge, Average Capecity 8.L3 1bs/sec
Air Discharge Pressure 3800 psig
.Air Discharge Temperature 100°F
| Ambient Air Intake Pressure 12.5 psia
| Ambient Air Intake Temperature 85°F

| Compressor Type Reclprocating piston, multl-stage

]

ompressor Drive Diesel engine integral drive
Tompressor Horsepower (approx.) | 3760 ho total
|
“wmpressor Units, Quantity 3 min to & max
|
cmpressor Control Manual start and setpoint with
| ! automatic hold on setpoint
The compressors shall be designed io operate upains!
n'iruous 3800 psig discharge backpressure. This backpressure shall be
coentrolled downstream from the aftercooling system.

MAC AGT2
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In accordance with previous economic studies of al-
ternate compressor units, a diesel engine drive system was selected for the
compressors, and new requirements for the required fuel storage system were
defined. Pumping and piping requirements for the engine fuel system were de-
termined and included in the revised criteria. Figure 4 shows the general ar
rangement of the compressors, piping, and compressor building.

k.1.2.2 Low Pressure Blover System

For an "open" test point concept, the requirements for
low pressure test air would be revised as follows. The bunker, access tunnel,
and head house require filtered air ventllation for personnel. Also, the test
item requires approximately 50 pps of cooling air for extended periods after
each test run. This cooling air must be supplied by a low pressure blower sys-
tem, rather than from the high pressure test air storage system, in order that
reliable reactor after-cooling can be assured. Thus, the high pressure storage
System can be recharged for & subsequent engine test, and serve as backup to
the low pressure blower system in an emergency.

The low pressure blower system criteria specifies pri-
mary supply blowers for the head house. These primary blowers will supply fil-
tered air ventilation (at positive pressure) for the head house, tunnel, and
test point bunker. They will also provide intake to the secondary blowers lo-
cated in the bunker and used for engine cocl-down. Figurs %5 shows the test
bunker and arrangement ofthe equipment including the blower system.

k..2.3 Air Storage System

Design investigations for underground test air storage
bhave been conducted at The Marquardt Corporation. The general feasibility and
economic desirability of this type system has been established to the point
that detail design, construction specifications, and cost estimates were pre-
pared for a full scale duration during the current contract year. This work
solved many design and analytical prcblems subject to final design revisions
based on experiment and core drilling results. This part cf the program is
summarized more explicitly in Sectfon 4.5 of this report.

k.1.2.h High Pressure Teat Air Piping and Valving

Extensive inveatigation of piping syastems for economical
delivery of high pressure test air st distances of 2000 ft and greater, have
been performed by TMC. During the design of the Tory II test air system it was
determined that, for storage purposes, standard oil well casing provided the
most economical system. For the FETF, tke required velumes of stored alr are
far too great for an economically feasible ahoveground. high pressure, com-
pressed alr storage system. However, the high air flow rate required by the
test item suggested that the piping svstem utilize & number of these standard
high pressure oilwell casings rather than a single large air pipe. Economic
study confirmed this and the design criteria have been changed to multiple
pipes for air delivery to the test point. The bunker (Figuze 5) shows g sug-
gested array of 13 plpes, of 10 E/hninuh CD terminating in a plenum chamber
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tte test point bunker. The number of pipes vere determined from prelimi-
uazy studies of pressure drop during flovw and required total pressure at the
“est item. However, the criteris does not restrict the final design architect
engineer to this number of pipes, only the type and size,

Pressure control valve types were selected, and speci-
fied in the design criteriam, utilizing a multiple valve system in preference
to a single large pressure control velve., A large valve, capable of control-
ling the air flow control required for the FEGIF, presents difficulties in
flow sensitivity and response, whereas the use of several smaller valves, se-
quentially controlled, eliminates these problems., The design criteria were
changed to lnclude the multl-velve pressure contrel concept.

L,1,2.5 Test Air Heater System

Continuous high heat impact tc the test air is necessary
for the long run times planned for the FEGTF. An efficient, reliable, test
air heater system of the type shown in Figure 6. Deteils of the development

work done on this type of heater have been reported to the Air Force in Refer-
nees boand 5.

The design criteria were modified to include a vitieted
alr heating system with the followlug basic requirements:

{Test air contamination by rust or corrosion None 1
| Fuel Propene
;Total startuy time to "on line" condition 8 min max.

| Maximum air flow £800 pps
Heater exit air pressure 600 psia

| Inlet alr temperature 1100°F
EMaximum permissible pressure drop i 35 psi

| Duration L Continuous

4,1.3 Test Point

The "open" teosi point and bunker requirements, as
izscribed in the criteria, are shown graphically in Figure 5. The test
“unker, test air ducting, and test item orilentation will be such that the
test item exhaust will discharge to the northeast with a test item center-
lin2 azimuth of N 58° E.

Nuclear radiation from the test item imposes restric-
ns on bullding and other component spacing. Study of ground and equipment
Fimating and persomnel damage has shown that the "open" test poilnt must be
A minlimum distence of 1900 feet from the head house, alr storage system or

‘her equipment where exterior work must be performed. In addition, the

-+
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following features have been determined as necessary for the test point de-
ﬂ@,mdMwanMQMMinme@ﬂ@cnmﬂammﬁ:

1. The test point shall utilize the general topography
in such a way that the test item will be below the
naturel grade as much as neutronics and topegraphy
pexrmit (See Figure 5).

2. A concrete shielding wall shall Le located between
the test item and the bunker %o protect bunker
equipment from radiation.

3. Shielding shall attenuate nuclear radiation in
order to prevent exceeding the following:

&. During Test.- Control bullding, compressor
building and other support facilities shall
be left at distances greaster than LOCO ft
from the test point based upon limitations
of personnel whole-body gamme dosage to
2.5 mr/hr,

b. 24 Hours After Test.- Designated working
areas, protected hy shadow shield, shall
permit personnel occupancy with whole~body
gamma radiation limited to 1.0 mr/hr.

I Instrumentation and Controls

The criteria covering insirumantation and controls re-
quirements for the Flight Engine Ground Test Facilivy were updated during the
contract year based on changes in test air heater concept, pressure control
gystem and test air compressoo requirements. This revision effert is sum-
marized on the following inctrumsntation and contrel dravings .

Title Deswing No.
Instrumentation and Controls - Schemat.c 730262
Temperature Control Sys+:m (T, ) = Test 2ir
Supply System 2
Instrumentation and C:-%rols - Schematis 730263
Pressure Control Systen {(Py ) - Test Alr
Supply System Y
Instrumentation and “ntols - Schematic 730265
Raw Water System - Tast Air Supply System
Instrumentation 21d 7 %y s - Solapatie 730267
Vitiated Air Heater - Funl Supply System
Test Alr Supply System
Control Building = Plan and Elavations . Tm222
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4,2 Preliminary Design Studies

The studies conducted during the contract year were influenced
greatly by the change in test philosophy for the Pluto flight engine. A
closed cell type of test point was originally considered for the FEGIF based
on the requirement for & high utilization factor engine test fecility. Re=-
cent engine test planning sssumes that most of the component testing, inlet
and reactor controls synthesis, and flow stebllity and ilnstability determinee
tlons, will be conducted at the Tory IIC facility. Purthermore, short run
cnglne tests will be conducted at Tory IIC to develop & good confidence factor
rrior to the PFRT. As = consequence of this change in test philosophy and

planning, the primary purpose of the FEGTF now is for durability test demon-
stratlon and performence of the PFRT.

A PFRT-type testing program normelly consists of a relatively
few runs of long duration with a resulting low annual accumuleted run time.
With this consideration dominating the testing philosophy, an "open" test
point bas been selected for the FEGIF, rather than the "closed" cell concept
rreviously specified. The open test point, with 1ts bunker, access tunnel
and head house, is a testing system with inherent test item size flexibility.
The closed cell concept, with its borated water shielding eround the test
item, and support equipment outside the shield area, is better suited for a
heavy engine development workload where recovery from normal nuclear active-
%ion 1s eritleal to maintenance of englne development schedules.

The FEGIF arrangement studies have been made for test point,
control and alr storage system aress, For reasons previously described,
these studies have been predicated on the concepts of (1) an open test point,
(2} two underground air storage chambers, (3) a railroad car-mounted test en-
gine, and (4) vitiated air heating.

