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FOREWORD 

This report is submitted in. compliance with applicable 
paragraphs of Air Force Contract AF 33(6l6}-785 7 for 
the period 1 February through 31 December 1961. 

ABSTRACT 

Results of studies conducted during the period 1 February 
through 31 December 1961 on Project Pluto are presented 
A major portion of discussion is directed toward integra- 
tion of the components of the propulsion system. Included 
are the results of studies Involving mechanical design and 
structural analyses, performance evaluation, materials 
research, control system analysis, and facilities planning 
Investigations. 
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1.0   INTRODUCTION 

The Marquardt Corporation,  under Ü. S. Air Force Conti et AF33 
(6l6)-7857, 1B engaged In a program of applied research on nuclea ramjet 
propulsion systems (Project Pluto).    This report summarizes tech ical prog, 
ress for the period 1 February 1961 through 31 December 1961. 

Under the provisions of the contract, Marquardt is respoi 
the technological advancement of propulsion system nonnuclear cot 
necessary to the ultimate design, development, and testing of a fli 
type nuclear ramjet engine, Lawrence Radiation Laboratory, und« 
tract, has responsibility for development of a flight-worthy reacto 
portant program milestone was achieved In 1961 with the succeasfi 
of the Tory IIA reactor. Designed and built by the Lawrence Radlt 
atory (LRL), the Tory IIA reactor achieved or surpassed all deslg 
objectives, thereby establishing the feasibility of a high power den 
temperature, air-cooled reactor. The flight-type reactor, design 
1IC, Is presently being fabricated by LRL and is scheduled for test 
In 1963. 

As propulsion system contractor for the Air Force, Marq 
forts during 1961 were directed toward establishing performance a 
nary design of an Integrated propulsion system based on the Tory ] 

Sufficient analytical and experimental data have been acci 
describe a propulsion system capable of fulfilling a prescribed Ah 
slon (ADO.11). As evidence of the potential offered by the Pluto p 
system, the Air Force has elected In 1962 to pursue a program all 
ground testing of a flight prototype englne--the first major step to* 
timely acquisition of a SLAM vehicle. 
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2.0   SUMMARY 

Nuclear ramjet performance studies performed durin 
published in the form of four performance bulletins, Performance 
being an integral part (Section 3, 3) of this summary report. The f 
presented preliminary design point performance characteristics of 
system (designated the Marquardt Model MA50-XCA) utilising the 
reactor. The second bulletin contained revised Model MA50-XCA 
characteristics consistent with newly acquired Tory IIC reactor da 
tion, the second bulletin described the perfornance effects associa 
2 500° F isothermal reactor wall temperature and the effects of inc 
Tory IIC reactor diameter. The diameter scaling effects were use 
thermodynamics contractor to perform a first iteration of the reac 
sary to perform the ADO-11 mission. The basic Model MA50-XCi 
performance characteristics contained in the second bulletin listed 
thrust as 39■ 700 pounds and the thrust coefficient as 0,200. For a 
wall> the thrust increased to 43,860 pounds and the thrust coefflcie 
0.221, 

Performance Bulletin No.  3 was devoted to theperfor 
analysis of an engine capable of performing the ADO-11 mission, 
slon system, with a reactor of increased diameter and decreased 1 
identified as the Model MA50-XDA ramjet.    The reactor diameter 
from 57 to 63 inches, and 4 inches of the forward reflector and 4 i; 
aft fueled core were removed.    The net jet thrust of the system is 

Performance Bulletin No. 4 represents a departure f 
bulletins in that it is devoted to the prediction of potential perform. 
achieved through reasonable advancements in Tory IIC technology, 
included modifications in basic Tory IIC geometry and changes in c 
Optimization of reactor length, reduction in the number of tie rods 
fuel element tube diameter, modification of the power profile, and 
in the beryllia elastic thermal stress limit are among the effects 
The most significant performance gains (up to 5 percent increase i 
those resulting from changes in power profile and thermal stress 1 

Exit nozzle model tests were successfully completed, 
mental data being obtained for forced convection and ejector type n 
ale velocity coefficients greater than 0. 98 were documented for ea 
figuration tested, thus verifying the value of 0. 98 used in paat peri 
studies, and supporting the conviction that the Model MA50-XCA p< 
characteristics are entirely realistic. 
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The aerodynamic coupling teat, also successfully completed,  ve    - 
fied within 5 percent the calculated effects of imposed pressure profiles on 
reactor tube weight flow distributions.    The effects of reactor-nozzle couplin 
length were documented,  and data were obtained that substantiate the effectiv 
ness of the reactor as a flow etraightener.    On the baBis of thia test a slighth 
greater separation distance IB required between reactor and nozzle. 

The inlet model test program proceeded on schedule,  up until m   !- 
December 1961.    Installation of the model in the Langley Field wind tunnel,, 
originally scheduled for 18 December, was delayed by facility problems.   Tvi 
inlet configurations will be tested, the basic Pluto inlet and an alternate inlet 
mutually agreed upon by Marquardt and the aerothermodynamlcs contractor. 
Initial experimental data will become available about 1 February,  1962. 

The mechanical and structural problems concerning the installa 
and support of the reactor in a minimum diameter airframe have been invest! 
gated both analytically and experimentally.    The concept of a lateral support 
tern utilizing pre-loaded springs has been studied in the light of four differen 
spring configurations.   High-temperature deflection and vibration tests were 
formed on Belleville and corrugated apringB, and an analysis of reactor vibr; 
tlon modes was made to aid In the establishment of design criteria and the sp 
ification of input data for test programs.   An experimental vibration test is 
under way to evaluate proposed engine-airframe lateral attachment systems. 
these tests a full scale 10-inch thick, lateral section containing a simulated c 
matrix, peripheral shell, and suspension system will be subjected to vibratic 
tests at typical operating temperatures (1300* F).   The first system to be tea 
utilizes corrugated springs.    Initial test results should be available about 1 
March,   1962. 

In the area of propulsion system controls, emphasis has been 
placed on high-temperature actuator and electronic component development. 
Sixty hours of ambient temperature testing and 1 1/2 hours of hlgh-temperatu 
testing (1000* F) were accumulated on the 40-inch-stroke high-speed pneumai 
actuator. Closed loop operation indicated satisfactory performance at air su 
pressures as low as 40 psia. A closed loop uncompensated frequency respon 
of 9 cps was obtained under ambient conditions. Compensating networks are 
being added to increase the frequency response to 15 cpa. 

Analyses were made of the dynamic response characteristics of 
nuclear instrumentation in the engine ground control system to provide basic 
information for reactor start up studies. It was indicated that no serious sta 
ity problems exist, and power can be increased from source level to 0. 1 pen 
of full power with a step In n command and an inverse period override, 
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tion test performed in August 1961 at General Dynamics/Fort Wort! 
magnetic amplifier circuits incorporating General Electric ZJ225 d 
ted good radiation resistance. One circuit operated satisfactorily t 
dose of 2 x 10*-' nvt, a dose in excess of that expected during a typi 
On the strength of results obtained from this first irradiation test, 
second generation circuits and components was prepared for anothe 
test to be performed in January 1962. These second generation cir 
ZJ225 diodes that have been specially prepared and individually seL 
diodes were subjected to screening tests (including preliminary low 
and neutron irradiation) to insure uniformity and maximum reliabil 
circuits are expected to operate satisfactorily to integrated neutron 
beyond requirements for Pluto applications. 

Ground test facility studies have been aimed at the est 
of facility performance and design criteria, the delineation of minii 
requirements, and the assessment of the economies associated wit! 
supply systems. Facility performance criteria have been revised t 
changes in engine test planning and facility utilization. Present em 
to the use of the facility for testing of flight engines only, with run- 
ities based on simulation of maximum anticipated run time at full r 
Sustained full power operation is assumed to occur for a maximum 
during the dash portion of the mission profile. This installed capal 
simulation of a complete mission trajectory in two separate test ru 

Facility cost estimates have been made for a variety ( 
schemes and run times. A cost of $21. 9 million is estimated for a 
facility capable of simulating a Mach 3. 0 sea level dash of 90-minu 
This facility is based on the use of underground air storage, a mini 
haust handling equipment, continuous vitiated air heating, and the s 
certain Tory IIC facilities. 

Phase I of the Underground Air Storage Experiment w 
with the completion of the core drilling program and submittal to tt 
final drawings and specifications for the experimental chamber. T 
drilling program confirmed the existence of suitable rock structure 
approximately 8500 feet east-southeast of the Tory test point, Tee 
construction is scheduled to begin early in 1962. 
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3.1 

3. 0 PROPULSION SYSTEM DESIGN AND ANALYSIS 

TORY IIC DESIGN DATA 

The Marquardt Model MA50-XCA propulsion system present 
sidered for nuclear ramjet application utilizes a Tory IIC type reactc 
sibility for Tory IIC reactor development and testing is vested in the 
Radiation Laboratory (LRL), prime contractor for the Atomic Energy 

■ being con- 
Reapon- 

awrence 
Commis- 

sion. 

Information relative to the Tory HC configuration, performa :e, mate- 
rials,  etc,, has been published by LRL in the Tory IIC Data Book (R< srence   1 ), 
Data revisions are issued periodically by LRL and incorporated in px sulslon sys- 
tem design and performance analyses. 

Table        1     presents basic performance data for the Tory 
revised to 16 November 1961.   It should be remembered that these da 
Hminary in nature.    Continuing optimization studies in combination v. 
ble experimental information will result ultimately in a firm reactor 
tion. 

3.2 PERFORMANCE ANALYSIS 

3.2.1       Propulsion System Performance 

Status 

The Model MA50-XCA propulsion system incorporates a vai 
etry external-internal compression inlet, an S-shaped subsonic diffui 
Tory IIC type reactor, and a fixed convergent-divergent exit nozzle, 
point Mach number is 2. 8 at an altitude of 1, 000 feet for the ANA Hot 
tion, 

At the beginning of the year it was generally recognized that 
system incorporating the Tory IIC reactor would provide insufficient 
propel a missile capable cf performing the ADO No. 11 mission. In 
ordination meeting was held at Aeronautical System Division (ASD)i ] 
for the purpose of defining mutually acceptable areas of responsibilit 
tigation. At this meeting it was decided that the performance of a sy 
ing Tory IIC reactor technology should be studied under what could bi 
Phase I. Tory IIC technology, including such items as reactor comp 
rials and fabrication techniques,  structural concepts, maximum desi 
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TABLE    1 

TORY IIC PERFORMANCE 

Minimum total reactor assembly flow area 1060 sq in. 
Fueled channel flow area 848.7 sq in. 
Tie rod peripheral channel flow area   ....     13. 3 sq in. 
Side reflector channel flow area.......    34. 5 sq in, 
Standard tie rod flow area 28. 3 sq in. 
Control tie rod flow area      11.7 sq in. 
Side support flow area 123.4 sq in. 

Fueled tube hole diameter 0. 227 sq in. 
Fueled channel L/D ratio (length includes forward 

and aft reflectors and 1 1/2-inch thick base block)         283 
Missile condition simulated,  Mach number at 1000 feet 2.8 
Total reactor flow rate     1672 pps 

Fueled tube flow rate (83.67%) 1399 pps 
Side reflector tube flow rate (1,48%)    ....       25 pps 
Tie rod peripheral tube flow rate (1. 14%) .   .       19 pps 
Standard tie rod flow rate (4. 67%)        78 pps 
Control tie rod flow ratf (3, 07%)        51 pps 
Side support annulus flow rate (5.97%)«   •   •   •     100 pps 

Flow rate per fueled tube 0.067 pps 
Average exit stagnation temperature 1987° F 
Maximum fueled tube wall temperature 2500° F 
Maximum fueled tube internal temperature    2564* F 
Total reactor power     510 Mw 
Power per fueled channel»   •  •  < • 23.88 Mw 
Average fueled tube material power density* ,...21.9 Mw/cu 
Maximum fueled tube material power density 26. 19 Mw/c   ft 
Maximum volumetric power density* 12.31 Mw/c    ft 
Fueled tube entrance Mach number 0,215 
Fueled tube exit Mach number  . ■ 0.457 
Fueled tube entrance stagnation temperature 946* F 
Fueled tube exit stagnation temperature • 2157* F 
Fueled tube entrance stagnation pressure«   .   .   .   . 322 psia 
Fueled tube exit stagnation pressure**     230 psia 
Stagnation pressure drop across reactor • 92 psi 
Expected reactor stagnation pressure loss 7.2% 

Entrance loss .   ■    0.4% 
Tube offset loss 1.8% 
Exit loss 5.0% 

Fueled tube maximum thermal stress 15,200 psi 

* Based on active core volume 
**  Not corrected for "Expected Reactor Stagnation Pressure Loss" 
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temperature, fuel element power density, and cooling airflows was t 
served under Phase I. To account for the inadequate thrust level, th 
diameter would be allowed to grow to meet the mission requirements 
thermodynamics contractor stated that the miaBile-propulsion syster 
tion would be sized by about September 1961. Under Phase II, poten 
mance"gains to be realized through improvement of Tory IIC technol< 
be studied. 

Phase I performance prediction of the propulsion eyutem in« 
the Tory IIC type reactor was completed with the publication of the fj 
Performance Bulletins. Phase II is represented by Performance Bu 
which is an integral part of this report. 

Analytical Approach 

Reactor neutronlc, dimensional) and performance data have 
wherever possible from the Tory IIC Data Book prepared by LRL. 1 
IBM performance programs have incorporated this reactor informat: 
with the inlet performance data of Figure 1 and the assumption of < 
sional exit nozzle flow with a 96 percent velocity coefficient. The pi 
been to airflow-optimize the propulsion system to provide a maximu: 
unit reactor frontal area at the design point for a maximum reactor ■ 
ature of 2S0O°F. Side support cooling airflow rate, as specified by '. 
lected at the exit of the pressure shell and passed through the nozzle 
channels. The drag associated with the aide support-nozzle combhu 
included in the net jet thrust, Engine installation drag, composed of 
sonic -spillage drag, inlet bleed drag, and engine bypass drag neuess 
engine-inlet airflow matching, has been specified. By agreement, i. 
contractor will determine and account for the other installatlonal dr« 

Performance Bulletin No.   1* 

Performance Bulletin No. 1 contains the initial performanc 
the Model MA50-XCA propulsion system. In the course of the analy 
necessary for Marquardt to generate input information on void fracti 
equivalent flow diameters of the front grid and side support sections 
nuclear heat generation rates in nonnuclear components. These data 
contained in the Tory IIC Data Book at that time. At the design poin 
thrust coefficient of 0. 195 was determined. The net jet thruBt coeffi 
inlet bleed drag was found to be 0. 173,  or within 1.2 percent of the ] 
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Performance data on jet thrust coefficient,   reactor thermal 
pressure recovery and airflow ratio, and installed drag were determi 
range of day conditions at an altitude of 1,000 feet and for the Standar 
dition at 30,000 feet.    These data are included in Figures   2    through 
effect of inlet pressure recovery on the net jet thrust coefficient was 
for Standard Day conditions and is presented in Figures   10   and  11 . 
design point,  a 1.7 percent change in thrust coefficient per percent cl 
pressure recovery is indicated for the Model MA50-XCA propulsion s 

Included in the bulletins was a brief study of the performance 
realized by raising the reactor wall temperature above the present 25 
point. Two analyses were conducted, one in which only the reactor t< 
was changed and the other in which the inlet and exit were resized for 
temperature. In Figure 12, the maximum reactor wall temperature 
creased 200°F while maintaining the Model MA50-XCA sized inlet anc 
At Mach numbers below 2.87 the inlet is forced to operate aubcritical 
Figure 13 the inlet and exit were resized fox the higher temperature 
data indicate a 6, 5 percent change in thrust coefficient per 100°F cha: 
actor wall temperature. These studies, while bordering on Phase II, 
only to indicate performance trends, LRL has not as yet indicated co 
temperatures greater than 2500°F. 

Performance Bulletin No. 2* 

With receipt of the revised Tory IIC Data Book, input Inform 
available on side support, void fraction, and equivalent flow hydraulic 
well as nuclear heat generation in nonnuclear components. Using this 
mation, the performance predictions for the Model MA50-XCA propul 
were revised and published in Performance Bulletin No. 2, The desi 
thermodynamic performance characteristics are compared in Table 
first column Indicates the performance of the Model MA50-XCA syste 
mined in Performance Bulletin No. 1. The second column contains d 
formance Bulletin No. 2. It can be seen that the inputs from the revi 
Data Book resulted in relatively small changes. The net jet thrust co 
creased from 0. 195 to 0,200. This change in performance was due p 
a revision of the momentum drag losses in the side support-nozzle sy 

At the request of the aerothermodynamics contractor, the se 
tin extended the altitude performance data for the Standard Day condit 
data, presented in Figures 14 and 15, are based on the same assun 
those presented in Performance Bulletin No, 1. At the request of the 
dynamics contractor,  the effect of scaling the Tory IIC reactor to lar 
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TABLE   2 

COMPARISON OF AEROTHERMODYNAMIC PERFORMANCE 
CHARACTERISTICS AT THE DESIGN POINT 

(Mach 2.8; ANA Hot Day Temperature; Altitude,   1000 feet) 

Parameter MA50-XCA 
MA50-XCA 
(Revised) 

MA50-: 
(la other 

Reactor Air Flow,   Wa,   lb/sec 1,577 1, 577 1,53 

Side Support Cooling Air Flow, 113 113 li: 
Wa   ,  lb/sec 

*c 
Inlet Total Pressure,  Pt  ,  paia 393 393 39: 

Inlet Total Temperature,  Tt ,  * R 1,402 1,402 1.4C 

Inlet Recovery,  Pt,/Pt 0.807 0.807 0.8C 

Core Inlet Mach Number,   M3 0.23 0.23 0.2 

Core Tube Diameter,  ft 0.0189 0.0189 0.018 

Maximum Core Wall Temperature, 2,960 2,960 2,96 
Twi   *R 

Total Reactor Power,  Q,  Mw 518 518 568 

Reactor Ceramic Average Void 0.416 0.416 0.41 
Fraction 

Reactor Exit (mixed) Total Temper- 2,522 2,520 2,65- 
ature,  Tt4,   »R 

Reactor Pressure Recovery, 0.678 0.678 0.67] 

M'*l 
Reactor Diameter,  D^,  in. 57 57 57 

Reactor Length,  LR, in. 62.7 62.7 62.7 
> 

Reactor Area,   AR,  ft 17.72 17,72 17.72 

Nozzle Thrrat Area,   A5,  ft2 4. 94 4.94 4.97 

Nozzle Exit Area,  A&,  ft2 12.74 12.74 12.86 
Cowl Area,  Ac,  ft

2 7.97 7.97 7.78 

Exhaust Nozzle Velocity Coef- 0.98 0.98 0.98 
ficient,   Cv 

Thrust Coefficient,  CFA 

(Full Expansion) 
0.195 0.200 0.221 

Thrust,   F,   (Full Expansion),   lb 38,640 39,700 43,860 

PT£Df"T  DETTDIPTfh  nATA ottJKtl  Kfcai l< ILILU UnlM 
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1 

M01ÄSSIFIEDIMFÜU 
mß® «013526 

!»     MAY 2 0 2355 ^/7a/^W/ 

'^fmtc-rmnrr-MJ or 19D1»* 

lD3jpuGsnoqi-3Qnnnv 

o 

i ö 

B 

Ei 

0 
O 

« 
0.1 

II 
ö3M0d INIOd NDIS3G iN30b3d 

i 
rNjo '1N3IOUJ300 isnam iar IBN 

^SE£fi£OE5ISKIEiröM3t 

m      5876 

o             o              o         o 

/ 

\ 

/ / i t. 