L.2.1 Cost Estimates

Test facility costing activities were initiated pri-
marily as a result of changes in testing philosophy, changes in size of the
test engine, and variation in anticipated run times, test frequency, and
support equipment and facilities. Cost estimates for T of the various al=-
ternate test facility concepts are presented in Table XI.

In addition to the cost estimating performed for the
alternate concepts of the FEGTF estimates were made of costs for modifying
the exlsting Tory IIC facility to meet the developmental testing reguirements
of the flight engine. Three air flow rates were considered: 1960, 2200, and
2230 pps. Also, run times of 15, 45, 90, and 180 minutes were included in
*he evaluations of costs for the three air flow rates. Tables XII, XIII, and
Y57 show in chart form the estimated costs of modifying the Tory IIC facility
{as defined during February 1962) to comply with these various testing re-
.olrements. Figures 7, 8, and 9 show curves of these modification costs.
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Tory IIC facility modification, that the necessary alr storage expansion
could be most logically accomplished by additions to the above-ground oil-
well casing system currently utilized. Figure 10 shows a schematic view of
the Tory IIC air storage casing expansiom.

k.3 UAS Site Selection Core Drilling - Phase I

During 1961 exploratory core drilling work was rerformed to
locate & site sultable for an experimental underground air s8torage chanber,
and to provide preliminary date that would aid in additional UAS site gelec-
tion investigation planned for 1962. The 1962 core drilling program, Phase
I, had a singular purpose: to B€lect two sites suitable for full scale under-
ground alr storage chambers at locations that would permit an economically
feasible aboveground air distribution system to the FEGTF. This site selec-
tion could be subject to minox movement as & result of the Phase II core
drilling programs that will provide documentation of the rock walls for rock
properties, fracture, and geppage. This latter phase must be conducted prior
to construction of the underground air storage chambers . The work performed
during the 1962 contract year (Phase I) was completed, and the results sub-

mitted in detail in Reference 6. The data rresented in this report are ex-
cerpted from that reference.

h.3.1 Initial Core Hole Locations

When the site was established for the experimental
underground air storage chamber in 1961, it was concluded that the rock in
that aresa Probably was suitable for construction of one of the full scale
chambers, based upon its inherent qualities. Consequently, the area was se-
lected as one to be explored as part of the 1962 Phase T core drilling pro-
gram. Because of the cost of the high pressure aboveground air supply piping
system necessary for the FEGTF, it was nighly desirable to locate the second
full scale underground air storage chamber as close to the first as practic-
able. Overburden involvement, however, prevents the second chamber {rom
being closer than about 500 feet from the first chamber., In addition, the
location of a site for the second chamber was further complicated by apparent

faults in the area and by a lack of geolopgical information due to the sparsity
of rock outcrops.

These considerations dictated the decision to establish
the first chamber area in the vicinity of hole TMC-1 and the second area ap=
proximately 700 feet SE of TMC-1. 'TIMC-1C was the first point of exploration
in this second area. Figure 11 shows the two areas explored during the Fhase
I Core Drilling Frogram, together with charted data of holes bered and total
depths of each hole.
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b.%,2 Geologleal Descripuion

The holes bhored in this exploration are charted on the
topograpnical map shown in Figrrze 12,

The easterly trending main access road to the TMC-1 and
TMC-10 sites is approximately in the center of an easterly trending dike lo-
cated scuth of TMC-1. All of the major northeast to northwest trending faults
in the area that cut the dike probably offset it -- thus geologic mapping
along the dike can detect positions of most or all of the major faults. This
mApping bas shown that two possible fsults approach the TMC=l area -- both of
these trend sbout N 20 to LO°W: one cuts the essterly trending road nesr the
TMC~1 access rosd and the other possible fault parallels the first and is
about 600 feet east of it (about 100 feet emst of TMC-12' I

To the north of TMC-1l, no convenient reference plane
such as a dike exists, and major faults sre more difficult to recognize from
suriace evidence. To establish the presence or absence of faults in this
arsa and their locations, if presenmt, could require a very costly drilling

prouyam. Therefore this area to the north of TMCw]l was avoided during this
drilling program.

If the second chamber site were to be located 600 feet
T 50 to the east or west of TMC-1. A major fault might be located between
tZe two chambers {axtensions of the faults that cut the main mccesas road).
Fault »ones tend to be kigh in clay content and normally contain intensely

brokan rock. Such s zone of week rock is undesirable in the vicinity of a
chambey site.

Because of the various considerations involved, the
ares iocated about 700 feet south scutheast of TMC-1 was considered to be the
mest promising to investigate.

An =8st trending igneous dike abnut 150 feet wide cuts
whie z2lea. The dike yock s younger “aan much or all of the bedrock in the
azea. Some of the earth movemenss that bave caused much of the rock fractum
ing i1 the ar=a may have taken place bvefore the dike wes emplaced. If this
was thre csse, then it was pnssible that the dike rock would prove, in general,
i=s3 fractured then the surrcunding older rosk. FHole TMC-10, the first hole
0 be arilled at the hole 10 site. is locafed near the north edge of the dike
outnrop and about equidisitant between the two afsrsmentionad north northwest
ti2nding faults.

h.%.3 Core Driiling and Logging
h.2.5.1 Coze Drilling
The <rws holas vera drilled using two skid-mounted
:riliing rigs. Thoree mud tanks were us=d for each of the drilling rigs:

a working tank of 150 gallons. snd hwe ressrve tanks with e total capacity of
00 gailons . Terilling clzsulation wae performed with a double acting mud
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pump that circulated approximately 00 gallons per hour. The drilling wus
performed with "N" drill rods and an "M" serles NX core barrel,

During the initial drilling of core holes ™C 7', 8,
11', 12', and 13, circulation water loss was & problem because of some hiiher
permeability zones encountered during the drilling. In the zones wherc lost
circulation was most rrevalent, cementing was used to reduce the water loss,
and in thosc casecs where cementing was not effective, casing was set through
the zone., Below 210 feet the water loss problem was not severe. Caving was
eéncountered in three of the holes: TMC &, 12' and 15" and in these holes it

was necessary to case completely through the caved zones in order to complete
the core drilling.

The wear on the drilling bits was moderate and in most
cases over 100 £t of coring was accomplished with each drilling bit before
the diamonds required resetting.

The vertical deviation of the core holes was less than
2° from vertical in each case, determined by the use of acid tubes run to a
depth of 500 feet in each of the holes.

4.3.3.2 Core Losging

The cores recovered from the core holes were in general
of sufficient lengths to permit good sample testing. Documentation of the
data during core examination was made on & special form developed for the
Phase I drilling program for purposes of standardization. Extreme detail in-
cluded in the core logging was necessary to #ather sufficient data on the
rock units for correlation with rock units in adjacent holes and also to
gather suitable data for use in the detall design of the full scale UAS
chambers , During the core examinations, emphasis wasg Placed on observations
of (1) the fracture intensity and dip, (2) the materials in the fracture
openings, and (3) rock alteration.

U304 Core Test Results

Complete stress-strain curves in both axial and
peripheral directions were generated for selected rock samples. These curves,
with identifying core holes and rore hole depths, calculated modulus of eles-
ticity, calculated Poisson's retio, and ultimate compressive stress are pre-
sented in the core drilling report (Reference 6). A summary of these results
is presented in Table XV.

L.k Underground Air Storage Experiment

L.y Objectives

The Underground Air Storage Experiment was performed
for the purpose of obtaining data on the performence of a hizh vressure metal
lined underground air storage chamber and the surrounding rock. This experi-
ment was loceted in the 401 Area of the Nevada Test Site. The information

SEERFF-RESTRICTED-DATA-
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thus derived will be used in determining the feasibility of utilizing a simi=-
lar, but larger, air storage chamber to satisfy the air supply requirements
for ground testing of the PLUTO nuclear ramjet propulsion system. Included
in the experiment detail report are the geophysical studies made of the LO1
Area, design of an underground air storage pilot chamber, its instrumentation,
techniques of construetion, experimentel data reduction and analysis, and the
results and conclusions derived therefrom. New and unique rock liner theo-
retical anklyses are presented and performance of the rock under pressures to
2500 psi are quantitatively defined.

h,h,2 Pilot Chamber Design

The underground air storage experimental chamber was
designed and installed during 1962 to simulate as nearly as possible the rock
ilozding conditions that will exist with the full scale chamber &t the maximum
operating pressure of 3600 psig. The rock loadings result from vertical forces
“ending to lift the top from the chember, and from radial forces (acting per-
pendicular to the liner) that tend to compress the concrete and rock. A com-
piete description of the experiment ineluding obJectives, results and conclu
sions will be found in Reference 7, "Underground Air Storage Experiment". The
following are excerpis from Reference 7:

The storage chamber cavity requires a means for preven-
ticn of air leakage into the surrcunding rock structure, and this was accom-
p.iished by fitting the chamber with a thin liner of.steel. Because of this
possibllity that inadvertent leakage fram the liner could create an external
backpressure that would collapse the liner during blowdown, a leskage air
vent system was designed to relieve any pressure buildup to aboveground at-
mosphere. Figures 13 and 14 show a simplified schematic of the experimental
cvamher (liner laak vent piping is not shown, but anchor leak vent tubes are).

To measure the effect of air pressure forces on the
~.ner and surrounding rock s*ructure, an instrumentation system composed of
strain, pressure, and temperatuze gages was utilized. These gages were in-
s'alied on the liner surfacss and embedded in the surrounding rock structure.
An exte=nsive data recording system was installed for use in subsequent anal-
v21i3 of +he measured data.

Lh,2.1 Anchor System

To resist the vertical forces developed during pres-
surization of the chamber, a tapered plug-type anchor was designed of high
itrangth concrete with & system of 8lloy steel load transfer rods included.
“xls anchor uniquely distributes the vertical forces equally into the chamber
© Kk walls and overburden structure. The anchor 8lso serves as an effective

*v.acement for the rock excavated during construction of the chamber. The
“o%2l upward thrust of 11,309,000 lhs to be resisted by the concrete anckor,
Lts from the HOOO psi meximum chamber pressure acting on a 5-foot dlame-
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T lcad trancier »ods serve two purposes. Rod
preload develops compressive sTrezses in the con're4e +hat must he balanced
out before the rencrete -an become loaded in shear, and secondlv the rod

er of ~re vertical leaAd:

system results in *.ansf ic As from the chamber hy tension
in the rods and thence to the wall: of +he an-her cavity,

Lh,2.2 Chamber

The experimental chamber was designed to approximate
the full scale chamber in penernl configoration and compenents. Both the
full scale chamber and the pi.ot chamber have a transition section extending
through the concrete anchor, a conical section, a cylindrzcal section, and a
lover hemispherical end. The pressure seclion which i1s below the concrete
anchor 1s of thin steel material acting as a chamber seal, The gteel used
in the experiment linew required a high yieid point, the porpose being to al-
low considerable stretch within its elastic limit. ™he material used for
this liner was U.3. 3teel T-1 which satisfied these above reguirements for a
high yield strength,

L

A liner design provided for a thin shell in order
vasist the majer portion of the pressure
loads. MNo reinforcing sieel was used in the concrete surrounding the chamber
liner inasmuch as one of tae brime purpoaes of the sxperiment was to determine
the action of the »ock andi -~ n-vers dwring chamber pressurization. The pres-
ence of relnforcing steel would at¥e ' the +vanefer of +ha rressure loads in-
to the concrete and surrounding wocy

x

~om
=
—

that the surrounding ro

The nezzle secticon exteniing through the concvete
anchor was designed to withs%anl Sn,l ~ramre- pressure without transfer of
radial loads into the suzy r9ing - v 20 and rock structure.

e

thiz r~hamber linexr could

te serizus 17 no provision wor: m Voids in *he rock sur-

rounding the chamber ¢ 4~ o r-e-van v 1 1 : with high pressi a1y,
luring pressuriza*ion of *ve cbambe  ipd suc e gaent teen Fon o boowdown
of the chamber during '=.1. 'i= -~ irh pressuza air in the -ock 5owould pro-

vide an unbalanced pracsurs n ovne chamter Liner sxte-ics and tapse Lt
h 1if across

ssive vertical lcad.

Tthermore, air lcakares fiom + e 1 nev might 8,5~ distrituta

the bottom surface of *he an T oond creaTe an exs

oo ven Jolem was designec to eliminate these pog-
sible high backpressuves, Fm= <-4 . the ~oncrete surrounding the chambex
liner, a manifold and feeder sv-tem was instalied to rather ieakage air,
Twelve vent plpes weze insta icxete anchor extonding from 1ts
rortom sgus face 9 the at nher mass. The liner vent
manifold systemn was - -ppec-es o ftiw et or gt “he

a3 in *hre

L% -[)::-a irova *ha

--nte

Gl oZuloailngg to

measure flows resuiting foom vhe piinoy foactures or pin holes in the chapher
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liner. The twelve 1 1/2-inch dlameter pipes in the anchor mess were designed
to relieve a pressure buildup on the bottom surface of the anchor resulting
from & mejor rupture of the liner.

L.h,2.% Instrumentation

The pressure chamber below the anchor was instrumented
to measure changes in liner diameter and circumference when pressurized. By
knowing the change in dieameter of the chamber, the deflection or change in
displacement of the external rock adjacent to the concrete can be determined.
Comparing these chenges with the sirain data from the gages cast in holes
bored radially in the rock, the behavior of the Tock can be determined to a
depth equal to the depth of the instrument holes.

h.4.3 Chamber Liner Fabrication

The liner detall design and chember liner specifications
wexre completed during December, 1961 and @ fabrication contract was awarded
in early 1962. Fabrication of the liner was completed on May 2k, 1962. Fig

uxe 15 shows the completed liner prior to installation of the instrumentation
syetem.

L Ingtrumentation

The data acquisition system designed for the Underground
Air Storage Chamber Experiment was composed of three ma jor divisions: (1) the
chamber liner instrumentetion, (2) concrete and rock instrumentation, &nd
{3) leak system instrumentation.

L4, 4,1 Chamber Liner Instrumentation

Strain data from the chamber liner were of utmost im-
rortance and BLE foll type strain gages were used both for active data ac-
quisition and temperature compensation. A predetermined, carefully calcu-
lated patiern was established for the location of the gages at 6 different
imvels 1n the chamber liner and arranged circunferentially to give an evenly

distiibuted overall strain picture. Figure 16 shows typicael locations for
Liner goges.

An extensometer system was utilized for axial and
diametral growth measurements of the liner. The system consisted basically
of *elescoping rods which transmitted their relative displacements through
Linear potentiometers.

The measurement of temperatures within the cheamber
~2n2r was required of the experiment, and two sets of gages were provided
fio ihis purpose. These temperaturs gages were the strap-on type, with each
62 installsd thet one gage of each set measured air temperature and the

nLher gage measured adjacent metal temperature.

o
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Trensmission of the strain and temperature chEe signals
from the high pressure chamber ares to the external atmospheric pressure area
wag accomplished by specially developed Conax fittings. These fittings, aiter
installation, were pressure tested to 6000 psig for evidence of leakage.

L.h.h.2 Concrete and Rock Instrumentation

To measure the strains and temperatures within the con
crete mass surrounding the chamber liner, strain gages were encapsulated in
Hydrostone and embedded in the concrete mess. Strain and temperature datsa
from the surrounding rock structure were gathered through a system of instru-
mentation probes inserted in radial core holes. Five core holes were drilled
radially from the liner chamber excavation and two core holes drilled radially
from the anchor chamber excavation. The instrumentation probes were grouted
into the core holes with a water resistant grouting material called Hydromite.

A total of 6L gages were used in the concrete and rock
measuring system. Because the strain gages were not of the self-compensating
type, 1t was necessary to provide dummy geges for temperature compensation.
The designed system provided for 6 dummy geges to be located in brass tubes
isolating them from pressure and strain effects.

L4 .43 Anchor Instrumentation

Three rods in the anchor rod system were selected es
representative for strain data acquisition. On each of the three rods =
full bridge, temperature compensating, strein gage was mounted. Two re-
sistive strap-on gages were embedded in the anchor concrete adjacent to the
rods for temperature information.

4. bh Lift Indicators

To measure any appreciable physical 1ift of the chamber
liner of the surrounding chamber overburden, a system of draft gage indica-
tors were used. The indicators were located in the control room and connected
by tubing to liguld containers mounted on steel rods extending downward in
one case to the chember transition section, and in the other case to the comn-
crete collar at the top of the chamber access sheft. The draft gages vere
designed to register liquid level changes in the respective liquid containers.