-: 

I « 

i. 

(M                  C 2                    0 3               < 
> 

o 
t 

NT 

I 

CJ 

o 

■ 

IN 

o 
CM' 

s 

to 

ä 

N22E38J     -ATOMIC CNCRQY-ACT OP jggit»       -25- FIGURE 14 



S££Ka^?£$T-RICTEDDAT-A 
Jwlanfuaidj 

VAN NUYI, CAU'OtNIA ivoir. 76 

-^jgMtfr^jtfiHQy  ACT OT J.-95-1»- 

i L 

€ 

UJ 

LÜ 

INLET PRESSURE RECOVERY 

ICAO  STANDARD   DAY 
T •   2960°R 

^5 3.0 3.5 

FREE STREAM MACH NUMBER, Mfl 

S^rRKT]?T^TEP"tmffV 
N22E382     ATOMIC E N6R0V-ACL-O£-j£$-lk -26- DECLASSIFIEDINFULL FIGI lE 15 

Authority: EO13526 



SE€RETHreSTfrttTEB4UffA- 
ZfL 'arquardf 

•tvttfwvim 
VAN  NUYJ,  CAll'OIMU 

rrwrc CHCHBY A&T or vy)U 

Oll. 5876 

was also presented. This information, however, was found to be in 
was subsequently corrected in Performance Bulletin No. 3. 

The final Item presented in Performance Bulletin No, 2 wa 
the potential performance gains associated with a 250O°F isotherma 
Tory IIC reactor. Results of the study, based on the Model MA50O 
geometry,  are given in the third column of Table 2   .    A potenti 
of 10 percent is indicated. Achieving this performance would neces 
percent increase in the maximum power density in the core, LRL h 
a desire not to increase power density until problems relating to fue 
thermal stress are more clearly defined. Additional study of the ae 
dynamics of the isothermal core indicated that a large weight reduct 
achieved without incurring a performance penalty by reducing the cc 
9 percent. 

Performance Bulletin No.   3* 

rror and 

a study of 
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;A system 
thrust gain 

täte a 65 
i indicated 
element 
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a length 

3 

•X 

I 

The reactor diameter scaling curve presented in Performa 
No. 2 was revised, and the corrected data were given to the aerothe 
contractor. This information permitted the aerothermodynamics cc 
perform a first iteration on the reactor diameter necessary to satis 
mance requirements of the ADO No. 11 mission. This diameter, m 
agreed upon by LRL, Marquardt, and the aerothermodynamics cont] 
set at 63 inches as compared to 57 Inches for the basic Tory IIC rea 
change in reactor diameter, combined with other modifications, ree 
propulsion system sufficiently different from the Model MA50-XCA 
separate identification, Accordingly, this system has been designat 
Model MA50-XDA. The size scaling curve is presented in Figure 
lowing assumptions were made in deriving this curve, The curve r< 
pulsion systems optimized for airflow to yield maximum thrust coef 
core power profile and the nuclear heat generation rates in nonnucle 
ents were considered to be independent of core diameter. Reflector 
tube geometries for all components were unchanged, The number o 
the projected frontal area of fueled core were increased as the squa 
ramie diameter. The unfueled region about each tie rod and the nur 
rods were unchanged. The side support gap was maintained at 1. 56 
addition to the increased diameter, the core was reduced in length f 
54.6 inches. The maximum wall temperature and reactor power de 
ed at the Tory IIC values. LRL has indicated concurrence in the ab 
changes to the basic Tory IIC reactor. 
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The design point aerothermodynamic properties of the Model J 
propulsion system are presented in Table 3 .    The thrust coefficie 
creased to 0.207, or 3-1/2 percent above the basic Model MA50-XCA t 
efficient. This thruBt gain was achieved in spite of an allowance of 2.2 
for side support spring area gaps as compared to the 1, 56-inch gap all 
the Model MA50-XCA. The effect of the side support gap allowance mi 
by comparing Figure 17 to Figure 16. Figure 17 presents the revis 
scaling curve assuming a variable gap thickness with increased reacto; 
It will be noted that this curve is much flatter than that presented in Fi 
wherein the gap was maintained at 1. 56 inches. A comparison of these 
figures also indicates that a 3 percent thrust gain was achieved simply 
ening the Model MA50-XCA system as previously discussed, It is beli 
the reactor scaling relationships utilizing the variable side support gap 
(Figure 17 ) is the more realistic of the two methods and will be utiliz« 
future analyses. 

Net jet thrust, reactor thermal power, inlet pressure recover 
flow ratio, and installed drag were determined for altitudes of 1, 000 ai 
feat and are presented in Figures 18 through 24 for the Model MA50- 
system. 

Performance Bulletin No. 4 

With publication of the first three Performance Bulletins, Pha 
performance work utilising Tory IIC technology was concluded. Perfoi 
Bulletin No, 4, included as Section 3, 3 of this report, represents initii 
performance studies, which are predicated on advancements in Tory II 
ogy.   The advances considered are as follows: 

(1) A modification in the core power profile. By modifying tl 
power profile, thrust performance can be improved without exceeding 
IIC design limits of 15,000-pai elastic thermal stress and 2500°F maxi 
temperature. There follows an explanation of this improvement in thn 
mance. With the present Tory IIC power profile, the 15, 000-psi therrr 
limit is achieved at one location near the center of the core. At positic 
to the front of the core, the thermal stress falls off to lower valueB bee 
increased thermal conductivity through the fuel element at the lower te: 
tures. Similarly, at the rear of the reactor the wall temperature is le 
2500 F limit. Figure 25 presents a comparison of relative power cur 
isothermal wall reactor, the Tory IIC reactor, and the revised profile 
Tory IIC,  which more nearly fits the limiting conditions on elastic ther 
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TABLE  3 

MA50-XM AERQTHERMODYNAMIC PERFORMANCE 
CHARACTERISTICS AT THE DESIGN POUT 

(Maoh 2.8; ANA Hot Day Temperature; Altitude, 1000 feet) 

Parameter MA50-XDA 

Reactor Air Flow, VTa,  pp« 2,012 

Side Support Cooling Air Plow, W&c,  pps 120 

Inlet Total Pressure, PtQ, psia 393 

Inlet Total Temperature, Tt0, °R l,kOZ 

Inlet Recovery, F-t/Pt 0.807 

Core Inlet Mach Number, Ms 0.235 

Core Tube Diameter, ft 
Maximum Core Wall Temperature, %, °R 

0.0189 
2,960 

Total Reactor Power,  Q, Mw 
Reactor Ceramic Average Void Fraction 
Reactor Exit (Mixed) To-;al Temperature, Tty, °R 

654 
0,481 
2,510 

Reactor Pressure Recovery, Ptl^/^ti 0.683 

Reactor Diameter, Dg,  in. 63 
Reactor Length, LR,  in. 5U.6 

Reactor Area, AR,  eg, ft 21.63 
Nozzle Throat Area, A5, sq. ft 6.2 
Nozzle Exit Area, Ag,  sq, ft 16.09 
Cowl Area, Ac, sq ft 10.05 

Exhaust Nozzle Velocity Coefficient, Cy O.98 

Thrust Coefficient, Cy.  ,  (Full expansion) 0.207 

Thrust, V,  (Full expansion), lbs 50,200 
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and wall temper«tor«. Thin change in power profile results in an improvei 
of thrust coefficient of 2. 5 percent for the basic Model MA50-XCA propulsi 
system. 

(2) A change similar to (1) above,  wherein the elastic thermal st: 
is raised to 18, 000 psl.   The change in power profile for this core results 
5 percent increase in thrust coefficient for the baBic Model MA50-XCA.    T 
increase in elastic thermal stress limit is considered feasible on the basis 
successful operation of the Tory IIC core at thermal stresses above 20, 00C 

(3) A change in the number of tie tubes. The number of tie tubes 
Tory IIC is determined principally by the diameter of the billet used for thi 
IIC base plate. LRJL now believes that advancements in fabrication technlq 
may permit an increase in billet diameter from 5 to 9 Inches. Inasmuch ai 
present tie tube design point temperature is relatively low, LRL believes t 
number of tie tubes may be reduced by the ratio of the billet diameters (5/' 
When the number of tie tubes is reduced, the reactor frontal area previous 
occupied by tie tube and unfueled region is replaced by fueled core tubes. 
reduction in the number of tie tubes as outlined above will permit a thrust < 
efficient increase of 2. 5 percent for the basic Model MA50-XCA propulsior 
system. 

(4) An increase in the fueled core tube diameter. A fueled core tu 
ameter increase from 0.227 to 0,230 inches, for the same fuel element Biz 
creases the core void fraction by 2. 5 percent. This change results in a 1 j 
increase in thrust coefficient for the basic Model MA50-XCA propulsion syi 

(5) A reduction in the cooling airflow per tube. Inasmuch as the 
IIC tie tubes are running cool (1250°F), the coaling airflow per tube may b< 
duced. This reduction has been accomplished by reducing the inside diame 
the tie tube while keeping other tie tube dimensions and geometry fixed. A 
duction of tie tube inside diameter to 0, 325 inches increases the tie tube te 
ature to 1650°F, and the thrust coefficient change is 0. 5 percent. This chi 
invalidated when the number of tie tubeB is reduced,   as in Item (3) above, 

1«RL has indicated feasibility concurrence on the changes listed at 
Future work will include analysis of effects on propulsion system performs 
of combining individual concepts to determine whether individual results at 
additive and to determine the most feasible manner of increasing system pi 
mance. Mechanical design, heat transfer, structural analysis, and neutro 
studies will be made in areas showing the most promising performance gai 
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3.2.2       Inlet Surrey and Performance Analysis 

The design considerations for the nuclear ramjet propulsioi 
unique. The air temperature rise across the reactor is limited by t 
permissible opt rating temperature of the reactor core material. Tl 
addition per unit frontal area of the reactor and the characteristical] 
actor pressure drops are indicative of low thru9t coefficients. In pa 
installed thrust-over-missile drag margin is low and is therefore qt 
to inlet pressure recovery and installed drag characteristics. 

The requirement fov maximum inlet pressure recovery con 
low drag is met by the use of internal contraction« Unfortunately, tl 
contraction inlet required some form of variable geometry to perrnil 
ing {swallowing of terminal shock) as well as internal bleed to maint 
sure recovery. The 1961 program has been directed towards experi 
fication of assumed inlet pressure recoveries, required bleed rates 
flow characteristics,  and installed drag characteristics. 

The original objective of the 1961 experimental program, a 
in Reference 5, was the design and fabrication of two small scale It 
It was planned that the first inlet be tested during 1961 and the secor 
Inlet design for both models was to be based upon the external-inter J 
sion type described in Reference 6 , (This inlet has demonstrated g 
recovery characteristics for modest bleed rates, and is easily contx 
variable spike posit'on as well as internal shock position-bypass ope 
inlets were to be underslung beneath the missile body and to incorpo 
shaped subsonic diffuser ducting. The first inlet was to be axially s 
far as the supersonic compression surfaces were concerned, while I 
inlet was to be asymmetric and partially wrapped about the lower fut 
tour. The choice between the two inlet configurations was to be bass 
culation of a net thrust-minu3-installed drag value using the preasui 
and drag measurements obtained. 

On 18 April 1961, a coordination meeting was held at ASD, 
with the aerothermodynamics contractor and Marquardt as participa 
meeting it was ruled that the experimental inlet test program be a jc 
tween Marquardt and the aerothermodynamics contractor. Lines fo: 
dynamic models were to be mutually agreeable, Marquardt was givi 
sibiHty for model design and fabrication and performance of the test 
eluding data reduction. As a result of these decisions, coordination 
were held between Marquardt and the aerothermodynamics contractc 
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purpose of establishing test iniet configurations. The principal change in the 
original test plan has been the elimination of the design and fabrication of the 
asymmetric inlet and the substitution of an alternate axisymmetric inlet, Th 
alternate inlet was selected on the basis of less sensitivity to angles of attack 
and yaw than the basic inlet. 

Lines for the basic inlet are shown schematical in Figure 26. 
Through the use of a finite initial cone followed by an isentropic turning surfs 
external supersonic compression from Mach 2.8 to about Mach 2.2 is achievi 
with only a i percent loss in total pressure. Additional supersonic comprese 
as well as supersonic turning are effected internally. This is accomplished 1 
the reflection of two finite oblique shocks off the cowl in conjunction with * £h 
bleed slot on the centerbody. The bleed slot removes the boundary layer prii 
the adverse pressure gradient associated with the internal compression, A t 
lating spike is used to permit inlet start and to obtain high pressure recovery 
during off-design operation while minimizing drag. To use an inlet of this ty 
effectively, the configuration must be optimized on a net thrust-minus-drag 
basis, An optimization procedure was performed in Reference 7 wherein th 
pressure recovery (and, thereforei thrust) of several combinations of iaentr' 
turning, cowl angles, and attendant cowl drags were determined. The result 
this study are shown in Figure 27 , The net thrust-minuB-cowl drag is show 
a function of cone surface Mach number and flow turninp at the cowl. 

This optimization study for the basic inlet was revised in Reference 
to account for more realistic subsonic diffuser losses.    This revision permit 
increased flow turning at the cowl and therefore improved cowl drag.   The ne 
thrust-minus-cowl drag of Figure 27   was increased from 0.233 to 0.240 by 
analysis.    The final basic inlet configuration is summarized by the following 
parameters (see Figure 26   ): 

♦ l 14.48° **3 5.14° 

-©-2 20.97° ^4 4.86° 

* 25.97° M3 1.72 

MSl 2.37 M4 1.37 

Ms2 
2.13 M5 0.753 

M2 2.17 Bleed 4.5 percent 

e, 

h 
to 

ma- 

le 
of 
as 

.is 

Estimated performance for the basic inlet is shown in Figure     1 ,  a    a 
function of free stream Mach number for conditions of zero angle of attack ar 
yaw.    This performance is based upon the spike position variation shown in 
Figure    28.    During boost, the spike is translated forward 6 inches to reduce   :he 
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internal contraction,  as indicated in Figure   29 .    In this position the inlet wi 
swallow the terminal * Hock at a free stream. Mach number of about 2.4   Folli i- 
ing this,  the inlet spike position is varied continuously (operating line) betwe i 
Mach 3. 0 and 1. 9 to keep the first lip shock on the rim of the centerbody biet 
slot. 

Details of the alternate inlet have been agreed upon by representatu s 
of Chance Vought and Marquardt.    This inlet differs from the basic inlet in tl t 
the compression fan from the inlet spike will not be focused on the lip but ral sr 
will be spread out and reflected from the cowl inner surface.    The comparisi 
of the inlet types is shown schematically in Figure   30 ,    The alternate inlet j 
longer and has a shallower initial cowl angle.   It is anticipated that the alten te 
inlet will require less bleed and will be less sensitive to perturbations in ang ; 
of attack and yaw.    Its performance at zero angle of attack and yaw is expect 1 
to be about equivalent to the basic inlet.    The inlat test program Is further di - 
cusBed in Section 3. 8. 1 

3.2.3      Exhaust Nozzle Aerodynamic» 

The Marquardt role of integrating the propulsion system into a pred - 
Cable, reliable, and efficient system has required a concentrated effort on th 
exit noz2le during 1961.    This effort is prompted by the inherently low thrust to- 
drag margin of the missile system,  which imposes stringent requirements oi :he 
accuracy of nozzle performance predictions.   Nozzle efficiency must be high a 
98 percent velocity coefficient is assumed for calculation purposes), nozzle < ag 
loads must be known, and nozzle cooling air must be handled efficiently.   It i is 
recognized that experimental tests of the exhaust nozzle were necessary to 
supply the required design information.   The nozzle length-to-area ratio sei« ted 
for the installation must be baBed upon net thrust-minus-installed drag char., er- 
istics rather than upon nozzle jet thrust alone,   Thus,  efficient handling of ei ine 
and exit nozzle cooling air must be accomplished, and nozzle shroud boattail nd 
base drags must be considered in establishing the overall exit nozzle geomct \ 

The types of nozzle configurations analyzed during the year are she i in 
Figure   31 .   In Figure    31A    the engine cooling air between the reactor and 
pressure vessel is mixed with the reactor air and passed through a common 
nozzle.    The engine cooling airflow must be throttled to prevent flow starvati a 
through the reactor.    While this configuration has about the same net jot thru ; 
as the other configurations studied {see Section 3,8.2),  analysis of this syste i 
was limited pending the demonstration of successful coatings necessary for t > 
radiation cooled nozzle.    In Figure  31B   the engine cooling air is collected 
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exterior to the nozzle and is baffled to provide cooling at critical areas of tb 
nozzle. This forced convection cooling scheme was eliminated in favor of tl 
configuration of Figure 31C, because it appeared that the pressure drop oft 
cooling air was exces ' ve. The configuration of Figure 31C employs forced 
convection in an annular paesage and performs the function of the baffled an 
ment more efficiently. Figure 31D shows a forced convection model in whi< 
nozzle wall is formed from small coolant channels Bimilar to those used in 3 
erati/ely cooled rocket nozzles. Finally, configuration 31E indicates anoth 
approach in which the engine cooling air is used to supply the secondary flov 
an ejector type nozzle. Film cooling is used on the divergent portion of the 
nozzle. 

Nozzle Sizing 

In order to design, test, and evaluate exhaust nozzle models during 
1961 time period, it was necessary to make a preliminary study of the nozz] 
configuration to eatabliah basic nozzle sizing relationships. From the Mode 
MA50-XCA propulsion system optimization at design point, It was determine 
that the effective nozzle area expansion is 2, 58 for a fully expanded nozzle v 
an operating pressure ratio of 15.2. These data also indicated that the influ 
coefficient of the nozzle on the Model MA50-XCA propulsion system perforn 
was 4.8 percent change in thrust for each percent of nozzle velocity coeffici 
A nozzle-boattail optimization was performed In Reference 8, wherein it wa 
established that the optimum installation on a net jet thrust-minus-boattail d 
basis would call for a nozzle overexpansion of about 13.2 percent aa shown i 
Figure 32. The cooling air drag losses were neglected In this analysis inas 
much as this drag is essentially constant for a given type of configuration. 

Nozzle Aerodynamic Lines 

Nozzle aerodynamic lines from the method of characteristics were 
determined as presented in Reference 9. Nozzles both longer and shorter t 
the basic nozzle were described for test, because it was believed that knowl 
of the variation of the internal nozzle performance with nozzle length would 
in future nozzle configuration studies. Characteristics of the forced convec 
primary nozzle are listed in Table 4, and nozzle coordinates are specified i 
Figure 33. The annular type coolant passage 01 Figure 31C was designed fi 
testing with the basic nozzle to establish thu pressure drop relations for sue 
system. The tubular nozzle configuration of Figure 31D could not be tested 
to the small scale of the models. The ejector type configuration of Figure 
was designed and is shown in Figure 34. This nozzle is again the same len| 
and has the same area ratio at; the basic optimized nozzle.    Model tests of t 
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FORCED CONVECTION CONFIGURATION OF EXHAUST NOZZLE 

y~*R E 5 STl.-7.23 

* E  S ST*.  0.00 

CONFIGURATION 

t c no. 1 
F C NO. 2 
F C HO. 3 
F C HO. l| 

X Y 

n. 27.56 
l'l.'lÖ 27.56 
25- fj 21.53 
32. I*li 17.61 
111. Ml 15.90 
'o.oii 15.80 
1.3.78 15-29 

■ ■>. :>3 15.57 
116.79 15.8*i 
119.80 16.58 
52.81 17.32 
55.83 18.08 
58.83 13 83 
61,811 19.61 
6U.ÖJ 20.1*0 
S7.P6 21.Hi 

M 81.84 
22.'*8 

76.89 23. Oil 
79.90 23.56 
82,91 21*,07 
85.92 
88.93 25.00 
9).S>U 25.1*0 
9i».9>t 25.81 
96.60 26.02 
97.95 36.18 

J.OO.96 26.51 
103.97 26.81* 
109.99' 27.33 
116.01 27.75 
122.03 28.10 
128.05 28.37 
13*4.07 28.59 
1140.09 28.72 
Ht6,U 
153.03 

28.79 
28.03 

JC 

z: *« e 3 ST*. 7.s 

•W l S  IT*. II* 

3.50R 

& 
8HR0U0 AI1HULU3 MCI 
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-2J- 
• NOZZLE CUTOFF IT*     ■ 

•NOZZLE CUTOFF IT      J 
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-H0I71.E  CUTOFF  I 

NOZZLE  LENGTH 
K  (INCHES) 
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109-99 
96.60 
85.29 

AREA      I 
RATIO 
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configurations have been conducted at the FluiDyne  Engineering Cor 'ration 
Facilities at Elk River,  Minnesota,    Ninety-eight percent nozzle vel ity co- 
efficients have been recorded on all configurations tested.    Results t e further 
discussed In Section 3.8.2. 

AerothermodynamicB of Nozzle Coolant Tubes 

To analyze properly the installed characteristics of the coo nt-tube 
forced convection, nozzle of Figure 31D,  it is necessary to determine he aero- 
therni-.dvr--.mic8 of the cooling tubes.    A computer program,  Rita,  v s written 
to solve the aerothermodynamics of the curved coolant tube by the m :hod of 
finite differences.   This program solves the heat transfer, friction, nd Mach 
number rise equations for a heated,  curved tube of variable cross-e :tional 
shapes and variable areas.    This program was described in Referen < 7. 

Typical results of this program are as follows;   A 3/4-inch ate mal 
diameter tube was fitted to the nozzle contour of Figure   33 .   For tl t tube 
diameter, there is a total of 240 tubes forming the nozzle.    For a to 1 coolant 
airflow of 113 lb/sec,  each tube passes 0.47 lb/sec.    The Mach nur» Bt into the 
tubes was 0,25,    For these conditions the total pressure loss in the be was 
about 22 percent,  the gas temperature rise was 183°F,  and the maxi ium tube 
wall temperature was 1500°F, occurring at the tube exit. 

Program Rita has also been used to predict the pressure dt ae in the 
annular forced convection configuration.   These relations are used t aid in the 
establishment of the optimum nozzle installation as discussed In a la ir section 
of this report. 

Nozzle Off-DeBign Performance 

During the initial boost phase the ramjet exhaust nozzle mu operate as 
an unchoked (subsonic) nozzle.    Similarly,  at other points inside the ngine op- 
erating envelope the nozzle, although choked, may operate at presse s ratios 
sufficiently low to permit nozzle separation,    Both of these conditior. invalidate 
the one-dimensional choked flow relationships assumed in the origin machine 
programs, 

In Reference    7 , a computer program was described when a ramjet 
performance criteria during the initial boost phase could be deterrni id.    This 
program, Nina, has been successfully run for the boost trajectory s >wn in 
Reference 10.    The latest boost trajectory of the aerothermodynaml« contractor 
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presented in Reference 11 has not been analyzed because the boost trajector 
not been finalized for a missile sized to perform the ADO No.   11 mission. 

Also presented in Reference 7 was the method of incorporating th< 
experimental nozzle results into the computer program for more realistic tl 
prediction at off-design conditions. These changes will be incorporated In i 
performance predictions next year. 

Nozzle Configuration Studies 

The aerodynamic analysis of the exhaust nozzle for the Model MA5 
engine has been handled at design point (Mach 2. 8; ANA 421 Hot Day; altitud 
1,000 feet) in two general categories. The more obvious was the lnvestigat: 
the primary propulsion nozzle, while the other was the performance evaluat 
the various cooling flows. The design criteria and techniques used to deriv 
basic optimized primary nozzle contour were presented in Reference 9 and 
cussed briefly above. The performance analysis of the primary flow will b« 
sented in the configuration study results to follow. 

During the year, five techniques of nozzle cooling have been consid 
as shown in Figure 31. Performance studies of the four more promising co 
urations have been completed. These studies include the effect on net engin 
thrust of the primary nozzle flow, the engine cooling flow, the airframe coo 
flow, and the afterbody drag. The four configurations evaluated as installs« 
terns were: 

(1) The annular, forced convection nozzle 
(2) The tubular, forced convection nozzle 
(3} The ejector nozzle 
(4) The radiation cooled nozzle 

With the first two configurations, the reactor side support cooling . 
was maintained completely separated from the nozzle primary flow, while v 
the third configuration, this cooling flow was introduced into the primary st 
in the divergent section of the nozzle (just downstream of the primary nozzl 
throat). With the fourth configuration, the cooling flow was mixed with the 1- 
mary flow upstream of the nozzle. 

In the first two configurations listed above,  the cooling flow drag w   3 
minimized by expanding the secondary exhaust flow to equal the primary noi   le 
exhaust pressure with a convergent-divergent nozzle arrangement.    The an»   raia 
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of each configuration was directed toward the definition of a nozzle I rust coeffi- 
cient for each flow that was then used to establish the installed engi: net thrust 
coefficient including the nozzle afterbody and base drag. 

The engine net thrust coefficient was expressed as: 

CT„ *  CT* ♦ CTc +  CT.   + CT 
■N r + cTb 

The net thrust coefficient of the primary nozzle flow is given by:* 

The net thrust equation for the secondary (engine cooling) f   w is: 

CTg ■ 2 

The net thrust equation for the airfrarne cooling flow is: 

C-T-     * 2 
■"•A 

ie net mrusi equation ior me secondary \engine coon: 

le net thrust equation for the airfrarne cooling flow ii 

The exhaust velocities,  Ve, of each of the flows were the ii al veloci- 
ties computed from the local properties at the beginning of each fins expansion. 
The exhaust areas were the actual areas of each exhaust flow, and e     thrust co- 
efficients were referenced to the basic Model MA50-XCA 57-inch di neter ref- 
erence area.    The exhaust pressure! Pe, was the nozzle exit press* e estab- 
lished in earlier studies of boattail-nozzle optimization (see Section .2.3). 

The boattail and base drag coefficients are equivalent to thi expression: 

3  Al 
max 

Amin 

Am ax 
Cp dA 

Values of boattail pressure coefficients were taken from Reference 
base pressure coefficients were taken from Reference 13 , 

while 

*Symbol definitions at end of section. 
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Annulari  Forced Convection Nozzle 

The configuration of this nozzle is shown in Figure 35 . Thi 
tern used the basic optimized primary nozzle contour. The secondary coo] 
flow was passed through a constant flow area annular passage formed by tl 
raary nozzle wall and an outer shell. The airframe cooling flow was allow 
flow between the secondary outer wall and the airframe boattail. To reduc 
drag, pressures in both passages were maintained high by choking these fl 
near the exit of the exhaust with the dual-annular exhaust nozzle, which alt 
permitted supersonic expansion to the primary nozzle exit pressure. Furt 
this arrangement eliminated the base drag consideration. 

The ideal thrust of the primary nozzle was obtained by assu 
a one-dimensional iaentropic expansion of the actual nozzle flow from the i 
stream total to the exhaust pressure, or simply: 

\ g epr 

The actual nozzle trust was computed from the expression: 

g 
CVP VeP 

syB- 

ig 
pri- 

I to 

vs 

er, 

ing 

where Cyp a 0,983, the experimentally determined coefficient presented i 
Section 3.8.2 of this report. 

The secondary exhaust nozzle thrust coefficient was evaluat   1 by 
determining the pressure drop in the secondary annulus and computing the   ctual 
thrusts of the secondary exhaust nozzle.    The pressure drop was compute«   ising 
the computer program Rita described earlier in this section.   A velocity c   effi- 
cient of 96 percent was assumed for the secondary exhaust nozzle, and the 
exhaust velocity of both the actual and ideal cases was computed from the      tual 
exhaust total temperature.    The secondary nozzle exhaust flow was axial t 
minimize the divergence loss of this flow. 

Tubular,   Forced Convection Nozzle 

The exhaust system of the tubular walled nozzle is shown in 
Figure   36 .    The primary nozzle thrust coefficient was assumed to be equ to 
that of the full annular nozzle, because any additional loss would be the re ilt of 
increased wall friction.    Evaluation of the phenomena of boundary layer gr wth 
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over the tubular wall to define a momentum lose that could be weigh' 
the boundary layer momentum IOBB of the full annular nozzle would b 
ly ambitious at this time. The analysis of the secondary flow was v 
to the full annular case, the major differences being that there was i 
pressure drop through the tubes and that each of the 240 tubes incor; 
convergent-divergent nozzle at the exit. 

Ejector Nozzle 

The exhaust details of the ejector nozzle are shown ir 
The analysis of the ejector nozzle was complicated by the supersoni 
the primary and secondary flows, This situation was handled by aas 
flow remained isolated from the other, but both were penalized by f: 
each other. Because the primary stream properties under the abov 
(isolation) were Identical with the full annular nozzle primary flow, 
sumed that the friction loss between primary and cooling flows was 
the maximum velocity difference between the primary stream and th 
volume causing the friction. A theoretical solution of the boundary ■ 
the primary flow in the annular nozzle provided a suitable reference 
maximum velocity difference (stream to wall) was equal to the veloc 
edge of the boundary layer at the nozzle exit. With the ejector nozz 
imum velocity difference occurred where the secondary passage end 
with friction, the individual stream velocities would tend to converg 
the primary stream was assumed to slide within the sheath of the se 
stream, the maximum velocity difference was merely the difference 
of the two streams at the above location. With these assumptions it 
to write: 

A  F ejector AF 
maximum Av 

forced convection  maximum &Y 
ejector 

forced convecti 

where £>F was the momentum lose resulting from friction between t 
and secondary streams. 

The actual thrust of the secondary flow was computed 
total pressure at the secondary passage exit and the nozzle exit pre: 
by subtracting one half of the AF , . term above. The pressure 
secondary passage upstream of the secondary unit was computed usi 
gram Rita. Because the total pressure of the secondary flow was e< 
through the sonic region to the secondary flow passage exit, the noz 
coefficient was assumed to be unity.    However, this secondary exha 
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penaliaed loi' divergence loss at the exhaust nozzle exit.    Both the 1 tual and 
ideal exhaust velocities were evaluated at the actual total temperat\ e at the 
exit of the secondary passage. 

To compute the actual thrust of the primary flow, th above anal- 
ysis of the secondary flow was used in conjunction with reliable exp rimental 
data from a model of the specific configuration under analysis.    Th two quanti- 
ties were related by: 

W    C        V 
C -     P    VP     ePi + 

W    C       V 
S    VS    eSi 

WP VePi + WS 
VeSi 

his report 
actual to 
ssible to 
ich would 

gure   38 . 
,« primary 
1 from the 
>ugh the 
losses 

The combined coefficient, Cypo» was presented in Section 3.8.2 oi 
and obtained experimentally.   The coefficient,  Cyg, was the ratio c 
ideal thrust of the secondary flow.   With these coefficients, it was 
solve for the nozzle thrust coefficient, Cyp. of the primary, flow, ^ 
include friction, divergence, and interaction losses. 

Radiation Cooled Nozzle 

The exhaust configuration of this nozzle is shown in 
With this configuration, the secondary cooling flow was mixed with 
flow at the reactor exhaust.    Complete mixing was assumed uputre« 
nozzle, and both the primary and secondary flows were expanded th 
single (somewhat larger) "primary" nozzle.    Divergence and frictic 
were considered as in the case of the annular nozzle. 

Nozzle Flow Conditions 

Primary Flow 

The primary flow rate for all configurations analyze' 
lbs/sec. The total pressure at the nozzle inlet was 31, 000 psfa, ai 
temperature was 2060°F. Both were assumed constant throughout ' 
of the isentropic core totfhe optimized nozzle exhaust pressure of 1 

Secondary Flow 

The secondary flow rate for all configurations consic red was 100 
lbs/sec.    The total pressure at the reactor side support exhaust wa taken to be 
36,700 psfa for all cases except for the radiation cooled nozzle.    T.' total tem- 
perature at this axial station was 1060°F.    Total pressure drop and otal 

was 1577 
the total 

e expansion 
iO psfa. 
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temperature rise resulted from friction and heat transfer to the sei 
The secondary flow of all configurations evaluated was expanded to 

Airframe Cooling Flow 

The aerothermodynamics contractor furnished the di 
flow. The weight flow was 42. 3 lbs/sec, and total pressure at the 
station was 7200 psfa. The flow exhaust was choked with 70. 0 squs 
flow area, Solution of the continuity equation defined the total temp 
1280°F. To avoid the inconsistency of omitting one of the afterbody 
exhaust system analysis, the thrust coefficient of the airframe cool 
computed. For this computation, total temperature was assumed c 
a 2 percent total pressure drop within the boattail was assumed. T 
also expanded to 1680 psfa. 

Results 

The primary nozzle thrust coefficient, Cy , was assume« 
for the annular and the tubular configurations and W&B established i 
thrust coefficient of the primary flow with the ejector configuration 
mined to be 0. 9825. This reflected an interaction loss of approxiir 
percent from the basic forced convection configuration. 

The thrust coefficients, total pressure drop, and total ten 
rise of the secondary flow expansion  where appropriate, were as 

Annular Nozzle 0. 929 
Tubular Nozzle 0.929 
Ejector Nozzle 0.953 

■ 14.1 
-21.8 
-11.4 

®_ 
+ 98 
+ 180 
+ 63 

The decrease in thrust coefficient resulting from an increase in pr 
was compensated,  to a degree, by an increase in total temperature 

5876 

ndary flow, 
980 psfa. 

a for this 
:actor exit 
s inches of 
rature as 
Clowe in the 
ig flow was 
nstant, and 
is flow was 

dentical 
0.983.   Thai 

/as deter- 
tely 0. 05 

erature 
Hows: 

sure drop 

e little 
izzle.    Tims 
• flows of 

The primary and secondary flows of the radiation cooled n szle were 
mixed prior to entering the nozzle. This condition resulted in a to 1 tempera 
ture of the mixture of 1990°F, or a change of 70°F, which would h« 
effect on friction losses and divergent losses of the basic primary 
the nozzle thrust coefficient for the combined primary and seconda 
this configuration was also 0.983. 
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The boattail drag coefficient,  CJJ      , was determined to be -0.018   or 

the optimized nozzle-boattail configuration.    Small variations in boattail ex 
area between configurations were assumed insignificant.    The tubular nozz! 
inherently had a section of base area and a resulting baae drag coefficient, 
C&-. of -0.0056. 

The net thrust coefficient of the various flows was as follows: 

Annular Nozzle 0. 1983 -0.0007 -0.0028 
Tubular Nozzle 0.1983 -0.0020 -0.0028 
Ejector Nozzle 0.1977 -0.0004 -0.0028 
Radiation Cooled Nozzle 0. 1957 - . -0.0028 

The net thrust coefficients of the various installed exhaust system 
evaluated were as follows: 

Annular Nozzle 
Tubular Nozzle 
Ejector Nozzle 
Radiation Cooled Nozzle 

AN 

0.1768 
0.1699 
0. 1765 
0.1749 

g- 
,e 
,dia- 
ix- 
ive 
eral 

The above net thrust coefficients give an approximate comparison 
the four general configurations considered, The annular and the ejector con 
urations appear slightly favorable in the initial analysis, It is evident that 
tubular nozzle was penalized by higher pressure drop and base drag. The 
tion cooled nozzle coefficient was slightly low as a result of the inefficient . 
ing upstream from the nozzle. While some optimization is evident in the a' 
configurations, they still are only arbitrary configurations, analyzed for g< 
comparison. They cannot be considered sufficiently sophisticated to permi 
selection or elimination. Prior to final selection, the favored configuratio 
will be mechanically optimized to assure efficient fabrication. 

The particular exhaust system selected for the Model MA50-XCA     igine 
should be the one that yields superior performance and can be satlsfactoril 
cooled.    The superior performance should occur at design conditions, but t   i 
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cooling requirements must be fulfilled at the most extreme heating 
which will be at off-design conditions. The performance of the pri: 
has been optimized with regard to the boattail drag, and the cooling 
currently being optimized. To fairly evaluate each of the cooling s 
consideration! each should be optimized with respect to temperatui 
anical design. The performance of each optimum cooling configure 
then be evaluated for selection of one optimum configuration. 

Generally, the nozzle cooling flow conveniently available 1 
established by reactor and airframe cooling requirements. Furthe 
variations can controlr to a degree, the effectiveness of the coolinj 
increasing the local Mach nunri'ber of the cooling flow, the nozzle w< 
ture may be reduced, but the drag of the cooling flow will increase 
increased pressure drop, To minimize this drag, the geometric c 
that will yield the maximum acceptable metal wall temperature wil. 
that will have the lowest pressure drop, When this configuration b 
tablished, the cooling system analysis will continue with optimizati 
performance by optimizing nozzle cooling flow. 

Nomenclature 

A 

F 
M 
P 
T 
V 
w 
8 
CP 

•8- 

A 
BT 
N 
P 

Area 
Drag coefficient 
Thrust coefficient 
Velocity coefficient (Also, nozzle thrust coefficie: 

Thrust 
Mach number 
Pressure 
Temperature 
Velocity 
Weight flow 
Acceleration due to gravity 
Local pressure coefficient 

Ratio of specific heats 
Angle with nozzle axis 

Subscripts 

Airframe cooling flow 
Afterbody boattail 
Net (or installed) 
Primary flow 
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Sabecripts (Continued) 

R      a Reactor 
S      a Secondary flow 
T      s Stagnation conditions 
b      ■ Afterbody baae 
e       = Exit {or exhaust) 
i       = Ideal 
ic     = Isentropic core 
max = Maximum quantity of a considered interval 
rnin =» Minimum quantity of a considered interval 
o      ■ Free stream conditions 
pr    = Within limits of pressure ratio 
w     ■ Nozzle wall 

3.3 ENGINE PERFORMANCE SUMMARY (PERFORMANCE BULLETtt 
NO. 4)* 

3. 3. 1       Introduction 

The purpose of the performance bulletin is to diapers« quickly to 1: sr- 
ested parties The Marquardt Corporation's prediction of the performance o: i 
nuclear ramjet propulsion system incorporating the Tory IIC type reactor. 'he 
first two performance bulletins presented performance of the Marquardt Mc el 
MA50-XCA propulsion system incorporating the basic Tory IIC reactor,    P> - 
formance Bulletin No,  3, describing the Model MA50-XDA propulsion eyste , 
departed from the basic Tory IIC reactor design in that the reactor length v s 
decreased and the diameter was increased. 