L.4.h.5 Leak System Instrumentation

In order to measure chember liner leakege, a flow
measuring system was designed. Leakage air wes gathered by lesk pick-up
pipes, manifolded together by & common pipe that ran to the flow measuring
system located edjacent to the control room., The flow measuring system in-
cluded an orifice plate and a system of differential pressure measuring
transducers snd temperature probes. To check out the leak vent system, it

C_ENERGY ACT 0
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was necessary to design a pressure supply nd flow measuring system to simue
late liner leakage; consequently, a piping, flow measuring, and valving system
was provided to permit introduction of high pressure compressor air into the

concrete structure surrouwnding the liner so thet the leak vent system could be
checked for functional rellability.

b k.5 Test Site Construction

b.k.5.1 Construction Program

The construction phase of the experiment extended rough-

1y from 2 April 1962 to 30 September 1962, and consisted of the following major
items:

1. Excavation and grouting

2. Rock instrumentation installation
3. Chamber liner assembly installation
4. Concrete placement

5. Piping installation

6. Recording equipment ingtellation

The chamber access shaft was excavated at an approxi-
mate diameter at & feet to the top of the anchor cavity at the 158 feet level.
At this level, the excavatlion widened to provide room for the anchor, and
then continued downward to the bottom level of 136 feet. Wire mesh, planking,

and rock bolts were utilized to retaln the rock loosened by blasting and by
previous earth movements &and contractions.

At the excavation depth of 158 feet, hardened ground
water was encountered, and pumps and grouting were required to control the
weter from thet level to the bottom of +he excavation. As the excavation
depth increased, the water seepage into the chamber cavity tended to increase,

and pressure grouting was utilized to fill the rock gappage and minimize the
water flow.

The instrumentation for determination of rock involve-
ment depths, rock stralns and temperatures followed the excavation for the
chamber. Core holes were drilled radially from the chamber and anchor cavi-
“:i=s, and the instrumentation prcbes were installed and grouted with Hydromite.

Upon completion of the core hole instrumentation in-
=tgilation and electrical connections, the chamber liner assembly was lowered
into *h3e cavity and supported on temporary supports at the top of the transi-
*.ien gsetion, The 2-foot thick space between the chamber liner assembly &nd
= work walls was then filled with high strength concrete. The concrete
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bours were mainly consecutive cnd cold Joints were kept to & minimum. When
the bottom of the anchor chamber level was reached, the concrete pour was
continuous to the top of the chamber. The anchor rods had been previously
installed in the anchor chamber, When the concrete had reached its twenty-
elgth day value of 6000 pai minimum, the anchor rods were tensioned in ac-
cordance with a preset pattern to meximum lomds of 53 tons each.

The alr pressure plping and vent system piping were
installed at the completion of anchor rod tensioning, the air conpressor
system was installed and checked out, and the air flov meters were installed
and checked out. At the same time, recording equipment for recording strain
gage readings, pressures, temperatures, anchor 1ift, etc. were installed in
the control building. The instrumentation and date recording system were

checked out and the pilot chamber experiment was basically ready for the
test program.

L.k.5.2 Geology Determination and Water Survey

: As part of the Underground Air Storage Experiment, the
folloving activities were included:

1. An investigation of the fractures in the chamber
rock walls

2. Lithologic logging of core holes drilled radially
from the excavation

3. 3Stress strain curves of rock cores obtained from
the core holes

4. A survey of ground water in the excevation area,
These activities are reported in detail in Refer-
ences 8 and 9

L.4.5.3 Instrumentation Hole Core Tests

Cores removed from the instrumentation holes for the
strain gage probe assemblies, were tested at a laboratory to determine stress
strain curves, modulus of elasticlty, Polsson's ratlo, and ultimate stress
of the unconfined rock samples. The complete curves, a.d related datae, are
included in Reference 7. Table XVI presents & summary of these data.

4 .k.6 Test Plan
The detailed test procedure was developed and medified

through the early part of the experiment design and finalized prior to start
of the test program. The test objectives are as follows:
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1. Determine the zone of involvement

2. Determine the rock performence (in etrain) within
that zone

3. Determine which rock-liner theory most closely
fits this rock performence

4. Calculate the minimum effective E from experiment
date and the above selected theory

5. Compare this E to the minimum core unconfined E in
this area

6. Determine the veriation of effective E with rock
pressure

T. Assess liner performance renge; i.e., elastic or
plastic

8. Measure anchor 11ft vs. chamber pressure

9. Measure chamber overburden 1ift vs. chamber
pressure

10. Determine leek vent system collection capability
with simulated lesk pressure, messuring any lesk
flows through vent system

11. Assess concrete and rock creep characteristics
under static loading

12. Messure performance of archor rods
13. Determine effects of eycling upon rock and liner
T ¢ Test Results

Y471 Zone of Involvement

The zone of involvement has been determined from radial
strain vs. distance log-log plots. In the rock around the eylindricel portion
of the pilot chumber, based on 1 percent of the at-the-liner strein, the zone
of involvement vas determined to be 8 chamber radii. For the sphere, this
zone i1s 3.6 chamber redii.
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L.,4.7.2 Rock Performance

The performance of the rock surrounding the pilot
chamber has been shown to conform very closely tc the theoretical model of
the semi-Infinite elastic thick walled cylinder (in the rock surrounding
the cylindricel portion of the chamber ), and an elastic thick walled sphere
(in the rock mdjecent to the hemisphericsl portion of the chamber). The
variation of strain with chamber pressure hes been established. The changes
in slope of the log-log plots of radiml strain vs. distance indicate that at
about 1000 psi some phenomenon occurred in which the rock became more com-
pect or rigid with pressure., Because of the general agreement in these dats,
it is postulated that the rock must have displaced (that is, moved without
corresponding changes in strain) with incresses in pressure. This displace-
ment while significent at pressures to 1000 psi became insignificant when a
pressure of 1500 psi was exceeded. The fact that these changes in slope oc-
curred along the horizontal, or nearly horizontal, probes and did not occur
along the verticel probe (probe E) leads to the conclusion that the nearly

vertical fractures in the rock were the causitive factor, and these fractures
closed at relatively low pressures.

The concrete appears to heve broken in tension at
relatively low chember pressure and then, with increase in pressure, compacted
to act more as a fluid than as e series of rock prisms. If this were not so,
the slope of the pressure-strain lines should have decreased, not increased.
To further check this conclusion, the chnage in radius was divided by the
change in liner strain, to give an apparent liner radius. The results showed
that at low pressure this redius was sbout 30 inches (which it should be) and
the apparent redius increased with pressure to about 40 inches at a pressure
of 2500 psi. Hence, the first 10 inches of the concrete must have subjected
& more or less hydrostatic load to the surrounding concrete and rock.

The fact that the pressure-strain relationship at the
hemispherical end had a slope of about -3, and the slope at the cylindrical
section wes sbout -2 lemds to the conclusion thet the effectlive E (modulus
of elasticlty) of the rock should be computed from the relationships for a
thick wall pipe around & cylinder or sphere.

b.4.7.3 Effective Moduli

Local effective elastic moduli in compression have
been computed from the experimental date utilizing the above rock liner
theory. These moduli heve been found to reflect the fracture gappa.ge
existing around the pilot chamber. Although 14b 10-foot long holes wvere
bressure grouted, an exsminetion of cores recovered from the instrumentation
bore holes indicated an average filling of fractured geppage of only epprox-
imetely 25 percent within the zone of involvement of the chsamber. The cal-
culated locel effective E's were compared with the unconfined laboratory
tested E's for the mction strain geges and the calculeted effective E's were
found to be roughly one-third thet of the laboratory tested E's,

~ATQMIC ENERGY ACT OF 4951
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b.h.7.4 Cycle and Endurance

Tue to rupture of the lirer at 2560 psi during the
first pumpup, creep and cycling rock data could not be obtained.

L.L.7.5 Anchor

The anchor, &s desigoned for the pilot chamber, per-
formed satlsfactorily during both the pumpup and the blowdown immediately
following liner rupture. During this latter blowdown, the bottom of the
anchor plug developed an estimated upward thrust of between 10 and 22 mil-
lion pounds without evidence of apprecisble vertical trenslation. Two
cracks appeared in the anchor concrete (possibly owing to bending stress)
but these did not appear to adversely affect anchor performance. Vent tubes
in the anchor released the air pressure to the access shaft. Any minute
anchor movements that possibly occurred during the experiment were below the
sensitivity of the draft gage system employed for this monitoring.

b 7.6 Leak Vent System

Upon liner fracturing, the high pressure air escaped
through the annulus between the chamber and the rock and on upward through
the anchor plug vent tubes. The pressure sensors I1n the leak vent manifold
system, radially monitoring close to the liner, registered no appreciable
pressure. No flow of air was measurable through the leak vent manifold and
pipe. Overall adequecy of the lesak vent system design was indicated by the
sdequate venting of the high pressure alr to atmosphere upon liner rupture.

k.4.7.7 Concrete

The use of (,000 pounds of concrete, the mixing, water
control, techniques of distributing, and timed stinging proved adequate in
iimiting shrink, since experimental date indicate that the radial shrinkage
of the concrete was limited to no more than 0.007 inch.

L.4.7.8 Liner

The weldability and fabricsbility of the T-1 steel,
selected for the pilot chamber has proven adeguate. Its relatively high
ratio of yleld point to elastlc modulus geave assurance of elastle perform-
ance over a greater range of strein then other field-weldable materials
could provide. In addition, due to the very low strain rate resulting from
the slow compressor pumpup inherent in UAS chamber operatlon, the T-1l's
creep characteristics were surprisingly good. It stretched, during the ex-
periment, to an equivalent elastic stress of 156,000 psi, although its yleld
point is rated at 100,000 psi normally and its ultimate strength is 115,000
to 135,000 psi.

AFOMLCENERGY_ACT OF 1954
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b.b.7.9 Coded Upper Vessel (Transition Section)

The heavy walled upper vessel design performed satisg-
factorily. Imstrumentation renetirations performed ag designed. The T-1
steel head, welded in the field to the thick walled T-1 upper vessel, per-
formed satisfactorily.

4.4.8 Conclusions

The Underground Air Storage Experiment has Provided
unique and detailed deta on the high pressure performance of a pressurized
chamber. It has confirmed the adequacy of the design of the anchor, air
venting system, and upper vessel. It has identified the performance charac-
teristics of the rock, quentized it in a theoretical and mathematical model,
and has permitted prediction of the zone of Involvement. The experiment has
indicated adequacy in the design of the overburden depth to both anchor and
Pllot chamber and has confirmed the existence of a good margin of safety.
From the radial strain-distance cwrves, the experiment indicates that the
fracture gappage unique to the pilot chamber rock regime has hud & signifi-
cant effect upon the calculated effective rock moduli (EB)‘ If these moduli
were used for the big chamber, the big chamber would be penalized, since its
surrounding rock regime has significantly lower fracture frequency (2.2
fractures per foot vs. G.9 fractures per foot) and fracture gappege is known
to be tightly eclosed as compared to the l/32~ to 1/16~1nch in the pilot
chamber regime. In order to utilize these effective rock elastic moduli
for full scale chamber design, « study should be made of quantitative ana-
lytical methods which can be used to correct these moduli for the effects
of the pilot chamber's unique rock crackage. When this has been done, the
resulting E's may then be compared with the unconfined laboratory K's for
both the pilot and big chamber rock regimes . This comparison should result
in & remlistic effective modulus of elasticity for use in predicting the
performance of the liner of the full scale chamber.

k.5 Underground Air Storage Chamber

Investigations and preliminary design etfort have been
conducted by The Margquardt Corporation in the underground storage of high
Pressure air. The 1962 contract requirements involved the detail design,
analytical work, cost estimate, and specification preparation necessary for
& high pressure underground air storege system.

The besic criterie to which the detail design was per-
formed are as follows:
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Usable Alr (2 chembers)

Alr Storege Pressure

Minimum Discharge Pressure

Minimum Temperature of Discharge Air
Maximum Air Flow Rate (2 chambers)
Chamber Volume (total 2 chambers)
Chamber Liner

Vertical Thrust Anchor

Air Discharge 3ystem
Chamber Overburden Factor of Safety

Chamber Separaticn Overburden Factor
of Safety

Anchor Emergency Overburden Factor
of Safety

1k, k2k,000 1bs
3,600 peig
800 psig
Q°F
5,000 pps
1,236,000 cu ft
Steel

Reinforced Concrece
Conical Plug

Multiple 011 Well Casing
20

15

10

4.5.1

Liner Design Assumpt_ons:

In situ minimum rock E = 1.5 million psi
Folsson's ratio of rock = 0.2

Maximum Chamber Pressure

300C psi
Elastic modulus cf liner = 30 million psi

Elestlc rork performence

Liner to operate elastically (i.e., liner hoop
stresa,crﬁ, must be less than yield point of T-1l--

100,000 psi minimum)

See Reference 7

7: Marquardt Report FE 272-T, pp. 92

through 94, parsgraph 12.2.1 Elastic

Analyeis, equation (U).

~SEEREFRESTRIGTED-DATA—
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L.5.1.1 Additional Design Features

1. Leak vent and monitor system
2. Internel support and maintenance structure
3. Inspection cage
L. Surface skip frame and hoisting equipment
5. Blow down sized for maximun flow
6. Reparable via dental work and liner weld patching
{+ Dewatering of rock s&round chember - deep well pumps
8. Rock grouting program
7. Loceted in 40l Ares, Neveda Test Site
10. References 10 and 11

L.5.1.2 Detail Design Dravings

A total of 66 drawings were made on the detail design
of the underground air storage chwmber. During April 1962, preliminary plans
and specifications were submitted to the Air Force for approva&l prior to &
final detail design effort. These plans were approved by the Air Force, and
returned to TMC in June 1962 at which time detmil design was started.

Of the total number of drawings generated for the cham-

ber detail design, 3 provide = good general degcription of the chamber and
appear as Figures 17, 18, snd 19:

L.5.2 Underground Air Storage Analyses

4.5.2.1 Chamber Design Computations

Complete and detailed design calculations were per-
formed covering the underground air storage chamber system. The major
phases of the calculstions program included: shape and size investigation,
liner and liner support structure, concrete anchor plug, rock excavetion
and analysis, access shaft, piping, internal steel siructure, hoist cage,
tower, and the buildings. The program results were compiled and submitted
to the Aly Force in Reference 12. Rock-liner performance theories and their

corresponding mathematical models, fully described and interpreted, are re-
ported in Reference 7.

SECREFRESTRIGTED-DATA
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4.5.2.2 Chamber Liner Materisl

During the detail design drawing phase of the Under-
ground Alr Storage chambers, a meterisls selection investigation was con-
ducted. The investigation centered basically on aluminum, steel, mengenese,
and titanium alloys, with weldability versus yield strength of nma jor impor-
tance. Table XVII lists some of the materials, their various properties in
perent material and welded materisl, and a generated rating factor based on
¥ileld stress in welded meterisl and modulus of elasticity. Figure 20 is a
graph of stress vs. strain for 2 materials (T-1 and 6061 Al. Alloy) with a
superimposed strain abscissa corresponding to a radial increase of 2 inches
in a 63-foot diameter chamber. For liner operation within the elastic limit,
T-1 steel is indicated, since a liner of this meterial would permit greater
strain (inch per inch) before reaching its plastic region.

k.53 Cost Estimate

A complete cost estimate and breakdown was prepared
Zuring the latter stages of the detail design. The estimate was prepared on
“Ye basis of two alternate approaches. The first alternate was for a single
“hamber thet would meet the requirements as defined in Section 4.5, The
zecond alternate wag for 2 chambers constructed simultaneously, and would
catisfy a possible requirement for twice the running time of 45 minues or a
Total of 90 minutes.

The cost estimate was based on current materisl and
labor costs, anticipsted adders necessary for construction at the Nevada Test
5ite 401 Ares, a nominal 6 percent contingency, and an estimated escalaticon

of 4 percent for a 1 year pericd. The estimate was presented with the folw
~owing main sections:

1. Summary Tetal Costs

2. Tndividual Cost YlLems

3. Shift Costs and Subcontractor Costs
k. General Plant Costs

5. Generel Expense and Overhead Costs

The totsl estimated congtruction costs for 1 and 2
chamher programs are $9,176,047 and $18,190,163, respectively.