This fourth performance bulletin represents Phase II of performan s 
prediction, wherein reasonable advancements over present Tory IIC techno: gy 
are studied.    LRL has concurred in the basic feasibility of each of the item 
diacuseed herein. 

MCLÄSSIFSEDINFULI, 
Authority £013526 
Chief, Records & Declass Civ, WHS 
^*S:    MAY 2 9 2015 

* Dated 31 December 1961. 
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In general, these performance bulletins follow the format et forth in 
Reference 14. (See Item IV of the section entitled "Reports and Ds i Require- 
ments. ")   Each bulletin supplements rather than replaces precedin bulletins. 

3. 3, 2       Summary 

With the publication of the first three performance bulleti: ,  Phase I 
of the 1961 propulsion system performance prediction ended.    This >hase has 
been devoted to propulsion systems incorporating present Tory IIC echnology. 
Design point performance,  off-design characteristics,  and diamet« scaling 
effects were presented along with inlet pressure recovery and reat jr wall 
temperature influence coefficients.    Performance Bulletina No.  1 id No. 2 
summarize Marquardt'a prediction of performance of the Model M. >0-XCA 
system using the basic Tory IIC reactor. 

Using the engine size scaling information contained In the bulletins, 
the aerothermodynamic contractor established that the basic react ■ diameter 
would have to increase from the nominal Tory IIC size of 57. 0 to a jut 63, 0 
inches to accomplish the ADO No.  11 mission.   In order to improv aerother- 
modynamic performance as well aa to reduce reactor weight, the i rward re- 
flector thickness was decreased by 4 inches, the fueled length of tl core was 
decreased by approximately 4 inches, and reactor diameter was in ceased 
from 57, 0 to 63, 0 inches.    This propulsion system, designated the AA50-XDA, 
provides the thrust neceBBary to perform the ADO No.   11 mission. This sys- 
tem was reported in Performance Bulletin No,  3, 

Phase II of this year's effort, discussed in this fourth bul tin, deals 
with the Model MA50-XCA system performance effects associated ith realistic 
modifications to the Tory IIC reactor geometry and technology.    G< 'metric 
modifications include: 

(1) Optimization of the reactor length-to-diameter ratio, j/De for 
constant De. 

(2) An increase in the diameter of the base-block billet, hich allows 
a reduction in the number of tie rods. 

(3) A change in fuel region void fraction by increasing th fuel element 
tube diameter. 

Technological modifications include: 

(1)    Modifying the core power profile to maintain a consta :   elastic 
thermal stress of 15, 000 psi and/or a maximum reac >r wall tem- 
perature of 2500°F. 

4E€ftffr-reSTRIGTEDD#fA- 
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(Z)    Modifying the core power profile to maintain a constant elastic 
thermal stress of 18,000 pel and/or a maximum reactor wall ten 
perature of 25 00 ° F .    This higher stress limit stud/ is prompted 
by the results achieved with the Tory ItA reactor, which operate 
successfully at power levels higher than design point. 

(3)   Reducing the amount of air flow to the tie rods, until a limiting 
temperature of l650*F Is achieved. 

Finally, operating envelopes have been established for the basic Mod 
MA50-XGA propulsion system. 

3.3.3     Scope 

The goal of the Pluto performance studies conducted to date has been 
Incorporation of the Tory TIC type reactor in a reliable nuclear ramjet propul 
system capable of performing Air Force mission requirements. Performanc« 
Bulletin No, 4 differs from prevlout studies In that it U based on Important e> 
elons of present Tory TIC technology, The performance gains achieved are be 
lleved realistic for a flight type propulsion system. 

The design point for the Marquardt nuclear ramjet propulsion system 
Mach 2.8, at a pressure altitude of 1,000 feet, under ANA Hot Day temperatur 
conditions.    The maximum reactor wall temperature Is 2500* F. 

This performance bulletin Includes the following: 

Design 

A brief description of the Model MAS0-XCA engine is Included w 
drawings, weights and center of gravity, dimensional Information for mountln 
points i and an over-all envelope Including basic alrframe dimensions. A rnaj 
modification of the reactor lateral support structure has been Incorporated Int 
the propulsion system design. The pressure vessel has been eliminated from 
design, with the Inner alrframe skin assuming the function previously perforrr 
by this component. The female track Is now an Integral part of the expansion 
shell and the male rail is still fastened to the alrframe structure as prevlousl 
shown. The tangentlally aligned Belleville spring stacks and the track and rai 
structure are Integrated Into a compact annulus. This system reduces the air 
frame outer mold line diameter by 4. 375 Inches. 
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Heat Rejection 

Heat rejection rates for the Model MA5Q-XDA propuli   MI aystem 
of Reference  4 are presented for design point condition*. 

Performance 

Model MA50-XCA propulsion system design point infc (nation 
(Reference   3 } is presented in tabular form to be used as a basis fc compari- 
son with the following studies: 

(1) The effects of reducing the front reflector 4 inches an the aft 
fueled core 4. 1 inches. 

(2) The effects of changing the core power profile to yielt * constant 
elastic thermal stress of 15, 000 psi and/or a maximu i wall tem- 
perature of 2 500°F.    For this study, the properties o tfiermal 
conductivityi modulus of elasticity, and the coefflcier of expan- 
sion were considered to be temperature dependent. 

(3) The effects of changing the core power profile to yielc i constant 
elastic thermal stress of 18, 000 psi and/or a maximu i wall tem- 
perature of 2500°F. 

(4) The effects on performance when the basic base-blocl sillet size 
1* increased to 9 inches from the present 5 Inches,   I r this case 
the number of tie tubes has been reduced by the ratio :9, and the 
volume originally occupied is replaced with fueled co: tubes. 

(5) The effects of reducing the tie rod airflow until the tic rod reaches 
an equilibrium temperature of 1650°F. 

(6) The effects of increasing the core void fraction by inc saslng the 
fueled tube diameter from 0.227 to 0.230 inches. 

Operating Envelopes 

Operating envelopes for the basic Model MA50-XCA p spulsion 
system are described for the ANA Hot and Cold Days and the ICAO tandard Day 
temperatures.   High speed operation is limited either by a ram air otal temper- 
ature of 1070°F or a diffuser duct pressure of 420 psia, 

3 
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3.3.4       Definitions 

Net Jet Thrust - Net jet thrust ie defined aa the Bum of the change i 
momentum of the mass flow through the engine and the pressure differential 
acting upon the exit area, as shown in the following equation: 

nj 

^6v6 - w0v 
+ 'P6  *  PoV 

The exit area (A^) used in this equation corresponds to a fully expa   l- 
ed nozzle at the design point.    The momentum of the air used to cool both th 
side support system inside the pressure vessel and the exit nozzle is includi 
in the net jet thruBt. 

Net Jet Thrust Coefficient - Net jet thruBt coefficient is defined as     e 
net jet thrust divided by the incompressible dynamic pressure and by the re)   r- 
ence area of the reactor in square feet as shown in the following equation:. 

'*L 
°J      l/2<*Vn

2A o ro 

The reference area used in this bulletin for the propulsion system,  is 17. 72 
square feet. 

Engine Installation Draff - Engine installation drag is defined as the 
sum of the inlet supersonic spillage drag» inlet bleed drag, and the engine b 
pass drag necessary for engine matching. 

By agreement, the airframe contractor will take into account: 

(1) The inlet installed drag other than the supersonic spillage tern 
such as the cowl drag,  the divertsr drag, and the inlet base dr   ; 

(2) The drag attributed to air bleed from inlet duct for power actui 
tion, air conditioning, or cooling of gamma-neutron shielding < 
airframe outside the pressure vessel 

(3)   Nozzle base and boattail drag 
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The drag of these items must be included to obtain the actual ineta) d thrust. 

Engine Installation Drag Coefficient - Engine installation < ag coeffici- 
ent is defined as the engine installation drag of the previous paragr >h divided 
by the incompressible dynamic pressure and the reference area of .e reactor. 

Installed Net Thrust - The installed net thrust is equal to e net jet 
thrust minus the engine installation drag. As pointed out in a prev us para- 
graph, only a portion of the engine installation drag is included her .n. 

Installed Net Thruat Coefficient - Engine installed net thr> t coeffici- 
ent ie defined as the engine installed thrust divided by the incompr« sible dy- 
namic pressure and the reference area of the reactor. 

Symbols - The following symbols and subscripts are used 

fi 

Des ?siö ion Unit 

A Cross-sectional area sqft 
C Coefficient - - 
F Thrust lb 
M Mach number ■ - 

P Pressure psf 
T Temperature °Rankin 
V Velocity fps 
W Weight flow rate pps 
i Gravitational acceleration! 32. 17 ft/sec2 

Sub scripts - Subscripts shall be employed in accordance v 
following station identification sketch and tabulation: 
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Description 

0 Free stream conditions 
1 Forward face of reactor support grid 
r Exit of reactor support grid 
2 Plenum upstream from reactor face 
3 Forward face of reactor 
4 Exit of reactor 
4' Plenum downstream from reactor 
5 Nozzle throat 
6 Nozzle exit 
c Cowl lip 
D Drag 
F Thrust 
j Jet 
n Net 
R Reactor 
a Static 
t Total 
w Wall 

Limitations 

The performance of the basic Model MA50-XCA propulsion syst« 
based on the component nuclear heat generation data of Reference 1. W 
minor exceptions, which are generally discussed in the respective areas, 
clear heat generation values for this performance bulletin were also take: 
Reference 1, However, the reactor power profiles for the 15,000-pBia: 
18, 000-psi elastic thermal stress studies were generated by Marquardt. 

The following revisions were made to the basic Model MA50-XC 
pulsion system: 

(1) Four inches of the reactor forward reflector have been renn 
and the nuclear heat generation in the remaining 6 Inches ha 
been changed from that shown in Reference   1 . 

(2) Four and one-tenth inches of material have been removed fr 
reactor aft core region, and the core power profile (as prea 
in Reference   1 ) has been terminated at this point. 
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The front grid void fraction andcquivalentflow hydraulic dis   leter for all 
cases considered were generated by Marquardt as were the basic he   : transfer 
and friction correlations. 

3.3.6       Description of Nuclear Ramjet Propulsion System 

General Description 

The Model MA50-XCA nuclear ramjet propulsion system c< 
variable geometry supersonic inlet with a modified ieentropic spike, 
diffuser incorporating a variable area bypass, a nuclear reactor sir 
struction to the Tory IIC reactor with integrated control syatem, an 
divergent exit nozzle, 

Engine Geometry 

Basic details of this integrated propulsion system design ai 
Figure 39, (Marquardt Drawing Number X-81388). A brief descrij 
major components of the propulsion system follows: 

The inlet, which is an under slung, axi symmetric, external 
pression type, has a translating centerbody spike with a maximum ■ 
capability of 7 inches. The spike actuation snephanism is housed wl 
body structure and is air operated. Air is supplied to the actuator t 
located on the centerbody structure. 

The subsonic diffuser duct structure, from aft of the super 
the face of the reactor, is an integral part of the missile airfrarne e 
will provide suitable fittings at the forward end for attachment of th< 
and centerbody structure, and at the eft end for attachment to the in 
shell. 

The nuclear reactor is composed of a aeries of individual e 
make up the core, the front, rear, and radial reflectors. The reac 
tained in the form of a right circular cylinder by a spring-loaded ex 
composed of 12 segments held together by a series of tangentially aJ 
of Belleville springs. A series of axial tie tubes, which pass throuj 
react and collect all aft directed loads through rear bearing plates a 
them to a front support structure. 
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A track and rail system supports the reactor within the mis 
and Is designed for ease of installation. The pressure vessel has be 
from the design, the inner airframe shell assuming the function pre\ 
formed by this component. The female track is now an integral part 
pansion shell and the male rail is fastened to the airframe inner she.' 
ly shown. The tangentially aligned Belleville spring stacks and the t 
structure are thus integrated. This system {shown in Figure 39 ) w: 
ground handling equipment to lift and transfer the reactor assembly i 
airframe. This design also compensates for differential thermal ex; 
tween the reactor and airframe structure and will also transfer high 
and vibration loads by tangential shear to the supporting airframe st 

All axial loads imposed on the reactor are transferred to th 
through a shear ring structure located at the station of the reactor fi 
structure. 

The reactor control rod mechanisms are contained in an int 
age, which is mounted forward of the front support structure and ho\ 
the inlet duct. Control rod actuators are mounted in the annulus bet 
fuser duct and the missile airframe. 

The convergent-divergent exit nozzle is an integrally braze' 
from a series of longitudinal tubes shaped to the nozzle contour and - 
a spiral-wound wire. Nozzle cooling is provided by routing air thro 
support structure and then through the longitudinal tubes. The exit i 
tilevered from the inner airframe shell near the rear face of the rea 
attached by a threaded lock ring. 

Weight and Center of Gravity for Engine Components 

A preliminary weight breakdown for the flight type reactor 
XCA) has been estimated, and the results are presented in Table   5 . 

Based upon the reactor weights of Table    5,  calculations la* 
propulsion system components have approximate weights and center 
(CG) location» as shown below.    Station locations {Engine Station, Ei 
indicate CG locations with respect to the over-all propulsion system 
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Inlet and spike 
Inlet duct 
Reactor controls 
Reactor assembly 
Exit nozzle 

Weight 
(lbs) 

Z, 197 
1,270 

350 
12,830 

1, 160 

Center of 
Gravity 
Location 

(Engine Stati<    ) 

ES 182 6 
ES 405. 6 
ES 445 9 
ES 542. 5 
ES 604. 8 

TOTAL      17,806 ES 490. 5 

The center of gravity and station locations are also shown in "igure    39. 

3.3.7       Heat Rejection 

Heat rejection of the basic Model MA50-XCA propulsion sya m was re- 
ported in Reference  3 .   A similar analysis has been performed for t : larger 
Model MA50-XDA propulsion system at design point conditions.    Witt in airflow 
rate of 120 lb/Bee in the side support compartment, the springs read d a maxi- 
mum temperature of about 1360°F.    The total cooling airflow rate in« ie the air- 
frame structure was kept at 50 lb/sec.   At this flow rate, the pressu shell 
reached a maximum temperature of 1280°F, the internal support met jer in the 
airframe reached a temperature of 151G°F, and the vehicle skin term rature was 
1000°F.   The total heat rejected by this system i» about 3.8 Mw.    A " eakdown of 
this heat rejection is presented in Table   6.    Heat generation rates ir ;he side 
support system for this analysis were calculated by Marquardt« 

3. 3. 8      Control System Characteristics and Requirements 

These data are unchanged from Reference   4. 

3.3,9      Engine Performance 

A tabulation of aerothermodynamic values at design point co: itions is 
presented in Table   7 to show the effects of each of the factors consic red in this 
analysis.    These effects can be compared with the basic Model MA50 ICA pro- 
pulsion system.    The various changes and the results are discussed i the order 
presented in the table.                                                          ,.. mm-    . 
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Center of 
Gravity 

Weight Location 

<lb8.t„ (Engine Statl   i) 

Inlet and spike 2, 197 ES 182.6 
Inlet duct 1,270 ES 405.6 
Reactor controls 350 ES 445.9 
Reactor assembly 12,830 ES 542.5 
Exit nozzle 1, 160 ES 604.8 

TOTAL 17,806 ES 490. 5 

The center of gravity and atation locations are also shown ii Figure    39. 

3.3.7      Heat Rejection 

Heat rejection of the basic Model MA50-XCA propulsion sys m was re- 
ported in Reference  3 .    A similar analysis has been performed for e larger 
Model MA50-XDA propulsion system at design point conditions.    Wit an airflow 
rate of 120 lb/aec in the side support compartment, the springs reac »d a maxi- 
mum temperature of about 1360°F.    The total cooling airflow rate in de the air- 
frame structure was kept at 50 lb/sec.    At this flow rate, the pressu ä shell 
reached a maximum temperature of 1280°F, the internal support me: ber in the 
airframe reached a temperature of 1510°F,  and the vehicle skin tern; rature was 
1000°F,    The total heat rejected by thifl system is about 3,8 Mw.    A reakdown of 
thi«, heat rejection is presented in Table   6.    Heat generation rates i the side 
support system for this analysis were calculated by Marquardt. 

3. 3. 8       Control System Characteristics and Requirements 

These data arc unchanged from Reference   4, 

3. 3. 9       Engine Performance 

A tabulation of aerothermodynamic values at design point cc iitions is 
presented in Table   7 to show the effects of each of the factors consi red in this 
analysis.    These effects can be: compared with the basic Model MA5C ICCA pro- 
pulsion syntem.    The various changes and the results are discussed the order 
presented in the table.                                                       DECLASSIFIED IN FÜLL 
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TABLE   6 

HEAT REJECTION OF MA50-XDA PROPULSION SYSTEM 
(Mach 2. 8; ANA Hot Day; Altitude,   I, 000 feet) 

Item 
- 

Air 
Flo-w 

Heat Rejection 

(lb/sec) (Btu/sec) (MW) »> 

Spring Compartment 120 2479 2.62 6   ,3 

From Side Reflector -- 619 0.65 1     3 

, From Support Springs «t — 1336 1.42 3     3 

i From Pressure Shell ■« a 524 0.55 1     7 

Alrframe 50 369 0.39 1      3 

From Pressure Shell -- 78 0.08 2 
From Airframo Support -- 284 0.30 9 

From Vehicle Skin -- 7 0.01 2 

i 

To Ambient From Vehicle Skin 

TOTAL 

m m 

mm 

728 0.77 2     4 

i 3576 3.78 IC   . 0 
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(1) The baaic Model MA50-XCA propulsion system perfor ance i« pra- 
BenLed tu pruvide a basis for comparison of the following items. A stalled dis- 
cussion of the basic Model MA50-XCA propulsion system was prese :ed in Per- 
formance Bulletin No,  2 (Reference    %). 

(2) The length-optimized Model MA50-XCA propulsion syi am is char- 
acterized by the removal of four inches of forward reflector and 4. Inches of the 
aft core.    This version of the Model MA5U-XCA was discussed in P 'formance 
Bulletin No.  3 (Reference 4 ). 

(3) The basic Tory IIC reactor power profile presented in tie Tory IIC 
Data Book (Reference   1 I is determined by a maximum allowable el itic thermal 
stress of 15, 000 psi and a maximum wall temperature of 2500 F,    ' ie stress cal- 
culation assumes that thermal conductivity, modulus of elasticity, i d coefficient 
of expansion for beryllia are invariant with temperature and are evt uated at the 
2500°F wall temperature.   However, when the temperature depend« ce of these 
same properties is accounted for, an improved power profile Is obt tied which 
yields a constant 15,000 psi elastic thermal stress over the front pi tion of the 
core and a maximum allowable wall temperature of 2500°F over the rear portion. 
The resultant performance Increase (thrust) is shown as 2. 5 percer over the 
basic Model MA50-XCA,   This increase is somewhat conservative : that airflow 
re-optimization would yield a slightly higher thrust. 

(4) As an extension of the effort to improve the basic Tor 
distribution, a second computation was made using an elastic therrr 
of 18, 000 psi in combination with a maximum wall temperature of 2 
the same airflow rate as the basic Model MAG0-XCA, a 5 percent g 
was achieved, Power profiles for items (3) and (4) are compared t< 
Tory IIC profile In Figure 40. 

(5) The basic design of the Tory IIC reactor is dependent >on the base- 
plate billet diameter,    State-of-the-art in Niobium fabrication has i Heated that 
this size might be increased from the present diameter of 5 inches > about 9 
inches.    This would allow a reduction in the total number of tie rod since the 
temperature of the tie rods is currently around 1250°F, providing ( Ugh margin 
of safety for allowable stress. 

Reducing the number of tie rods in the core also reduces ti > volume 
occupied by unfueled cooling passages.   By going to a 9-inch diame r billet, 
sufficient fueled region is added to the core to obtain a 2. 5 percent icrease in 
thrust over the basic Model MA50-XCA for the same airflow rate, 

UC power 
I stress limit 
)0°F,   For 
n in thrust 
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(6) As a further step in the investigation of possible perfor 
a study was made of the effect of increasing tie rod temperature. Si 
erable margin of safety exists at the temperature (1250°F) predicted 
Model MA50-XCA engine, an increase in tie rod operating temperati 
quite feasible. Accordingly» the diameter of the tie rod cooling chai 
duced until a tie rod temperature of 1650°F was attained. The engin 
optimized for air flow. A relatively modest 0. 5 percent increase In 
achieved over the basic Model MA50-XCA engine. 

(7) The internal diameter of the current Tory IIC fuel elerr 
inches. To determine the effect on thrust of a small change in react 
tion, performance calculations were made using a tube Internal dlarx 
inches. This dimension was selected as representative of a minor c 
metry that would not greatly affect the fuel loading allowable limit, 
same total airflow rate as the basic Model MA50-XCA, a 1 percent \ 
is   achievable. 

Although these parametric studies are based on the diamete 
IIC reactor, the performance gains noted are applicable to the large 
Model MA50-XDA propulsion system. 

3, 3.10    Neutronics 

Neutronic studies of the Model MA50-XCA and the Model M 
pulsion systems have been reported in previous performance bulleth 
3 and 4/, respectively). Neutronic analyses of the ijfjgnoepts preset: 
fourth bulletin have not been made during this period, Wit will be dis 
succeeding reports. 
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3.3.11    Operating Envelopes 

Preliminary propulsion system operating envelopes have be \ established 
for the Model MA50-XCA nuclear ramjet for the ANA Hot and Cold I y and for the 
ICAO Standard Day temperatures, and are presented in Figures 41, !,  and 43, 
respectively.    Limits for these envelopes have been established as f lows: 

The Mach 2, 0 lower limit was established arbitrarily.    Hov ver,  some 
basis for this selection arises from a requirement for a pressure ra o of 8 to 1 
across certain pneumatic components.    The upper altitude limit is e abllshed as 
a line of constant diffuser exit pressure of 45 psia (which assures th aforemen- 
tioned 8 to 1 pressure ratio} up to 50, 000 feet, the maximum altitude sf interest, 
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Limitation of the flight envelope at high speeds and altitude 
either to a ram air total temperature of 1070°F or a diffuser duct t< 
of 420 psia. At sea level, these conditions limit the maximum fligb 
Mach 3, 0 at the ANA Hot Day temperature, to Mach 3, 1 at ANA CoJ 
ature, and to 3.2 at ICAO Standard Day temperature. 

Note is made of the restricted operating region in the fligh 
the ANA Cold Day condition. The Tory HC reactor power profile is 
elastic thermal stress limit of 15, 000 psi and a maximum wall tern] 
2500°F at the design point. It is possible, under Cold Day conditioi 
speed and low altitude, to attain a flow rate - core temperature con 
the 15, 000-psi allowable stress limit will be exceeded. Baaed on s 
eration of the Tory IIA reactor at power» above the design value, aj 
rence with LRL, the limiting elastic thermal stress for off-design < 
been increased to 18, 000 psi. Raising the stress limit has the efi'e< 
the restricted operating region to the small area shown in Figure 4 
ate in the restricted region, air flow and core temperature must be 
such a manner that the 18, 000-psi stress limit will not be exceeded 

The missile must be boosted into the propulsion system op 
lope.    Typical boost envelopes are shown in Figures   41,    42, and 
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HEAT TRANSFER AMD THERMAL STRESS ANALYSIS 

3. 4, 1       Mechanical and Structural Design Support Studies 

Inlet 

The heat transfer effort directed toward the design of the propulsion 
By-stem inlet assembly has been of a preliminary nature.    Estimates of some 
steady state temperatures have been made for the following conditions:   Mach 2 
ANA Hot Day,  an altitude of 1,000 feet,  and Mach 3. 0,  ANA Hot Day,  an altitud 
of 1,000 feet.    The underslung axis ymmetric variable-geometry inlet analyzed 
shown in Figure  44 , 

At the Mach 3.0 condition, calculations indicated that a temperature of 
about 1300' F may be expected with the airflow distribution Bhown in Figure 44 
It was assumed that the inlet bleed airflow that enters the boundary layer bleed 
slot was used for cooling purposes. Half of this flow is directed forward in the 
ce.Aterbody while the other half is directed aft. At the time of the study, the 
forward-directed flow was channeled aft before It had a chance to cool the forw. 
most section of the translating mechanism; consequently, this section reached 
temperature of approximately 1300 * F. At the Mach 2. 8 condition, the temper« 
ture of thiB section is 1J 30 * F. The steady state temperatures calculated for p 
ttons of the inlet at the Macl» 3. 0 and Mach 2.8 conditions are presented in Figi 
44 . Later design configurations provide for passing a portion of the cooling a 
through this forward section, thereby lowering the temperatures shown in Flgu 
44  . 

The inlet actuating mechanism presents the greatest potential heat tra 
fer problem In the entire Inlet assembly,   This mechanism, which has recently 
been defined,  will be analyzed to determine cooling requirements.    The cowl 
assembly,  which has not been fully analyzed,  is not expected to reach tempera■ 
tures higher than those of Figure 44 . 

Side Support Structure -A 

The results and a discussion of the heat transfer studies of the Models 
MA50-XCA andMA50-XDA sido support systems are presented In Section 3.4. 

Reactor Tie Tubes 

The steady state temperatures in a Tory HC reactor tie tube (R-235 
material) have been determined for design point conditions,    The tie tube 
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considered was located near the reactor centerline. The temperatures of the 
fueled beryllia surrounding the tie tube and the temperature rise of all coolinj 
streams were determined.    The following values were obtained: 

Temperature 

Maximum temperature of unfueled beryllia 
Air temperature rice in unfueled beryllia 
Maximum temperature of tie tube 
Air temperature rise in tie tube 

2570 
1250 
1250 
no 

*1 feeftfHfMifflrgfflrff- 
Trrowrc rwnrei nu w»-j£5it» 

n- 
ilr 

»y 

e 
t 
fa- 

Complete temperature distributions In the tie tube and surrounding unfueled 
beryllia are presented In Figure 45 >   Some specific conditions used In the at 
are presented In Table  8. 

More recent studies of a similar nature were conducted at the follow 
conditions:   Mach 3.0, ANA 421 Hot Day, sea level; and Mach 3. 6, ANA 421 t 
Day, an altitude of 30,000 feet.    The studies produced maximum tie tube temp 
tures of 1360° F and 1385°F, respectively,   Additional off.design operation 
studies will be conducted In the future. 

The tie tube configuration and the analytical models used are shown i 
Figure 46 .   The reactor length model was simulated by an IBM 704 thermal     ia. 
lyzer program, which may be used for a variety of conditions and tie tube ma    r- 
iala, 

Exhaust Nozzle 

At the beginning of the contract year, several exhaust nozzle types w   re 
being considered for Pluto application.    These nozzle types included the tubul 
forced convection,   annular forced convection,  baffle forced convection,  film- 
cooled (or ejector),  and radiation cooled configurations. 

The baffled and the radiation cooled designs were eventually dropped    ar 
the reasons discussed in Section 3, 2. 2. 

During the contract period, a considerable amount of detailed heat tr as- 
fer analysis effort was devoted to the tubular, forced convection configuration A 
preliminary analysis of the film-cooled (or ejector type) nozzle was also mad 

The exit nozzle contour for the flight engine was established as a cor sr- 
gent-divergent,  bell-shaped,  fixed area type. 
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STEADY-STATE TEMPERATURES IN A TORY TJC TIE TUBE AN 
SURROUNDING BERYLLIA AT DESIGN POINT CONDITION: 

3000 
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| 1500 
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1. 
2. 

5. 
t. 
5. 
6. 

MAXIMUM UNFUELED BeO TEMPERATURE 
UNFUELEO BcO TEMPERATURE  ADJACENT 
TO TIE TUBE 
AIR TEMPERATURE  IN UNFUELED BEO 
MAXIMUM TIE  TUBE  TEMPERATURE 
TIE TUBE   INSIDE HALL TEMPERATURE 
AIR TEMPERATURE  IN TIE  TUBE 

*~ey> TIE TUBE 
LOCATIONS  NEAR REACTOR  CENTERLINE 

10 20 30 40 50 

DISTANCE FROM FRONT FACE OF REACTOR - inches 
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TABLE   8 

CONDITIONS USED IN 
TORY IIC TIE-TUBE HEAT TRANSFER STUDY 

Item 

Tie Tube Material 
Tie Tube Internal Diameter, In. 
Tie Tube Outside Diameter, in. 
Tie Tube Flow Area, sq.  In. 
Reactor Length, In. 
Nuclear Heating in Tie Tube 
Nuclear Heating in Unfueled Beryllta 
Air Weight Flow Rate la Tie Tube, lb/sec 
Air Weight Flow Rate In Unfueled Beryllia Tube, 

lb/sec 
Unfueled Beryllia Void Fraction 
Diameter of Hole in Unfueled Beryllia 

Tube,  in. 
Unfueled Beryllia Tube Flow Area,  Bq. In. 
Unfueled Beryllia Tube Solid Area, sq. In. 
Temperature of Fueled Beryllia,   ■ F 
Thermal Conductivity of Unfueled Beryllia 

Btu/hr/ft/*F 
Thermal Conductivity of Tie Tube, 

Btu/hr/£t/°F 
Heat Transfer Coefficient In Tie Tube, 

Btu/hr/ft2/°F 
Heat Transfer Coefficient In Unfueled 

Beryllia Tube,  Btu/hr/ft2/°F 

Value 

R-235 
0.58 
0.66 

0.264 
60 

Axial Profile 
Axial Profile 

0.73 
0.017 

0.148 
0.12 

0.0113 
0.0649 

Axial Profile 
9.0 

13.0 

713.0 

615.0 
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TORY HC TIE TUBE CONFIGURATION AND ANALYTICAL MODELS 

INNER TUBE 
ROW UNFUELED 
BERYLLIA 

FUELED BERYLLIA 

UNFUELED 
BERYLL!A 

STILL AIR SPACE 

TIE  TUBE 

(B)  ANALYTICAL MODEL OF 

TIE TUBE  CONFIGURATION 

(A) TORY HC TIE  TUBE 
CONFIGURATION 

REAC    I CORE 

UNFUE    D BERYLLIA 
IBES 

STILL    IR  SPACE 

TIE     IBE 

(C)  NETWORK REPRESENTATION OF REACTOR TIE TUBE 
MODEL FOR THERMAL ANALYZER 
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Tubular, Forced Convection Nozzle 
1    i -——»»——«-—~————i 

Two tube shapes were considered for the typical wire-wrappe< 
nozzle of Figure 47. The flrBt type analyzed had 402 tubes of rectangular cr< 
section, as shown in Figure 48. Each tube was assumed to have a constant fl 
area of 0.1105 square Inches along the length of the nozzle. The assumed co 
air available to the nozzle at this time was 50 lb/aec at 1200* F. It was assu 
that heat is exchanged between the outer surface of the cooling tubes and the a 
dynamic nozzle shroud by thermal radiation only. Maximum steady state tub 
temperatures were calculated to be 1488° F at Mach 3.0, sea level, ANA Ho« 
and 1456* F at Mach 3, 0,  sea level, ANA Cold Day. 

Structural analysis indicated that round tube» would offer muc 
greater strength; consequently,  the analysis of the square tube was dropped. 

In the round tube configuration the tubes (0, 375-Inch ID x 0, 01 
inch wall) were held at a constant perimeter rather than a constant flow area, 
The first analysis of a round tube yielded a maximum tube temperature of 155 
at Mach 3, 0, sea level, and ANA Hot Day conditions« This study was repeat« 
once omitting internal heat generation and again omitting both Internal heat g< 
eration and reactor thermal radiation. The maximum tube temperatures obts 
from these studies were 1555*F and 1548* F,  respectively. 

Next, a preliminary optimization study was made to determim 
maximum tube temperatures as a function of tube size. The results of this s 
are presented in Figure 49 where maximum nozzle-tube temperature and tota 
nozzle-tube weight are plotted against the Inside diameter of the tube. In this 
study, the tube wall thickness (0.010 Inches) and cooling airflow (50 lb/sec) v 
held constant. The temperatures along the length of the nozzle are shown in 
Figure 50. 

All of the nozzle heat transfer studies discussed above were 
based on a coolant airflow rate of 50 lb/sec at 1200" F. Later InformatU 
from LiRL specified the coolant airflow rate to be 113 ib/sec and at a lower 
temperature. The temperature of this cooling air, which passes through th< 
side support structure spring compartment, is about 1000 °F. A tube size o 
approximately 13/16-lnch outside diameter with a wall thickness of 0,020 inc 
Is necessary for this flow. The nozzle design utilized 240 of these tubes. A 
study was made to evaluate the heat transfer characteristics of this system a 
two design operating cunditlons: Mach 2.8, ANA Hot Day, an altitude of 100 
feet; and Mach 2.8,  ANA Cold Day,   an altitude  of   1000 feet.     Pertinent 
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information for these two conditions is presented in Table   9 ,    The rci Its of the 
study are presented in Figures  51   and 52 .   The maximum tube tempi ature at 
the design point condition is about 1500° F and occurs at the exit end. or the 
of£-deBign condition (Cold Day),  the maximum temperature,  about 123< F,  also 
occurs at the exit end. 

The present nozzle design reflects a slightly changed in    rnal con- 
tour,    In addition,  the flow was reduced to 100 lb/sec at a temperature   >f 1050° F 
The 240 R-235 alloy cooling tubes (0. 75-inch ID x 0.028-incb wall) are    ound at 
the entrance end.   In order to conform to the nozzle contour,  these tut   9 are 
compressed or flattened,  and the cross section takes on a wedge shape 
in Figure   53 .   At design point conditions, the maximum tube tempera 
this configuration is 1475 'F and occurs at the nozzle exit,    The tempe 
tribution In the nozzle is presented In Figure   54 .   Off-design operatic 
are presently being conducted. 

is shown 
re for 
iture dis- 
s tu dies 

Annular, Forced Convection Nozzle 

The nozzle cooled by an annular, concentric cooling ch? iber IB 
similar to the tubular nozzle In terms of simulation on the IBM 704 the mal ana- 
lyzer program.   Only minor modifications of the existing computer pr< ram were 
neceBBary to produce a program for this nozzle.    It Is planned to evali te steady 
state temperatures for this nozzle design. 

Ejector or Film Cooled Nozzle 

A study was made to obtain a preliminary estimate of tl steady 
state metal temperatures In an ejector type, or film-cooled,  exhaust t szle for 
the Model MA50-XCA propulsion system at design point conditions.    It /as as- 
sumed that the convergent portlor of the nozzle consisted of wlre-wraf ed tubes, 
as previously described for the cubular nozzle.    The cooling tubes (0. ' -Inch ID 
x 0. 028-Inch wall) passed cooling air at 113 lb/sec with an Inlet tempe iture of 
approximately 1000°F,    The divergent portion of the nozzle was consl' red to be 
a simple single shell extending from the outer surface of the wlre-wra )ed tubes. 
This divergent portion of the nozzle was film-cooled by the air Issuing ram the 
cooling tubes slightly aft of the throat position.    The temperature of th discharge 
air was calculated to be at 1100° F. 

The film cooling achieved In the divergent portion of thi lozzle Is 
quite effective.   A nozzle metal temperature of 1240 "F was calculated t the exit 
end of the divergent portion, which represents a reduction of about 26c F from 

SEOEE rtCSTR 1CTE-9-BATA- 
TTftMir mim fin PF TQ^ „ • 101. 



ffTOTTTC-E-HERGY *CT flF  19$ L 

/Alarquardi 
VAN  NU»i. CAIIF01NU ■iraiT. 587 

TABLE   9 

CONDITIONS OF HEAT TRANSFER STUDY OF MA50-XCA EXHAUST NOZZ   E 

Item 

Mach Number 

Altitude,  ft 

ANA Day 

Reactor Power,  Mw 

Reactor Exhaust Air Total Temperature,   " F 

Reactor Exhaust Airflow, lb/sec 

Coolant Air In!et Temperature,   *F 

Coolant Airflow Rate, lb/sec 

Design Point 

2.8 

1000 

Hot 

516 

2060 

1577 

1008 

113 

Off-Deslg 
Point 

2.8 

1000 

Cold 

626 

2034 

1624 

670 

129 
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that reported tarHer for an all-tubular nozzle.   However, the maxl urn metal 
temperature of the nozzle is about 1400* F and occurs in the conver nt tubuiai 
portion at the throat position.   A reduction in this value might be po jlble by 
using smaller tubes in the convergent portion; however, the pressui     drop in the 
tubes and the balancing of the static pressures inside the nozzle anc t the exit of 
the cooling tubes will be limiting factors.   Figure 55    la a plot of tr. tempera- 
tures in the film-cooled nozzle. 

An excellent correlation for the evaluation of film-cc .ing systems 
i3 presented in Reference 15.    This method was used in the above a lysis and 
has been successfully put in a form suitable for simulation by the II I 704 ther- 
mal analyzer program,   A thermal analyzer program is now being < nstructed 
for future studies of ejector or film-cooled nozzles. 

Nozzle Attachment Fitting 

The flight engine nozzle attachment fitting shown in Figure 6   has been 
analyzed using the thermal analyzer to determine steady state temp atures at 
both Hot and Cold Day conditions (Mach 3.0, aea level).   Maximum imperatures 
obtained for the Hot and Cold Day conditions are 1440° F and 1060" 1     respec- 
tively.    Temperature distributions are shown in Figure   57 . 