) The estimale was submitted to the Air Force during
Loher 1962, Reference 13.
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b.5.b UAS Chamber Specification

A construction specification was prepared covering the
underground air storage cheawber as designed. The specification was submitted
in rough draft form during April 196Z, approved by the Air Force, and finalized
and resubmitted in final form during November 1962, (Reference 1k).
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IABSLE I

TULET MODEL TEST PROGRAM SUMMARY

'Number!
Model Date Time of { M x & Test Objectives
1 Runs °© 47 °© 2
T i
1/11 Scale Oct. 1962 | T test 20 | 2.5 to[0° to|0° to| (1) Obtain drag data
(Langley ) days | | 3.6 5° 5° | (2) Flow field suxvey
/3 Scale Oct. 1962 5 test 8 | 3.0 | ©° 0° (1) Evaluate reactor dynsmic be-
(Free jet) days | havior
(MIL) n (2) Inlet bleed study
(3) Control parameter data
(4) Tnlet performance
i i e ) i ]
£.15 Scale Dec. 1902 | 10 test 50 2.4 to 10° to [0° to [(1) Inlet bleed study
{ Ames ) days 36 | 8° 5° |(2) Canard deflection effects
; (3) Inlet performence
1/11 Scale June 1963 | 10 test 60 2.4 to |0° to {0° to |(1) Evaluate inlet spike and cowl
dmys 3.6 5° 5° geometries
= Sept. 1963 | 10 test 60 (2) Off design contraction ratios
il days | (3) ZInlet performance
0.15 Scale Aug. 1963 | 10 test | 40 2.4 to |0° to {0° to [(1) Evaluate Tory IIC lines
(Tory IIC) days 3.6 5° 5° |(2) Inlet boundary layer gutter
(Ames } height
i (3) Bypass door operatiocns
- ; (L) ZInlet performance
1/3 Scale June 1963 |5 test | 10 2.70 o° 0° {(1) Obtain inlet control parame-
(Free jet) days | g ters
(MTL) | i (2) Duct dynamics
_ ‘ | (3) _Inlet performance
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TABLE I (Continued)

e e et e i o - i
3 ’ Numbex l I
:‘ Modiml . Date Time of M %, /62 . Test Objectives ;
e a4 JRups e e e
0.15 Scals | Fab. 1G64 10 test 30 2.4 40 [ 0° to [0° to {{1) Incorporata subsonic diffuser l
(amms ) | days 3.6 5" 5 lines [
- (2) Bypess door duct dynamics
(3) Inlet controls
. IS SUS N |(%) Tnst performsmce |
1/3 Scal= Aug. 1964 10 test 80 0.6 t0 {0° to |07 t0 [{1) Traosonic inlet performance !
(Ames o days 0.8 5o 5° {(2) Incovporate model configura- |
AEDC | 2.4 tn tlons from previous tests {
3.6 (3) Inlet performance
/3 Stal~ Feb. 1965 |10 tast 30 20 40 J0° %o |0° 2o |(1) Incorporates August test re-
{Ames or davs 3.6 8° 5" sults
AEDC | (2) Finel inlet test
BN (N . . e fl3) Inlet performance
/11 Seale Max-May 30 tast | 160 3.0 - -« [(1) Define minimum spillage
¥ram jet nog- 1963 days ratio
zle optimiza- (2) Define maximum sltitude for
tion _L free jet testing of PS-1
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TABLE IT

EXZA ST NOZZLE MODEL TEST PROGRAM SUMMARY

Nozzle sactor
heat transfer test -
full axial scal~

structural and
performance

D N 'N’&n’b‘c}""_'“_""" T
Date Time | of Tast Conditions Test Objectives
e b | Runs
Nov. 1961 | 15 days b PR = 2 ~ 30; Evaluate thrust coefficient,
WS/WP =0 - T% discharge coefficients, ef-
fects of secondary cooling on
performance and to obtain noz-
zle drag data i
July 1563 | 17 days 60 PR=2-20 Document nozzle coupling and
Wg/W_ =2 - 8% |verify off-design heat trans- |
Dec. 1264 | 10 days Lo VaryPT 7 fer analysis - two dimensional
Ty TE wait
Nov. 196k | 15 days 60 Sare Experimentally evaluate cool-
| ing, drag and structural in-
I tegrity and exhaust system
performance of optimized
axisymmetric system
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VIV OIS -3

TABLE III
MISCELLANEOUS MODEL TEST PROGRAM SUMMARY
I T !
1963 1964 P 1965 1566
Exhaust System Afterbody r—Initial —podified 1. Evaluate nozzle drag
Optimization 1 Design —— Design influence
2. Document flow distri-
bution
Fre= Jet Nozzle Spillege 1. Define optimum free
Tests | jet nozzle (Aspect
. ratio).
—Selected ' 2, Determine nozzle to
PLUTO Inlet | inlet &rea ratio for
Design | starting at =< = 7,
! A 3°.
‘ 3. Determine shroud gap.
k. Determine inlet-nozzlq
positioning.
5. Determine loads on

inlet during flow
trapsition
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HAC AGT3

TABLE 1X

FLIGHT ENGINE GROUND TEST FACILITY CRITERIA ALTERNATES COST SUMMARY

~.50

Closed Plus

N T V2

e
9l

4

Asoyiny

82881 03
RUERTRIEIETSN M RET

i

Hi Mg ssewa&m SHILU.’?JLY

o
b

Type of Cell Oual Non-Nuclear Single Single Single Single Single
Closed Test Point Non-Nuclear Closed Open Open Open
Type of Air Supply UAS UAS UAS UAS UAS UAS UAS
Minimum Available Air Supply, lbs 11,000,000 11,000,000 5,500,000 11,000,000 11,000,000 11,000,000 | 7,44, BOO
i Toral Air Stored, ibs 15,100,000 15,100,000 7,550,000 15,100,000 15,100,000 | 15,100,000 10,100,000
Days to Recharge £ & 6 6 6"#7_‘-‘ 15 15
Average Availeble fum Time ot | | | | )

1950 pps, min 93.5 93.5 L7.,5 93 93 c3 53
2585 pps, min B L8
Exhaust Handling System Hinimal Hi;\i;-al None Minimal Minimal Hinimal Minimal

Free Jet Angle of Attack Capabiliry T :tO. :IU- tlﬂ' _?j??_" T 1161 tIQ'
New Hot Component Service Building No No ) No No Ne Yes
Air Heater System ‘“;j:?a:eu Vitiated Vitiated Vitiated Vitiated | Vitiated Vitiated
il STE Included No No T Ro 1 'ﬁgm No No No
Service Buildings T Share with | Share with Share with Share with | Share with ‘;hare with | R.R. Only Share
- TORY 1€ i Tqii_[lC _“TSRY lic ) TORY 11C TORY 11C TORY IIC W/TORY 11C
Number of Runs to Complete Trajectory at | B N
18960 pps, min R 2 2 4 2 2 2 3
2585 pps, min L
Air Supply Systen 18,117,500 | 18.117.500 | 11,136,300 | 18,066,800 | 18,065,000 | 17.275.300 11,871,500
Test Cell Instl. & Support Services | 3,934,400 2,132,700 | 250,000 2,660,500 | 2,693,500 | 2,708,100 2,708,100
Exhaust Handling System 80,000 240,000 - 239,200 239,200 239,200 239,200
Instrumentation and Controls 1,074,600 | 2,062,300 561,300 | 1,193,500 | 1,243,800 469,600 169,500
Hot Component Service Suilding == - = T = == = 2,945,900
Service Buildings 587,000 587,000 . 587,000 548,300 548,200 532,200 822,200
Site Oevelopment and Utilities 2,127,500 1,504,600 1,811,000 1,811,700 1,841,300 1,841,300 1,841,300

Reguired Facility Funding 26,821,000 | 24,644,000 14,345,600 24,520,000 | 24,631,000 | 23,066,000 20,897,700

Excludes all test item instrumentation.
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-1
w
TABIE X T
fhonich sttt A —
o
=
PRELIMINARY &
COST ESTIMATE v
TORY I1IC MODIFICAYION ~
FOR Z
PLIGHT ENGINE GROUND TEST -
o]
AT \S3 FLOW [ = 1960 pps ot
IR MASS FLOW (w) = 1960 pps | ——
s R o~
Run Time (Mins.) o) 15 45 90 180 T
Fixed Mos*s $10,032,000 $10,100,000 $10,237,000 $10,442,000 $ 10,852,000 Py
Air Storage Ocsts - 6,550,000 24,1k0,000 49.50¢,000 103, 278, 0c0 %g
—_— 2
Teotal Costs $10,032,000 316,650,000 534, 377,000 559,942,000  $11L,130,000 °=§,-
See
| AIR MASS FLOW (w) = 2200 pps 5
Run Time (Mins.) 0 15 L5 . 90 ) 180 5
Fixad Coste $10,117,000 $10,186,000 $10, 323,000 $10,528,000 3 10,936,000 :_
Air Storage Gnsts - 7,910,000 27,660,000 57, 350,000 116,590,000 =
Total Costs $10,117,000 $18,096,000 37,983,000  $67,878,000 $127,528,000
ATR MAS3 FLOW (w) = 2500 pps
Run Time (Mins.) ‘ 0 15 . L5 90 - 180
Fixed Costs $10, 225,000 $10,293,000 $10,430,000 $10,635,000 § 11,046,000
Air Storage Costs - 9,540,000 31,990,000 65, 700,000 133,090,000
Total Costs $10, 225,000 419,833,000 $42,420,000 $76,335,000  $144,136,000 H
(e}
&
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HAC AET3

TORY

TABLE X1

IZC MODIFICALINN

FIYED COSTS SUMMARY

T U S —

| BASE_CoSTS

1960 pps

Exhaust Hendling

Service Building

FN TIME DEPENDENT COSTS

Air Supply (without air storage)
Test Cell Installation and Support Services

! Site Development and Tiilities

Tnstrumentation and Controls

SUB TOTALS

15 minutes
45 minutes
%0 minutes
180 minutes

TOTAL FIXED COSTS

Base (osts

Totals (including 15 minute run costs )
Totals (including 45 minute run costs)
Totals (including 90 minute run costs)
Totals (including 180 minute run costs)

; 5,672,400
2.- -1503 ‘?32
239,112
907,897
291,600

$10,031,5448

$10,031, 548

10,099,857
10,236,678
10,441, s04
10,852, 360

2200 pps

" 5,758, 348
2,130,932
239,112
907,897
291, 600

F

$10,117, 396

$10,117,396

10,185,805
10,322,626
10,527,852
10,338,308

2500 pps

' 5,865,795
2,130,932
239,112
207,897
291,600

789, 507
$10,224,8k3

$10,22L,843

10,293,252
10,430,073
10,635,299
11,045,755
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MAC AET3

TABLE XII
TORY IIC MODIFICATION
ATR STORAGE COSTS SUMMARY
REQUIRED AIR FLOW - 1960 pps
RUN TIME Total Air Additiopal Stored . .
_{min) Delivered (1bs) Air Required (lbs) Additiopel Cost ($)
15 2.11 x 10° 1.81 x 10° 6,550,000
L5 5.67 x 10 6.66 x 10° 2k, 140,000
20 10.95 x 100 13.65 x 10% 49, 500,000
180 21,54 x 106 28.L46 x 10° 103, 278,000
REQUIRED ATR FLOW - 2200 pps
15 2.375 x 1° 2.18 x 102 7,910,000
45 6.33 x 100 7.63 x 10° 27,660,000
9 12.27 x 10° 15.82 x 109 57, 350, 000
180 24.15 x 109 32.15 x 1¢° 116,590,000
REQUIRED AIR FLOW - 2500 pps
15 2.70 x 106 2.63 x 1c° 9,540,000
L5 7.20 x 1og 8.82 x 100 31,990,000
90 13.h5 x 107 18.12 x 1c® 65,700,000
180 27.54 x 10 36.70 x 100 133,090,000
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REPORY
TABLE XITI
PHYSICAL PROPERTIES
PHASE I CORE DRILLING PROGRAM CORE TESTS
THMC Core Sample Unconfined Mod. Unconfined
Core Hole Depth of Elasticity Poisson's Ult. Compress.
No. (Feet) (Compression )PSI Ratio Strength PSI
1 136.0 - 136.5 706,000 -- 3,795
i 143 1,063,000 o 6,275
1 162.3 - 162.8 3,155,000 - 8,380
L 179.0 - 1739.5 2, 565,000 -- 8,953
il 184.3 - 185.3 2,385,000 080 8,760
1 187.c - 188.0 2,532,000 .073 8,280
1 195.0 - 195.5 2,721,000 162 8,280
1 201.3 - 201.9 1,724,000 037 6,530
1 208.6 - 209.6 2,222,000 .108 6,540
1 218.2 - 218.9 2,548,000 166 6,630
6 bho.o - uko.8 3,390,000 163 9,889
6 Liy7.5 - 478.3 5,030,000 156 10,056
6 519.3 - 519.9 3,490,000 151 »T7h
6 560.0 - 561.¢ 2, 500, 000 162 7,632
6 539.1 - 599.5 2,000,000 .206 8,000
6 639.3 - 640.0 3,100,000 .1ks 9,805
6 6860.6 - 681.4 3,420,000 133 9,136
& TY7.5 - 718.1 3,830,000 155 3,806
& 757.0 - 757.8 L4, 330,000 k2 11,856
6 799.8 - 800.8 3,910,000 107 11,811
T L37.7 - 4384 2,099,000 123 7,703
T 480.9 - 481.5 2,238,000 .123 8,067
e 516.3 - 517.0 1,065,000 168 5,910
T 559.8 - 560.9 2,155,000 bk 9,272
i 591.3 - 532.1 2,175,000 .1h6 8,880
7! 638.0 - 639.0 2,630,000 62 9,076
T 686.2 - 686.8 4, 320,000 160 3,556
T T19.5 - T20.4 2,930,000 156 10,056
T 759.0 - 760.2 3, 380,000 130 10,798
7 798.6 - 799.4 L, 290,000 .186 10,91k
11! 4ho.6 - hh1.8 2, 550,600 .120 8,861
11t u85.0 - UB85.7 3,640,000 .129 8,611
13 519.0 - 519.8 1,920,000 A2 7,806
11t 559.5 = 560.0 1,632,000 .13k 5,051
11 600.1 - 600.9 1,865,000 .130 6,731
11" 6h2.0 - Gh2.9 1,770,000 157 b, 571
11" 683.5 - 68L.3 3,810,000 173 7,424
i1t T21.5 - 722.0 2, 380,000 .135 8,726
13 T6C.T - T761.3 1,760,000 .138 7,833
AR 799.1 - 800.0 2,580,000 .100 8,500
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REFORT,
TABLE XITI (Continued)
PRYSICAL PROPERTIES
PHASE I CORE DRILLING PROGRAM CORE TEST3
T™C Core Semple Unconfined Mod. Unconfined
Core Hole Depth of Elasticity Poisson's Ult. Compress.

No. (Feet) Compression )PSI Ratio Strength PSI
13 Lho.3 - h1.5 2,220,000 .125 7,361
13 L79.7 - LBO.T 3,160,000 .113 10, 250
13 520.1 - 521.0 1,780,000 116 7,722
13 553.5 - 554.8 2,840,000 .113 9,778
13 587.7 - 588.6 2,465,000 .119 9,028
13 638.2 - 639.1 2,839,000 2139 9,000
13 677.3 - 678.0 2,310,000 L146 8,000
13 759.1 - 760.0 2,470,000 .086 9,333
13 798,88 - 799.L 2,880, 000 12z 9,250
159 b0 - bu1.0 3,300,000 .136 9,359
15! k8c.o - 4Bo.8 2, 370,000 .109 8,607
15! 525.9 - s526.4 2,7h0,000 154 7,855
15 556.0 - 556.8 3,030,000 127 8,524
15’ 569.9 - 600.7 1,430,000 .108 8,022
15! 64l 0 - 85,1 2,730,000 109 9,692
15! 680.0 - 680.8 1,800,000 .109 9,889
15 720.0 - T20.9 2,170,000 A4l 1,927
15! 759.8 - 760.8 3,910,000 151 9, 9Lk
157 T971.7 = 798.9 2,560,000 135 9,384