To determine the effect of heat generation in the fitting, ar nalysls was 
made under the same conditions with nuclear heating omitted.    The aximum 
temperature for this case was 1202s F ander Hot Day conditions Ind ating that 
nuclear heat generation accounted for 238° F of the nozzle attachme tempera- 
ture. 

At the present time, it is assumed that the nozzle attachm«   t fitting of 
Figure 56   may be used on all air-cooled configurations of the exha    t nozzle. 

3. 4. 2      Performance Support Studies 

Heat Rejection Rates 

Studies have been made to determine steady state tempcrai 
rejection rates in the Model MA50-XCA propulsion system side sup 
ture. The primary objective of these studies was to estimate the hi 
rates In the side support system for evaluation of propulsion aysten 
For this reason, the analytical model chosen did not treat in detail 
ponents as support springs.   The analytical model used Is shown in 
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A reactor length simulation of this model on the IBM 704 thermal analyzer p i- 
gram was used for computation of the temperatures that were used to deterr ne 
the heat rejection rates. 

Calculations,  based on the best estimates of nuclear heat generatio 
the support system and airframe,  were made for design point conditions (M; 
2. 8, ANA 421 Hot Day, and an altitude of 1000 feet). With an airflow rate o 
113 lb/sec In the support spring compartment, bounded by the reflector and 
pressure shell, the support springs reached a maximum temperature of abo 
1120* F. The total cooling airflow rate inBlde the airframe structure was ai 
Burned to be 50 lb/sec. At this flow, the pressure shell reached a maxlmun 
temperature of 1180° F, the internal support member In the airframe reach. 
temperature of 1480' F, and the vehicle skin maximum temperature was 10C 
A complete temperature distribution Is presented In Figure 59 . The total ] 
rejected by the system« I.e., the heat absorbed by the coolant streams, Is ; 
3. 0 Mw.   A complete breakdown of the heat rejection Is presented In Table 
This information was presented In Performance Bulletin No.  2.    (Reference 

Recent studies of the Model MA50-XDA propulsion system (larger 
eter, ehorter length reactor) at design point conditions were also conducted 
determine the steady state temperatures and heat rejection rates. Nuclear 
generation rates were calculated at Marquardt. With an airflow rate of 120 
in the support spring compartment, the Bupport springs reached a maxlmurr 
perature of approximately 1360*F. The total cooling airflow rate Inside the 
frame structure was kept at 50 lb/sec. At this flow the pressure shell reac 
maximum temperature of 1280* F, while the Internal support member In the 
frame reached a temperature of 1510*F. The vehicle skin temperature In t 
case was about 1000* F, The total heat rejected by this system la about 3-8 
A complete temperature distribution Is presented In Figure 60 , and a breal 
of the heat rejection Is presented in Table 6 . This Information Is present 
Performance Bulletin No. 4, which is an Integral part of this report (Sectlo: 
3.3). 

Fuel Element Thermal Stress Analysts 

The reactor fuel elements are the energy source that produces the 
thrust of the propulsion system. The transient behavior of these fuel eleme 
and the preservation of their structural Integrity have a direct bearing on th 
performance of the propulsion system. To Insure the highest performance ; 
slble, studies have been made to adjust reactor power profiles to give the rr 
mum thrust without exceeding a safe beryllla thermal stress limit. In addlt 
an IBM thermal analyzer program was devised to calculate the transient beh 
of a fueled tube. 
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TABLE 10 

HEAT REJECTION OF MA50-XCA PROPULSION SYSTEM 
(Mach 2.8; ANA Hot Day; Altitude, 1,000 feet) 

ITEM 

Spring Compartment 
From Side Reflector 
From Support Springs 
From Pressure Shell 

Alrframe 
From Preeaure Shell 
From Airframe Support 
From Vehicle Skin 

To Ambient From Vehicle Skin 

TOTAL 

Air 
Flow 

(lb/sec) 

113 

50 

HEAT REJECT!    N 

(Btu/aec) 

1845 
729 
628 
488 

349 
56 
286 

7 

684 

2878 

(Mw) 

1.95 
0.77 
0.66 
0.52 

0.37 
0.06 
0.30 
0.01 
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Reactor Fueled Tube Thermal Strega 

The steady state elastic thermal stress In a fueled beryllla tube in t 
Tory IIC reactor has been determined for various power generation and tern 
ture levels. In addition, the temperature difference across the wall of a fue 
tube has been determined at the same conditions, Generalised charts of thee 
results are presented in Figures  61   and 62 . 

S^^^ES^F^TRPüATA 

era. 
d 

These charts were used at Marquardt to revise the Tory IIC reactor 
axial power curve to produce more thrust.    These power curves are based uj n 
a limiting fueled tube thermal stress of 15,000 psi and 18,000 pat,  and/or a r .xi- 
mum wall temperature of 290G* F,   Figure   40 is a plot of the new power cux es 
along with that for Tory IIC and for a fueled tube with an isothermal wall terr sra 
ture of 2500* F,   From the 15,000-pat thermal stress axial power curve and s- 
sultant air and tube wall temperatures obtained from Figures   61 and 62 , tr 
maximum elastic thermal stress (tensile) and the maximum temperature in t i 
tube were computed.   These results are presented in Figure 63, 

Reactor Fueled Tube Transient Temperatures 

An analysis of the effect upon propulsion system performance of sue   an 
changes in reactor airflow,  Inlet air temperature, and reactor power has be< 
made possible by the construction of a thermal analyzer program simulating 
Tory IIC core «length fuel element. 

The program will yield the maximum fuel element temperature, w&] 
temperature, outlet air temperature, heat transfer coefficient (based on film 
temperature), and film temperature for varying air flow rates, Inlet air tern 
peratures, and reactor power level.    The thermal resistance and capacity of   le 
beryllla fuel element are functions of the fuel element temperature. 

This program will be used to assist In the evaluation of transient  p     - 
pulslon syBtem performance at various flight conditions. 

3.4.3       Control System Support Studies 

Control Rod Actuator 

Preliminary estimates of the steady state temperatures In a flight t-   e 
control rod actuator were made, for the following flight conditions:   Mach 3. 
ANA Hot Day, an altitude of 1000 feet.   In the stationary or nonoperatlng con    - 
tlon (the most pessimistic condition in the heat transfer sense) with a total 
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leakage airflow of 0,04 lb/sec <at 1060' F) through the actuator,  the maxlmi i 
steady state temperature was eettmated to be about 1087* F.    A complete te: - 
perature map is presented In Figures 64    and   65 .    The temperature limit f : 
the actuator was 1600* F. 

The actuator, constructed almoat entirely of Stellite 3 and 6B, was 
sumed to be located in the inlet duct, 60 Inches from the reactor front face. 
nuclear Internal heating of the actuator, due to the attenuation of gamma rac 
tlon, is presented In Figure 66 . The actuator, one of five, was oriented w 
its axis perpendicular to the airflow Ln the inlet duct. The airflow in the 56 
internal diameter due«- is about 1800 lb/sec at 1060' F. All bearings in the , 
ator were assumed to have an effective void fraction of 0. 35. 

The IBM 704 thermal analyzer program was used to make the calcv 
tlons. A program was constructed that may be used for future temperature 
evaluations. With some modifications, this program may be used for calcu 
of transient temperatures, consideration of varying thermal properties, etc 

3.5 MECHANICAL AND STRUCTURAL DESIGN 

The mechanical design effort during 1961 was directed toward the < 
sign of an Integrated flight type propulsion system Incorporating the Tory II 
reactor. Design layouts of the Model MA50-XCA engine were completed, a! 
with layouts of major engine components. 

3.5.1      Engine-Air Frame Integration 

Lateral Support Structure 

In the Interests of optimizing the reactor support structure from a 
formance standpoint-I. e. , adequately supporting the Tory IIC reactor insld 
minimum diameter alrframe «several design concepts have been under tnve 
gatlon. To fulfill Its function the reactor lateral support system must prop« 
constrain the reactor core elements, transfer all flight loads to the alrfram 
accommodate differential thermal expansion between reactor and alrframe, 
provide the structural support necessary for reactor Installation and ground 
handling. 

Spring Design 

Of the methods studied to date,  a pre-loaded spring system offers 
most effective solution to the reactor support problem.    To meet the above 
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JUCLEAR HEATING IN CONTROL ROD ACTUATOR 
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requirements a spring system is needed that has a low load-to-deflectlon rat 
for thermal expansion and a high load-to-deflection ratio when subjected to 
inertia loads. 

below: 
The optimum spring should exhibit a nonlinear load deflection as she   n 

Full  Deflection 

Load 

■j 

iWAximum  TVavcl   Undev- 

OeFlection 

I Types of springs analyzed Include tubular, corrugated, Belleville, £ 
"buggy" configurations (Reference 9). The tubular and corrugated springe 
exhibited either low load-high deflection or high load-low deflection charac- 
teristics that were Incompatible with the required nonlinear relationship, Th 
Belleville spring was the only geometry studied that approximated the deslrec 
load-deflection characteristics. Figure 67 shows the physical arrangement o 
the Belleville design; however, final recommendations as to the nprlng conflg 
uratton best suited for the ground test engine awaits the outcome of the full s< 
lateral attachment tests to be performed in 1962. 

Vibration Studies 

Vibration analyses have been performed In an effort to define the dy. 
namlc response characteristics of the reactor and associated components.    T 
complexity of the structure precludes a rigorous analysis, but useful design 
information can be obtained from analyses of Idealised models. 

le 

3 
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One such model assumed an inelastic fluid cylinder vibrating In a ho    o- 
geneoue elastic medium.   Results of this study as described In References  l< 
and  8 indicate that appreciable excitation of distortlonal modes is unlikely in   tve 
frequency range of interest (5-30 cps).    However, a low frequency resonance 
could exist corresponding to the rigid body translation mode. 

These results suggest another dynamic model that may be used to In    ude 
the effect of damping on the system.   For this model the tangential (Bellevlll« 
spring reactor support (Figure   67) is idealized Into a single-degree-of-free«   m, 
slip-damped system.    The analysis of this system is pointed toward deriving    n 
equivalent static load,  which is reacted by the springs.    The tangential sprlnj 
system and its idealized model are illustrated in Figure  68 . 

Although the model is for tangential springs, It applies equally well      a 
radial spring support system, requiring only minor modifications in the equa   ans, 

The equivalent static load Is given as: 

V  *  AW<< 

where 

A   =   Amplification factor 
W   =   Body weight 
**• ■  Input Inertia load factor 

Since W and c'have known values, the amplification factor remains 1 
be determined. 

The assumptions used are: 

(1)      The air frame surrounding the reactor remains circular. 
(?,)       The core behaves as a rigid cylinder. 
(3) Only the translational mode is of Interest, 
(4) The only damping present results from friction on the 

periphery of the core. 

Assumptions (Z) and (3) permit the use of standard derivations (Ref- 
erence  17) that give the amplification factor as: 
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TANGENTIAL SPRING SYSTEM AND IDEALIZED MODEL 
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where 

f  ■   Driving frequency 
fn  o   Resonant frequency of system 

K„ 
'fn  »   M'-L 

2  I M 

P  ■   Driving force 
F  «   Resisting friction force 

The above equation represents an approximate solution of the dry frlc 
tlon damping case. 

The driving force Is given as: 

P  ■   W 

From a static analysis of the load distribution of the system, the equi 
tlons shown below are found to apply. 

The friction force is given as; 

F   ■   4uRp 

where 

u   =   Coefficient of friction 
p   a   Clamping pressure 
R   ■   Radius at which the pressure is applied 

■ ~x 
\ "i.V.- 

■ 4 

»•is 
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Transverse spring constant: 

2'ft ' 

K     ■   Spring constant of individual spring 
N   B   Number of springs 

Maximum clamping shell tension and body pressure due to    lertia is: 

V 
TT  » 

pi = T 

■n 

v 
ii»' 

With the above dynamic and static equation, coupled with t 
Input load«, It is theoretically possible, by adjusting the static prei 
spring constant, to limit the body movements to tolerable amounts, 
time, the vibrating system can be made relatively independent of fz 
increasing the friction force of the system. Conversely, It may be 
pendent of friction by keeping the ratio f/fn below a critical value. 
design represents a compromise between a stiff system, which llm 
deflections, and a soft spring to accommodate thermal expansions. 

There are, In general, three other factors that may give a 
One Is, that any excitation of core dletortlonal modes will Increase 
factor. Another Is the possibility of reducing the amplification fac 
nance by Introducing nonllnearlty Into the spring design. The third 
driving vibration is actually highly damped rather than steady state 
The Investigation of these parameters will be continued In the futur 

Engine Weight and Balance 

Engine weight and center of gravity (CG) locations have be 
for the Model MA50-XCA propulsion system using the basic Tory I. 
The weights of the major engine components and the CG locations a 

! proper 
ure and 
At the same 
juency by 
iade inde- 
'he optimum 
) Inertia! 

me help, 
ie damping 
r at reso- 
i that the 
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Center of Gravity 
Weight Locations 

(lbs) (Engine Station) 

Propulsion System 17,806,5 490.47 
Inlet 2,197.0 182.59 
Diffuser Duct 1,270,0 405.64 
Reactor 12,829.4 542.47 
Reactor Controls 350.0 445.94 
Exhaust Nozzle 1,160.I 604.77 

The respective center of gravity locations are shown In Figure  69 
M 

Because there Is a possibility that a reactor of larger diameter than 1 
present Tory HC will be required to provide desired thrust, weight and CG, ci 
culatlons were performed for reactor configurations having diameters 5 inches 
and 10 inches larger, Performance optimization Btudles have also Indicated t! 
It may be desirable to reduce the reactor core length. Weight and CG locatlor 
calculations were made for a variety of reduced reactor lengths. For every o 
Inch reduction in reactor length, there Is a weight reduction of 246 pounds. T 
results of the diameter and length studies are presented In Reference   9. 

'i 

3.5.2      Engine Inlet and Diffuser 

Designs have been completed for the basic Inlet (Figure 70 ) as well < 
the alternate inlet (Figure 71 ), Both Inlets are underslung, variable geometr 
axlsymmetrlc types with 5-shaped diffuser duct. Material selections have bee 
made for structural items on the basis of the latest thermodyfiamlc studies tha 
define maximum operating temperatures for various portions'of the translating 
spike and Its supporting structure. These temperatures range from 1079" F tc 
1286*F.   The following materials have been selected: 

Cowling lip and large structural castings — Haynes Stelllte Alloy 31 
Sheet metal structure - N-155 CRES 
Less severely stressed castings In c enter body — Type 347 CRES 

i 

Spike Translation 

Four methods of Inlet spike translation were studied using the followl   : 
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Spike load 
Spike travel 
Translation rate 
Maximum temperature 

16,000 pounds 
7 Inches 
7 inches in 6 seconds 
1200'F 

The methods investigated included a rotating nose cone coupled to a .m having a 
high lead angle, a simple rack and pinion arrangement,  an air-boost A rack and 
pinion system, and a ball screw actuator.    In each case, power Is si piled by a 
pneumatic motor.    Because of the more evenly distributed masses, nailer wall 
thicknesses,  lighter overall weight,  and lower power requirements, tie ballscrew 
actuating system has been tentatively selected as the best method of pike actu- 
ation.   A proposed design Is shown In Figure  72 . 

3.5.3       Exhaust Nozzle Design 

The exhaust nozzle contour for the flight engine has been es ibllshed to 
be a convergent-divergent type, fixed area nozzle.    Two configurate a have been 
evaluated for mechanical and structural integrity. 

Wlre-Wrapped Tubular Nozzle 

The design for the wire-wrapped tubular nozzle employs a < nstant per- 
imeter longitudinal tube,  die-formed in a convergent-divergent shap       Forming 
varies the cross section area In respect to the inner nozzle radius. 'he tubes 
are brazed together to form the shell of the nozzle and are then clrc nferentlally 
wrapped with wire.    The wire wrapping Is required when the hoop te lor. loads 
exceed the allowable tension of the brazed joint between the tubes.   J .rly design 
studies were based on a coolant airflow rate of 50 lb/sec at 1200° F tere tubes 
of 7/16 to 9/16 inches In diameter were required.   The latest Inforn tlon from 
LRL specifies the coolant airflow rate at 100 lb/sec.   This rate diet es a tube 
size of 13/16-lnch outside diameter with a wall thickness of 0.020 Ir lei.   A 
total of 240 tubes of this dimension Is required,    Each tube Is forme Into a con- 
vergent-divergent shape and flattened Into a 1,5*  arc.    The forwar. nd of each 
tube makes a transition to a trapezoidal cross section for brazing to \e attach 
ring.    This simplifies the machining operation required to mate the bes to the 
attach ring. 

Maximum gap between parts should not be greater than 0,0( Inches If 
structural reliability of the brazed joints Is to be Insured, 

Studies are being conducted to determine optimum material and possible 
fabrication problems Inherent with this design. 
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A preliminary selection of materials ie as follows: 

Attach Ring - Hastelloy C 
TubeB -R-235 or Rene* 41 
Wire -A286 

Ejector Nozzle 

Preliminary design studies have been completed for the ejector typ 
exhaust nozzle shown in Figure   73 , 

This design employs a convergent-divergent outer shell with an Inr 
shell In the convergent area only.    The annulus between the inner and outer 
is sized such that the engine cooling air will pass through and cool the conve 
portion by forced convection,    The divergent portion Is then film-cooled by i 
air issuing from the annular passage just aft of the throat. 

r 
lell 
gent 
e 

Preliminary design studies have been based on 0. 125-Inch thick Re   a' 41 
material for the two shells. 

3.6 NEUTRONICS 

The threefold objective of the neutronics program has been: 

(1) To increase the performance potential of the basic Tory IIC 
reactor through parametric studies 

(2) To delineate the mission performance capabilities of the Tor 
reactor in terms of time effects 

{3)       To develop improved analytical techniques and calculation mc 

IIC 

els 

Attempts to extract additional performance from the Tory IIC reac   r 
have involved studies of the effects of increasing the reactor diameter,  rede   ing 
the reactor length, and modifying the longitudinal reactor power profile. 

Time effects studies have been initiated to account for fuel burnup, 
poison buildup,  power profile deviations, and fuel loss,   but there is still mc   i 
work to be done in these areas.    The analysis of time effects will be a majo: 
item in the neutronics program for 1962. 
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3.6.1       Tory IIC Reactor Analysis 

Seven complete, two-dimensional studies of the Tory IIC n 
figuration have been completed during the year. The two-dimension 
theory code Angle, developed by the LRL, was used for the analysis 
particular interest to investigate design performance, to match des! 
quirements, and to determine leakage and Internal fluxes. 

The different studies have assumed a variety of operating t 
levels throughout various regions of the core. Initial studies used t 
ture regions of 1800, 2100, and 2500° F within the core, with a 145C 
reflector, an 1800° F radial reflector, and a 2100* F rear reflector. 
ies, for simplicity, represented the core at a constant temperature 
Radial power -was assumed to be flat in all calculations with the axis 
trlbutlon taken from Reference 1, The one-dimensional, 18-group 
code Zoom was used to match radial and axial power Independently. 
fuel distributions were used to obtain Initial loadings for the 180 fue 
for the Angle two-dimensional calculations. 