Ave 2,780,000 Ave J137

Figh 5.030,000 High .206

Low 1,065,000 Low  .0B6
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TABLE XIV
PISYCLL PROPERTIES
iJ.A.E . EXPERTMENT INSTRUMENTATION CORES
Ins*iument Unconfined Unconfined
Assembly sage Gagm Mod. of Elast. Poisson's Ult. Compr.
Numbers Numbers Orientazion {Compression)psi Ratio Strength psi
A 48 Radial 3,830,000 .211 8,669
4 Ly Redial &, 390,000 .209 9,057
B 35 Radial 4,260,000 153 10,962
B 56 Radial 4,580,000 2189 10,287
— B 57 Redial 3,620,000 2163 9,569
= B 52 Circumt. 4,030,000 173 9,353
o B 53 Vertical 3,400,000 .230 7,000
5 C A0 Radial 5,000,000 LT 10,526
w ¢ 64 Radial 3, 940, 000 .145 7,304
sl c 65 Radial 4, 390,000 .151 12,056
il @ 61 Circumf. 2,900,000 J173 8,921
rm D 71 Radial 3,640,000 2111 7,305
© D 72 Radial 3,790,000 A77 0, 511
D Th Radial 3,750,000 ST 10,463
E 85 Radial 2,370,000 .18 8,967
F 78 Radial 3,540,000 172 8,698
F T Radial 3,690,000 .27 7,886
F 80 Radial 3,330,000 181 9,48¢
F 76 Circumf . 3,620,000 179 7,922
F 7 Vertical 3,620,000 .196 7,353
G 82 Radial 3,550,000 L 8,000
G 83 Radial 2,120,000 .186 5,559
Ave 3,700,900 Ave 173
High 5,000,000 High .230
Low 2,120,000 Low  .111
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MAC A673
TABLE XV
UNDERGROUND AIR STORAGE
LINER MATERIAL SELECTION TABLE
MATERIAL RATING FACTOR BASED ON ELASTIC
OPERATION OF WELD JOINT MATERIAL
Yield Stress Yield Stress Rating
in Parent Modulus of in Weld Factor
Metal Elasticity Metal R.F. = Tty
Material Fiy (psi) E (psi) Py, (psi) Weldability 7
Aluminum 6060-T6
or 6062-T6 4C, 000 10.0 = g 24,000 Gocd .0024
=
= . o . b o e . =
I} Aluminum 5456-0 23,000 10.3 x 10 23,000 Good .coz23
3R
;_3: Steel : Good (Spec -
w UsS T-1 10C,Co0 30.0 x 10° 100,000 Method Reguired) -0033
T
m Steel 6 Good (Pre-
(o] L340 39,000 29.0 % 10 99,000 heat Reguired) L0034
Mangenese 6 Good (Resist-
Rronze¥ 30,000 15.0 x 10 3G, 000 ance Welding) .0020
Phosphor Bronze _ 6 Excellent (Resist-
Crade D¥ 28,000 16.0 x 10 28, 00¢ ance Welding) .00175
Magnesium Alloy 6 Weldeble
EK 31 A* 29,000 6.5 x 10 29,000 (1.6.5.a) -00kk5
Titanium Alloy 6 Weldable
13V-11CR-3AT#* 135,000 14.3 x 10 135,000 (Fusion) L0095

¥ High cost materials
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Aeronautical Systems Division, Dir/Aeromech,
Propulsion Lab., wWright-FPatterson AFB, Ohio
ASD-TIR-63-2T7, Vol. V., FUCLEAR RAMJET FRG-
PULSICR SYSTEM, PROJECT PILUTC, Vol. V: Pro-
Pulsicn System Test Planning and Ground
Test Facility Studies {U). Firpal Repcrt,
15 February 1963, 93 p incl {llus, tables,
14 refs.
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Nuclear ramjet pro-
pulsion systems.

2. Afrcraft nuclear
power propulsica

3. BKRuclear powerplants

4. Propulsion system
testing

5. Ground test facili-
ties

I. AFSC Project 65954,
Tasks 1 & 5

II. Contract AF 33(65T)-

Marquardt Corp.
Van Nuys, Calif.
L. E. McTaggart

selec core drllling progrex anc - L
ground air storage experiment ars desc V. TMC Rpt 600k
¥I. Kot in ASTIA
1 -
Unclassified Abstract VII.Not avel fr OTS
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Aeronautical Systems Division, Dir/Aercmecsz,
Propulsion La&b., Wright-Patterson AFB, Chio
ASD-TDR-63-27T, Vel. V., NICLEAR RAMJET PRO-
PULSICN SYSTEM, PROJECT PLUTC, Vol. V: Pro-
pulsicn System Test Planning snd Ground
Test Facility Studies (U). Fioal Report,
15 February 1963, 93 p incl illus, tables,
1k refs.

QOB e DO
Test planning studies discuse programs,
scope, oblectivee, schedule, existing fa-
cilities, and conditicns. The schedule is
based on the AF development plan (62A SRS
161L) for Pluto. Flight engine ground test
facllity criteris are updated. The site
selection core drilling program &nd under-
ground air storage exmeriment =are described.
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Tasks 1 & 5

II. Contract AF 33(657)-
8123

III.The Marquardt Corp,
Van Nuys, Calif.
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V. TMC Rpt 6004
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Aeronauticel Systems Division, Dir/Aeromech,
Propulsion Lab., Wright-Patterson AFR, Chio
ASD-TDR-£3-277, Vol. V., NUCLEAR RAMJET PRO-
PULSION SYSTEM, PROJECT FLUTO, Vel. V: Pro-
pulsion System Test Planning and Ground
Test Facility Studies (U). Final Report,
15 February 1963, 93 p incl illus, tables,
14 refs.
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Test planning studies discuss prograos,
scope, cbjectives, schedule
cllities, and conditions.
tased on the AF development p!
1614) for Pluto. Flight engine g
facility criteria are updated. Ti
selectico core drilling progrez snd under-
ground alr storage experiment are cdescribed.
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Aercnsutical Systemsa Division, Dir/Aeromech,
Propulsion Lab., Wright-Patterson AFB, Ohio
ASD-TDR-63-27T, Vol. V., NUCLEAR RAMJET FRO-
PULSICH SYSTEM, PROJECT FLUTO, Vol. V: Pro-
pulsion System Test Planning and Greurd
Test Pacility Studies (U). Fipal Report,
15 February 1963, 93 p incl {llus, tables,
14 refs.

v Report
Test planning studies discuss prugrams,
scope, cbjectives, schedule, existing fa-
cilities, and conditicns. The schedule is
based on the AF davelopment plan (£2A 3RS
1614) for Plute. Flight engine ground test
tacility criteria are updated. The site
selection core drilling progrem and under-
ground air storage experiment are described.

Unclessified Abstract
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Aercnautical Systems Division, Dir/Aeromech,
Propulsion Lab., Wright-Patterson AFE, Chio
ASD-TIR-83-27T, Vol. V., NUCLEAR RAMJET FRO-
FULSIOR SYSTEM, PROJECT PLUTO, Vol. V: Pro-
pulsicon System Test Planning and Ground

Test Facility Studies (U). Final Report,

15 February 1963, 93 p incl {llus, tables,

14 refs.
mﬁﬂﬂ"ﬁrpjr’t
Test plenning studies discuss programs,
scope, objectives, schedule, existing fa-
cilities, and conditlione. The schedul
based on the AF development plan ( 37
161L) for Pluto. Flight encine ground test
facllity criteria are updated. The site
selecticn core drilling program and under-
ground alr storsge experiment are described.
Unclessified Abstruct

Aeronautical Systems Divisifon, Dir/Aercmech,
Propulsion Lab., Wright-Patterson AFB, Ohio
ASD-TDR-63-277, Vol. V., NUCLEAR RAMJET FRO-
PULSIOR SYSTEM, PROJECT PLUTO, Vol. V: Pro-
pulsior System Test Plenning and Ground
Test Facllity Studies (U)}. Fizal Report,

15 February 1963, 95 p inel illus, tables,

1k refs.
*Soemes=RT"Report
Test planning studies discuss programs,
sccpe, cbjectives, schedule, existing fa-
cilities, end conditions. The schedule is
based on the AF development plan {52A 3RS
1614) for Pluto. Flignht engine ground tess
facility criteria ere updated. The site
selection core driliing program and under-
ground air storage experiment are described.
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Test planning studies discuss programs,
ccope, objectives, schedule, exis:
cilitles, and conditions. The s >
based on the AF development plan (cii SRS
161L) for Pluto. Flight eng ground test
fecility criteria sre updated. The site
selection cure drilling program and under-
ground air storege experiment are described.
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Aeronsutical Systems Division, Dir/Aeromech,
Propulsion Lab., Wright-Patterson AFB, Ohic
ASD-TDR-63-277, Vol. V., NUCLEAR RAMJET FRO-
PULSION SYSTEM, PROJECT FIUTO, Vol. V: Pro-
pulsion System Test Planning ascd Ground
Test Facility Studles (U). Final Report,

15 February 1963, 93 p imel 1llus, tables,
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<Sasree—if Report
Test planning studies discuss programs,
sccpe, objectives, schedule, existing fa-
cllities, and conditions. The schadules ig
based on the AF development plan (&2A SRS
161k} for Pluto. Flight engine ground test
facility criteris sre updated. The site
selection core drilling pregrar and under-
ground eir storage experiment are described.
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