The assumed reactor model has R-235 tie rods as opposed 
design Incorporating both R235 and Rene1 tie rod materials.    The R2 
will require a smaller fuel Investment for crltlcallty.    The final mo 
indicated an effective multiplication factor,   keff, of 1. 03 for a fuel 
of 69 pounds,  significantly below the investment required in the Tor 
where Rene1 tie rods are Included, 

The geometry and physical data for the final Angle neutron! 
the Tory IIC reactor are shown in Figure 74 . Relative power and i 
tlona for the 180 core regions considered are shown In Figure 75 . 
mum absolute leakage fluxes for each group at the front, side, and 
reactor are noted In Figure 76 , The energy limits of the 18 groupi 
analysis are shown in Table 11. 
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Additional studies of the Tory IIC configuration are plannec or 1962. A 
reactor model exactly matching the LRL Tory IIC model will be stu< sd to estab- 
lish a firm basis for all future comparison studies. 

3.6.2      Isothermal Wall Version of Tory HC 

The neutronlc feasibility of an Isothermal wall verslonof tr 
reactor was Investigated as one possible means of Increasing the pe 

Tory IIC 
ormance 
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of the Model MA50-XCA system. The most significant change was t> 
power generation in the forward regions of the core with a correspon 
in fuel concentration. The neutronlc feasibility of the Isothermal wa 
the maximum fuel concentration required In any particular region (a 
(by weight) limit has been established by LRL. as a reasonable maxln 
fuel concentration). 

The two-dimensional diffusion theory code. Angle, was use« 
energy groups as in the basic Tory HO model. Geometry and physic 
the model are Identical to the data noted in Figure 74. The "Ideal" 
requirements for an isothermal wall system are shown in Figure 77 
power generation Is assumed to be flat, Three 18-group Angle probi« 
quired to match the desired profiles. The voluroetrlcally weighted, 
power profiles for each of the three cases are also shown In Figure 

The relative fuel distribution and relative power dlstrlbutioi 
the 180 fueled regions of the reactor core are shown In Figure 78 . 
fuel loading requirement Imposed a maximum fuel concentration of 1 
percent of uranium oxide 'n uranium oxide and beryllla. The resultl 
multiplication factor, k~ Is 1.038 for a U-235 mass of 84. 88 poun 
value is compared with the 69.0 pounds required In the basic Tory II 
a kef£ of 1. 033. It should be noted that both cases assume all R -235 
the reactor design. The maximum leakage flux profiles for the laott 
tor are shown in Figure 79 . 

The Isothermal wall version of the Tory IIC appears feaslbl 
purely neutronlc considerations although critical mass requirements 
creased. Additional study of the configuration will be completed If tl 
limitations are eased and If the enhanced performance la required In 

3.6.3      Reactor Sizing Studies 

In icfältLon to the Isothermal wall system, the neutronlc cha 
of three other possible reactor designs have been Investigated during 
Two designs were based on ceramic diameters of 59 Inches and 64 Ir 
changes In length or power distribution from the baste Tory IIC were 
In these two models. The third model used a ceramic diameter of 5) 
with a 4. 1-inch reduction In active core length and a 4-inch reductloi 
reflector thickness to make the model 8. 1 Inches shorter than the ba 
design. The nuclear ramjet engine based on this reactor design Is d 
Model MA50-XDA propulsion system. 
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The geometry and physical data for the 59-inch diameter v 
Tory IIC reactor are shown In Figure 80 , An Initial fuel loading o 
■was assumed giving a kef£ of 1.11. Critical mass Iterations to red\ 
were not completed due to computer time limitations. Three compl 
problems were required to obtain proper convergence to the basic 1 
distribution. The Angie-predicted power and fuel distributions are 
Figure 81 , Significant fuel reductions can be achieved with the dei 
iterations on fuel requirements will be completed if interest la expr 
larger systems. 

The geometry and physical data for the 64-inch diameter v 
Tory I1C reactor are shown in Figure 82   with the corresponding Ai 
p ,-ver and fuel distributions noted in Figure 83 .   A ke££ of 1. 12 Is 
a fuel loading of 85 pounds.   No iterations on fuel requirements for 
system were completed. 

The design of particular interest was the shortened length, 
diameter version of Tory IIC designated as the reactor for the Modi 
propulsion system. The required core power distribution 1B identic 
Tory IIC without the aft 4. 1 Inches of core length. Satisfactory mal 
required power was accomplished with three Angle models. The fli 
trontcs model had a keff of 1.031 with a critical mass of 81. 32 poui 
mum fuel concentration of 5. 14 percent of uranium oxide in uraniurr 
beryllia was predicted In the calculation. This Is well within allow* 
The mean fission energy decreased sltghtly from 0. 228 ev for the b 
to 0,223 ev for the Model MA50-XDA system. 

Geometrical data for the model are Indicated In Figure 84 
fuel distributions in Figure 85 , and corresponding maximum leakaf 
for each energy group in Figure 86 . The reactor appears feasible 
approach the flight type reactor for the nuclear ramjet system If thi 
over the basic Tory IIC system are required. 

3. 6. 4      Reactor Lifetime Studies and Time Effects 

A limited analysis of the lifetime characteristics of Pluto t 
has been performed to facilitate engine ground test planning. Addlt 
sive study will be required to assess adequately the time effects. 
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erosion rate of 0. 2 percent of core material per hour of operating t 
sumed for the period of operation. Such a rate would result In a chi 
of 0. 005 per hour. The results of a one-group homogeneous burnup 
were compared with calculations of the Marquardt two-dimensional 
burnup code Flredragon over a typical Pluto flight history. The »in 
was found to give conservative answers and was accepted for the pr* 
analysis rioted here. The required initial multiplication factor at op 
perature is shown in Figure 87 as a function of reactor lifetime foi 
power conditions. 

The effects of operating time on the system can be divided 
First, the effect of the accumulation of fission products, which Incl 
and samarium-249 as well as those that emit gamma rays with ener 
BeMf, n)Be° threshold. Second, the effects of control rod motion 
distribution. 

je was as - 
ge in k h 

alculation 
ultlgroup 
lifled model 
Imlnary 
rating tem- 
wo total 

to two parts, 
e xenon-135 

r above the 
a the power 

The poison effect in ..,'k, is readily obtained by solving the mventional 
fission product production equations for each region of the reactor. The effect 
of the Be' ( . ,  n)Ee8 reaction on keff can be estimated in terms of -5 eff and the 
effective delayed neutron fraction. 

The changes In ke££ and In power distribution resulting fror control rod 
motion are more difficult to calculate.    Knowing the reactivity comj: nsatlon re- 
quired for poison buildup,  the corresponding control rod positions c l be com- 
puted with the Angle program UBlng the method of Wachspress (Refe :nce 18) 
to represent a thin,  cylindrical poison ring, 

A method is being developed for the synthesis of three-dim lsional 
power shapes in the reactor with the control rods Inserted,    This B) thesis Is 
necessitated by the fact that the physical arrangement of the control ods Is in- 
consistent with the mathematical model used to calculate control ro worth. 

3. 6. 5       Neutronics Methods Development 

Calculation methods development has been required to allo 
more reliable evaluation of Pluto type reactors, Additional work in 
anticipated. 

a faster and 
his area is 

The IBM-704 program Angelita was developed to prepare i     ut for the 
Angle program.   Angellta uses flux-weighted average fission micro    opic cross 
sections as a function of the density of the fissionable material to d<   ermine the 

SE6ffflH?Brefmn33T7r 
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new fuel distribution from the previous power profile« and fuel dlstr utions. 
The program also punches cards in Angle input format to give the tt itive dis- 
tributions of all materials in the reactor. 

The IBM-704 program Flexita reads the relative neutron fl es from 
Angle output tapes, averages the mesh point fluxes for each region, nd obtains 
the volume weighted average flux over the entire core for each ener ■ group. 
The program also averages the powers for each region, normalizes iem, and 
renormalizes them to any desired position. 

The IBM-704 FORTRAN code Pronto was developed for the reparation 
of cross section Input to the reactor code POO. The program calcu tes macro- 
scopic diffusion, absorption, removal, and fission cross sections fc each group 
and each region from microscopic cross sections and atomic denslti I, 

A sti ly of the validity of diffusion theory for analysis of PI 
reactors has been Initiated, In using diffusion codes for reactor coi 
it is necessary to represent the reactor by many regions of sufficlei 
make diffusion theory applicable. The requirement of small regions 
quate representation of spatial variation is incompatible with the rec 
large regions demanded by diffusion theory, It is conceivable that i 
there is no "mesh size" that satisfies both requirements adequately, 
vestlgatlons of the question will be made using a one-dimensional, o 
transport equation. Studies will be extended to verify the validity oi 
trlbutions derived from application of diffusion theory. 

o type 
jutationa, 
size to 
'or ade- 
Irement of 
some cases 
Initial in- 
s-velocity 
ower dls- 

3.7 Radiation Analysis and Shielding 

The radiation analysis and shielding effort is concerned wit specifying 
the Pluto in-flight radiation environment, description of radiation ei Ironment 
and hazards during launch, delineation of shielding and nuclear heat g problems, 
and integration of overall system shielding requirements. 

Work performed during 1961 has resulted in the speclficatl i of the 
Pluto radiation environment comprising dose rate information,  neqt >n and 
gamma spectrum data, and reactor leakage flux.    Nuclear heating s dies of 
many engine components have been completed, but additional study i 11 be re- 
quired during the 1962 contract period.   System shielding requirem« ts,  not 
studied in great detail during the contract year, will be pursued furl sr during 
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Function 
Range*, 

(cm) 

P(Z) - 1 
P(Z) = cos 0.027 (Z-5) 
P(Z) = COB O.0.l83(Z-9, 
P(Z) a COB 0.0202{Z-5 

8) 
625) 

5 to 64.4 
-5 to 5 
-5 to -35 
-35 to -64.4 

Gamma Spectra for Tory IIC 3.7.2 

The General Dynamic Shielding Program D-53 was used for deteri 
Ing the energy spectrum of the gamma radiation from the Tory IIC reactor, 
code employs momenta method data (Reference 20) to specify the transfer 
photons between energy levels. The reactor core Is divided into 254 volum 
elements, and the power within each volume element Is calculated. The co 
assumes that the power comes from a point source located In the center of 
volume element. 

The geometric configuration and the composition of the reactor mi 
be specified In order to calculate the number of mean free paths, /* r,  of n 
terial encountered in traversing the distance from each source point to the 
tector point In question.    Uee of the value of JOT for different materials In t 
equation for I0, (E, EQI /j. r) effectively assumes that the scattering effect 
the material is equivalent to that of an equal number of mean free paths of 
beryllla. 

♦Referenced to core geometrical center 

CCRCTRCSIRICrEUUAIA- 

3. 7. 1       Computation of Radiation Levels for the Tory IIC Reactor 

Radiation levels for the Tory IIC reactor have been calculated and re 
presented In the form of neutron and gamma isodoae curves and doses forw -d 
of the reactor In Figures    88   and    89,   The radiation levels are consisten with 
the information published by LRL in the Tory IIC Data Book.    These result will 
be reviewed and updated as the Tory IIC reactor design becomes more flrrr r 
established. 

The General Electric Shielding Program 04-2 was used to obtain b h 
the neutron and gamma dose rates at various positions outBlde the reactor. 

The radial power distribution within the core was taken to be flat, hlle 
the axial power distribution was obtained by fitting curves to the data in Re r- 
ence J.9.   The core was longitudinally divided into four regions with each re on 
being represented by an appropriate power distribution function.    The funct ns 
used to fit the data were as follows: 
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The output of the Program D-53 give» flux value« for a eve energy 
levels as well as the total dose.    The total dose is calculated by (1) tlllzing 
flux-to-dose conversion factors for the seven energy levels and (2) jmerically 
integrating over the energy Interval. 

The Program 04-2 was run for each of the receiver points n order to 
obtain total doses that could be compared with the Program D-5 3 di es.    The 
results are compared Ln Table 12. 

3.7.3 Neutron Spectra for Tory IIG 

The Program 04-2 was used to calculate the neutron spect i of the 
Tory IIC reactor utilising momenta method data for beryllla.   The .ta furnish 
a differential number flux per Mev, NQ (r.EJ, *aa a function of ener ' and pen- 
etration distance for a unit point Isotropie fission source in berylllj      The neu- 
tron flux per Mev, frf   (r,E), outside the reactor can be calculated I    perform- 
ing the three Program 04-2 integrations over the Albert-Welton ke: el (see 
Reference 21 for appropriate values of Albert-Welton constants). 

The neutron flux per Mev,   0   (r,E), was calculated for si] jnergy 
levels:   E = 0.33, 1.096, 2.44,  3.64, 5.43, and 8.10 Mev.    Then« ron spectra 
were established at eight receiver points, and the results are tabul ed In Table 
13,   The results are for a power level of 1 watt.   Flux densities  at my other 
power level can be obtained by multiplying the tabulated values by t     power 
level of interest.    The main contribution to error is expected to be e infinite 
medium assumption inherent In the moments method data,    The nig r energy 
fluxes are more accurately predicted than those of lower energy. 

3.7.4 Nuclear Heating Analysis of Nickel ^heU 

A peripheral shim to reduce structural nuclear heating hat >een pro- 
posed by LRL to replace part of the radial beryllla reflector of the ory IIC 
reactor.    The reduction of nuclear heating in the aide support struc re has 
been analyzed In a preliminary manner.    More detailed calculation; vlll be 
performed to obtain the accuracy required. 

The Idealized configuration of the reactor with and without erlpheral 
shims is shown on Figure 90.      The non continuous distribution of i itertals In 
the side support structure la homogenized for calculation purposes. 

The gamma rays that contribute to heating within the side pport 
structure are those produced in the core and those produced in the t 1ms and 
side support structure from neutron capture.   Gamma production fl m neutron 
inelastic scattering has been Ignored as arolnor component. 
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TABLE  12 

OAMMA. FLUX DENSITIES OUTSIDE TORY IIC HEACTOR CORE 

Position Energy Groups 
Radial Axial 0 

r 
(cm) 

B 
(cm) 

(PhotonH/cm /sec/Mev)* 

El £2 E3 E4 E5' E6 E7 

124.2 894 3.12/12 7.20/11 2.22/11 8.96/10 3.65/10 9.03/9 1.29/: 
152 89 1.13/14 2.51/13 7.73/12 3.07/12 1.24/12 3.04/11 4.27/: 
89 254 3.61/13 8.42/12 2.61/12 1.06/12 4.33/II I.08/II 1.5*/: 
89 102 8.90/13 2.03/13 6.39A2 2.68/12 1.14/12 2.98/11 4.50/: 
89 0 5.37/14 1.19/14 3.67/13 1.44/13 5.80/12 1.40/12 1.94/: 
77.5 0 6.69/14 1.49/14 4.63/13 1.83/13 7.36/12 I.79/12 2.51/: 
82.5 20 6.27/14 1.40/14 4.30/13 1.70/13 6.81/12 1.65/12 2.29/: 
'82.5 40 5.67/lA 1.26/14 3.89/13 1.53/13 6.12/12 1.49/12 2.07/: 
82.5 60 3.98/14 8.93/13 2.76/13 1.10/13 4.42/12 1.08/12 1.52/: 
82.5 -40 3.82/Ut 8.57/13 2.66/13 1.06/13 4.28/12 1.05/12 1.48/: 
82,5 -60 2.18/14 4.99/13 1.56/13 6.27/12 2.59/12 6.44/11 9.26/: 

iia 163 4.23/13 1.04/13 3.32/12 1.39/12 5.84/11 1.51/11 2.25/: 
107 123 6.30/13 1.47/13 4.67/12 1.95/12 8.28/11 2.15/11 3.21/: 
76.2 228 4.79/13 1.12/13 3.47/12 1.41/12 5.75/H 1.42/11 2.03/: 

127 305 2.07/13 4.88/12 1.52/12 6.22/11 2.55/II 6.40/10 9.22/: 
190 152 4.40/13 9.9/12 3.07/12 1,24/12 5.06/II 1.27/11 1.82/: 
86.4 412 1.54/13 3.55/12 1.10/12 4.43/u I.80/II 4.46/10 6.34/] 

152 762 4.10/12 9.46/11 2.93/11 1.18/11 4.83/10 1.19/10 1.71/: 
152 889 3.06/12 7.05/11 2.18/11 8.79/10 3.58/10 8.Ö7/9 1.27/: 
152 1020 2.34/12 5A0/11 1.67/11 6.72/10 2.74/10 6.80/9 9.70/5 
152 114 0 1.88/12 4.34/11 I.34/II 5.42/10 2.20/10 5.47/9 7.78/i 

* M/n = H x 1011 
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TABIß 13 

NEUTRON SPECTRA. FOR ONE WATT OF POWER 

Position Flux, rf(r,E) 

(21/cm   sec Mev    ) 

E = 5.43 » 8.1C 

Radial 
r 

(cm) 

Axial 
2 

(am) E = 0.330 E ■ 1.096 E = 2.44 3 = 3.64 

89.O 254 1.74 A 4.23/3 1.98/3 2.21/2 1.18/2 ..73/1 

25.4 472 6.84/3 1.65/3 7.71/2 8.84/1 4.61/1 1.57/0 

7.63 513 5-75/3 1.39/3 6.48/2 7.41/1 3.88/1 i.46/0 

152 1140 9.21/2 2.25/2 1.04/2 1.19/1 6.30/0 >.67/-l 

77.5 0 3.84/5 9.30/4 4.29/4 5.23/3 2.63/3 ..71/2 

82.5 20 3.59/5 8.68/4 3.98/4 4.91/3 2.45/3 ,.43/2 

82.5 -60 1. 13/5 2.75/4 1.27/4 1.50/3 7.71/2 ..12/2 

82.5 60 2,23/5 5.39/4 2.48/4 3.05/3 1.52/3 1.16/2 

; ! 
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74.09 — 

68.54 — 

60.85 — 

IDEALIZED CONFIGURATION OF TORY If C REACTOR 
WITH AND WITHOUT PERIPHERAL SHIMS 

(DIMENSIONS   IN CM) 

A. WITHOUT SHIM 

R-235 STRUCTURE  (O.I» SOLID) 

BEO REF.   (0.9*1 SOLID) 

2 a 

BcO-UOs CORE 

(0.4? SOLID) 

89.8164.4 
-0-1- 

74.09 B. WITH SHIM 

68.54  — 

66.25  — 
60.85 — 

0  — 

R-2J5 STRUCTURE  (0.4 SOLID) 

BEO REF.  (0.94 SOLID) 

o    . 
Id    O 

R-S35 SHIM (0.9 SOLID). 

BEO-U02 CORE 

(0.47 SOLID) 

89.6 64.4 
0-H 

-64 

'St 

A -69.48 

-6< 

I* 
w   O 

CO  <t*~* 

f-o 

5    6 

1.4  -69.48 
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The heating due to core gammas was calculated with the P lgram 04-2. 
The buildup factor option applied wag the aemi empirical technique f Kalos 
{Reference 22) for water followed by iron to represent beryllla fol! wed by 
R-235. 

Neutron fluxes, required for the determination of capture 
source strengths, were calculated with Zoom, the one-dimensional 
group, diffusion theory code developed by LRL, Future calculatior 
based on leakage values generated by the Angle program. The capp 

source strengths, the cumulative sum of the product of group flux a 
cross sections, are shown in Figure 91 as a function of position : 
design cases. 

The evaluation of the heating distribution resulting from tl 
gamma source was completed using the Grace I| code of Atomics IT 

(Reference 23 ). Several approximations are involved in the meth 
ehlm and side support structure are represented as Infinite slabs, 
strength d'stributlons are represented as exponentials, and Taylor 
nential exp/esslon for buildup is used. Use of these approximation 
relationships predicting the heating due to capture gammas to be e> 
a closed form in terms of exponential Integrals. 

The radial distribution of heating from each gamma compc 
maximum heating location is shown In Figure 92, The total garni? 
is shown in Figure 93, While the gamma heating within the aide s 
structure has been appreciably reduced, the total gamma ray heat 
in the shim and support structure Is greater than in the correspond 
without shims. More detailed calculations Including a Monte Carlo 
the heat generation will be required to assess accurately the value 
arrangement. 

3.7.5       Tory IIC Reflector Nuclear Heating Analysis 

The Program 04-2 was used for determining gamma ray f 
within the side and end reflectors of the Tory IIC reactor. The po\ 
buttons, reactor configuration, and reactor composition were taker 
Reference 1, Gamma ray heating In the reflectors is calculated d 
the Program 04-2 group fluxeB by employing the 10-group energy a 
coefficients of the material at each receiver point examined. Neut 
a relatively small fraction of the total nuclear heating contribution, 
mated on the basis of the detailed reflector neutron heating calcula 
for the Model MA50 reactor design (Reference    24). 
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RADIAL DISTRIBUTION OF HEATING FROM EACH GAMMA COMPONEI* 
REACTOR POWER ■ 560 Mw 

i 

fir 67 68 69 70 71 72 73 H 75 

RADIAL DISTANCE PROM AXIS OF CORE - cm 
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REACTOR POWER -   560 Mw 

66 67 68 69 70 71 72 73 
RADIAL DISTANCE FROM AXIS OF CORE, cm 

^Cf^H^T^tffi^Pf^ 

mtnmr        587     mmmm 

74 73 

St   N22C38    frTDMIC  CNEftfiV ACT  OF  Igf* ■168- FIGU;   S 93 



SECRET RESTRICTED DATA 
?A m 

fatnuriui 
VAN NUTS.  CAIUOINIA *»'. 5876 

•»TQMIG ENFHfiY  ACT  OF Iffili. 

I 
I I 

i 

r 

■ . 

The axial heating distribution in the end reflectors Is sbo\ i in Figure 
94.      The nuclear heating for the side reflector along one radial pc Itlon is 
shown in Figure 95.     Radial factors for front and rear reflectors ere ob- 
tained to allow the use of the centerllne heating values to estimate sating at 
any radial and axial position.   However,  the assumption is made th     the radial 
and axial heating distributions are mutually Independent.    Because iis Is not 
strictly valid, some error will be Introduced in the extrapolations. Any point» 
of particular Interest can be calculated directly using the Program 4-2 code. 
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38 AERODYNAMIC EXPERIMENTS 

Design and performance predictions for the nuclear-powered ramji 
propulsion system are based upon iterative considerations of material temp 
ture limitations, relationships between allowable reactor temperature and $ 
temperature rise across the reactor, heat addition per unit frontal area of 1 
source, and exhaust nozzle performance. In addition» the thrust-to-drag xr. 
is inherently small and is particularly sensitive to inlet installed drag, inle 
sure recovery, and drag penalties associated with inlet bleed and boundary 
diverter systems, as well as nozzle efficiency. The iteration of all these p 
meters to an accurate prediction of performance is not amenable to analytic 
methods without certain critical experimental inputs. Consequently, consic 
able effort was expended in 1961 toward the acquisition of experimental data 
aid in the resolution of key aerodynamic problems. 

3.8.1      Inlet Model Teats 

Negotiations for the inlet test facility were begun in March 1961. 
were made to the two most promising facilities. Tunnel A of AEDC,  Tullahe 
Tennessee, and the Unitary Plan Tunnel at NASA Langley Field, Virginia. 
eesBing test sections measuring 4 by 4 feet, both facilities are capable of & 
number variation from high transonic to Mach 4. 0.    The NASA facility was 
ed over the AEDC facility on the basis of less work load,  slightly larger mc 
size,  and available tunnel calibrations at desired Mach numbers. 

The original program objective was to test the underalung axisymr 
inlet mounted beneath the missile forebody selected by the aerothermodynar 
contractor. The test objective was to establish the Installed performance o 
a system. The configuration performance« such as inlet pressure recovery 
bleed requirements, airflow characteristics, and Installed drag as a functic 
angle of attack, yaw, inlet variable geometry condition, and throttle plug pc 
wer<i iesired over the Mach number range from 1. 5 to 4. 0. 

The inlet test program was defined by the Air Force as a joint effo 
tween Marquardt and the aerothermodynamics contractor. In May 1961, a; 
meeting was held at Marquardt with representatives of the aerothermodynar 
contractor and the Propulsion Laboratory (Aeronautical Systems Division) i 
attendance. As a result of this meeting it was agreed to expand the test pre 
as follows: 
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(1) An alternate axisymmetric inlet mutually agreeable tr 
modynamicB contractor and Marquardt would be fabricated and test 
the basic inlet. The alternate inlet configuration would be chosen c 
that it was less sensitive to angle-of-attack and yaw, 

(2) Simulation of various longitudinal inlet locations bene, 
läge would be made. This simulation was accomplished in the mod 
tion or removal of inserts in the body ahead of the inlet. An inlet f 
vey was desired by the aerothermodynamic contractor for each airr 
position, 

(3) Body boundary layer effects upon Inlet operation were 
in two ways: first, the fuselage boundary layer thickness at the inl 
would be changed by boundary layer trips on the body nose, and/or 
tiona in the forebody length as described in the preceding paragrap! 
body nose ahead of the inlet would be lowered with respect to the in 
pose of this step is to establish the effect of Ingestion of fuselage bi 
upon inlet performance. 

Following the finalizatlon of program objectives and scope 
visit was made to the Unitary Plan Tunnel (NASA) in May» and arr* 
made for 3 to 4 weeks of tunnel time beginning about 1 November 1 

Details of the alternate inlet were established by represe» 
aerothermodynamica contractor and Marquardt in July 1961. The . 
differs from the basic inlet in that the compression fan from the in] 
focused on the Up but rather is spread out and reflected from the c 
face as shown in Figure 30 . The alternate inlet (including a revis 
is interchangeable with the basic inlet on the model. It is longer b 
what smaller external cowl angle, and has distributed bleed rather 
ized bleed slot as has the basic inlet. 

A detailed test outline was prepared for the revised progr< 
presented to NASA on 2 3 August 1961, By this time it was apparei 
November test date could not be met with the existing model fabric 
and it was requested that the test date be moved to about 1 Decemb 
consented to the test date change, but objected to the length of the j 
affecting test cell occupancy requirements and recommended elimi: 
flow field survey runs, A revised test outline was prepared and di 
October 1961 with representatives of the Air Force and the aerothe 
contractor In attendance. It was agreed that limited flow survey rv 
design point would be obtained. The drag model would be tested wi 
bleed to determine the effect of bleed flow on the external pressure 
around the inlet fairings. 
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Figures 96  and 97   show the inlet model during assembly.    The m   iel 
was shipped from Van Nuys 7 November and all checkout procedures and CE   bra- 
tions were accomplished pending installation on 4 December 1961. 

Installation was delayed by NASA until 15 December. A checkout n on 
18 December indicated excessive vibration in the tunnel drive motor. NAS. sus- 
pended the test program in order to correct the discrepancy. 

Testing is scheduled to continue in early January 1962. 

3.8.2       Exhaust Nozzle Model Tests 

The exhaust nozzle model tests conducted during November at the 
FluiDyne Elk River Aerodynamics Laboratory were performed to verify de.   gn 
and performance prediction assumptions,    Experimental data obtained incli   e 
primary nozzle thrust coefficients, nozzle discharge coefficients,  the effec    of 
nozzle secondary  (cooling) flow upon the nozzle thrust coefficient, and the 
nozzle wall pressure distribution to provide nozzle drag load data. 

The specific nozzle configurations tested are shown in Figure   98 . Addi- 
tional detailed nozzle contouring Information is shown in Figure   99 for the ri- 
mary nozzles,  and in Figure 100 for the forced convection and ejector confi ara- 
tions.    As indicated in Figure  99 > four of the primary nozzle models cons; : of 
truncations of a single contour.    In addition to providing thrust, flow, and p as- 
sure data on the present optimized primary nozzle configuration (Model FC I), 
the testing of additional nozzle lengths of the same basic contour will provii 
additional verification of the optimized nozzle data and will supply useful da . 
for future installation optimization studies. 

The nozzle configurations shown in Figure 100 provided the mecha cal 
geometry to supply secondary (cooling) flow in a manner similar to two of t > 
cooling methods under current consideration.   Forced convection cooling oi he 
full length of the nozzle is provided with the Model FC-3 configuration,  whi     in 
the ejector nozzle the divergent section is film-cooled.    The effect of these vo 
methods of cooling on the overall nozzle performance was evaluated experii ;n- 
tally. 

The particular static thrust stand upon which these nozzle models sre 
tested is shown in Figure 101 .    The data recording equipment used in the te : is 
also shown,    FreBsuree were recorded photographically from mercury colu in 
manometer panels and Heise gages.    Valve-metered,  high-pressure, prim: y 
and secondary airflows were measured by using calibrated smooth-approact 
choked orifices that conformed to the ASME code.    Pressure data were rec ded 
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from various significant locations, 
the nozzle,  along the nozzle walls, 

such as in the supply piping upst 
and in the  exhaust plenum. 

The actual thrust of each nozzle wae determined by subtrac 
aured nozzle drag force from the computed free stream thrust upstx 
the nozzle. Each nozzle was secured to the inlet tube by a beam baS 
bly and a flexible seal. 

The seal prevented leakage of primary flow, and the balanc 
the nozzle positioning structure. Whan flow was introduced through 
the downstream drag force of the nozzle was measured with a strain 
balance and an electronic indicator. Because of the flexible seal, f< 
were slightly pressure sensitive, therefore, balance calibrations ln< 
variable. Thrust coefficient data from the system were believed to 
solute accuracy of + 0.2 percent. 

Tests of the nozzle models were conducted over a pressure 
<Pt/Pa) ränge of 2 to 30. The secondary flow models were alt» test 
ondary flows, Wg, equal to 0, 3. 5, and 7. 0 percent of primary flow 
primary inlet total pressure (and primary flow) were retained nomii 
for all runs. The nozzle pressure ratio was varied by controlling tl 
plenum pressure with a steampowered ejector system. 

The thrust coefficient term used in this section is the ratio 
thrust to the ideal thrust of the actual nozzle weight flow expanded t< 
exhaust ambient pressure. The coefficient for primary flow alone i 
to: 

C    a Actual thrust of primary flow 
Wt 

P.i 

and with both primary and secondary flows: 

-     . Actual thrust of the combined flows 
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where the primary and secondary ideal exhaust velocities were eval   ited at the 
operating total-to-ambient exhaust pressure ratios of each indlvidua   flow. 
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The thrust coefficients from teste of the four primary nozzle« are a 
in Figure 102 . Coefficients at design pressure ratio exceeded 0. 98 for all fc 
primary nozzles. Model FC-2 demonstrated the highest coefficient that was 
tained from the tradeoff of divergence loss and friction as the nozzle length \ 
varied. However, this nozzle would be longer than the current installation e 
velope permits, The Model FC-3 yielded a thrust coefficient of 0.983 at the 
timized, cold flow, design pressure ratio of 20, 3. In the separated regime, 
area ratio increased, the expected decrease in thrust coefficient occurred, 

With secondary flow, the overall thrust coefficient (as defined in the 
second equation above) decreased because of the pressure drop in the second 
flow passage and the momentum loss resulting from the convergent secondar 
exhaust passage. The overall thrust coefficient of Model FC-3 decreased fr< 
0. 983 to 0. 977 when secondary flow was introduced, as shown in Figure 103. 
Further, the thrust coefficient was Independent of secondary flow variation a 
when the nozzle was highly separated. In this condition, flow separation was 
hibited by increasing secondary flow, and a decrease in thrust coefficient 
resulted, 

Without secondary airflow, the design-point thrust coefficient of the 
ejector configuration was 0.981, as shown in Figure 104, This value is sligl 
less than that achieved for the Model FC-3 configuration! and is the result o< 
wall discontinuity in the primary flow of the ejector configuration. When eje 
secondary flow was introduced, the thrust of the primary flow Increased as t 
discontinuity was smoothed out, and the thrust of the secondary flow increas« 
above that of the Model FC-3 because of the additional momentum rise with 
supersonic expansion. These two small Increases appeared to equal the sec< 
ary flow pressure drop, and mixing losses for the overall thrust coefficient i 
mained unchanged at 0.981, 

In the separated regime with the ejector nozzle, the secondary flow 
duced separation and improved the thrust coefficient. When the secondary fl 
was 3. 5 percent of primary flow, the thrust Improvement was greater than tl 
flow at 7. 0 percent of primary, indicating that an optimum secondary flow es 
ed and was bracketed by test data. However, the cooling requirement of sec 
ary flow is much more important than the performance advantage at greatly c 
expanded operating pressure ratio conditions, 
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The thrust coefficients defined by force measurement were verified i 
using the nozzle wall pressure distribution to define the nozzle drag, The wt . 
pressure distribution resulting from the primary nozzle flows Ja shown plottc 
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against expansion ratio in Figure 105.    The composite data shown are the a tr- 
age of data taken from each of the four primary models.    Very little variat n 
in local wall pressure ratio existed between models.    The deviations from ie- 
dimensional flow that are shown were consistent with expected trends in ax lly 
symmetric flow. 

Figure 106 is a shadowgraph of the exhaust flow from Model FC-3 t 
design pressure ratio.    The weak shocks visible in the exit were generated n 
the nozzle wall from a slight reduction in local expansion rate along the wa 
that coalesced into the weak shocks visible at the exit.    This condition indii ted 
that the wall curvature approximately 3 inches downstream from the throat as 
slightly excessive.    The wall pressure distribution contained no apparent 1( al 
variation, which tends to indicate that the shocks did not retain their single lis- 
contlnuity identity completely upstream to the wall.   Very weak shocks in t i 
divergent section of a propulsion nozzle have no significant effect on the th ist 
efficiency of the nozzle.    The high thrust coefficient of the subject nozzle v dfies 
this. 

The low nozzle contour curvature through the throat region result« in 
a discharge coefficient of 0.99).    Values of discharge coefficient computed rom 
data taken from all five primary nozzle configurations were essentially ide leal, 
because all convergent contours were identical.    No particular trend of vai .tion 
with pressure ratio was apparent, Indicating that the discharge coefficient &■ 
constant over the complete operating range. 

Results of the experimental program are thus quite encouraging. szzle 
thrust coefficients of 98 percent or better have been achieved for both fore« con- 
vection and ejector configurations.    Further, it is anticipated that full seal 
nozzles will yield even better thrust coefficients, because the performance 111 
improve with Reynolds number.   Also, improved performance can be expei sd 
for the ejector configuration, because the primary nozzle liner thickness ii he 
model was greatly out of proportion to the nozzle throat diameter and creat 1 
a relatively large disturbance in the nozzle flow field.   These results will 1 
further studied to indicate the desirability of nozzle contour changes, presi re 
losses in the secondary cooling systems,  and nozzle installation optimlzati L. 

3.8.3       Aerodynamic Coupling Tests 

General 

The purpose of the aerodynamic couplingrfceat was to investigate si 
pected problem areas that were revealed by analytical studies. 
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The primary areas of investigation are discussed below: 

§ 

(1)    The results of rather tedious hand calculations to dete nine the 
effect of typical diffuse v exit profiles on the performance of the nuc ar ramjet 
engine were presented in Reference 25.    For this study,  the methoc >f approach 
involved satisfying mass and momentum relationships while maintal ng the re- 
actor exit static pressure at the undisturbed or uniform flow value, from early 
single tube analyses,  it was concluded that the reactor overall pres ire drop 
probably would be a controlling factor in determining the flow-strai, .tening 
ability of the reactor.    A simplified method of analysis,  which conS' ved neither 
mass nor momentum, was then made to determine qualitatively the .'feet of pres- 
sure drop and flow straightening.    The results of the simplified etu< (reported 
in Reference 7),  in conjunction with the previous analysis of Refere ;e 25, lead 
to the comparison of profile straightening parameters presented in .gure  107, 

The analyses indicate that the reactor is an effective flow i ralghtener; 
i.e., the tube weight flow perturbation» due to an imposed total pre ure profile 
are reduced.    In particular, these studies indicate that local reacto wall tem- 
perature increases due to tube weight flow reduction with imposed p sfile are 
small and tolerable.    The primary purpose of the aerodynamic coup ng test was, 
therefore, to provide an experimental verification of the analytical edictions. 

W' 

% 

I 
i 

5 

(2) At the reactor rear face, pressure distortions, and he :e, tube 
weight flow perturbations may result from the multiple flow passagt discharge, 
structural blockage, and flow mixing.    In addition, the convergent p rtion of the 
exit nozzle may Impose a further static pressure distortion if physi il coupling 
is too close.    Attempts to evaluate these items by literature survey and analyt- 
ical predictions were not satisfactory.    Thus, the second purpose o :he aerody- 
namic coupling test was to provide experimental data on pressure d tortions at 
the rear face of the reactor. 

(3) A third area,  later considered,  was the determination f reactor 
noise generation levelB.   It was anticipated that noise measurement obtained 
for a representative reactor configuration would give some insight i :o problems 
of this nature that might exist in the full scale reactor. 

Thus,  this type of test and associated hardware could prod :e data that 
would aid directly in nuclear propulsion system analysis and would i a valuable 
tool in verifying analytical models and concepts. 
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Aerodynamic Coupling Test Hardware 

The use of a simulated full-length reactor section was pre cated on 
the belief that only with a full-length section could a realistic react • pressure 
drop be obtained,    A test section diameter was established at 18 in< es for the 
following reasons: 

(1)    A test section of this size would provide a centrally lc »ted Tory 
IIC standard unit cell free from any duct wall airflow effects. 

i.tL)    A teat section of this size would provide a simulated c itrol rod and 
tie rod unit cell that at some later date could be evaluated with the tached up- 
stream control rod drive rod and actuator mechanisms,   It was felt hat the air- 
flow blockage of the actuator mechanisms, which were not fixed in lOxnetry at 
the time of coupling hardware design, could not be simulated in a d t diameter 
smaller than 18 inches« 

(3)   Airflow requirements for a teat item of a larger diam er would 
compromise desired operating times. 

The aerodynamic flow lines of the Tory IIC reactor were a nulated as 
closely as possible; however, some modifications in construction a I assembly 
methods were required to facilitate instrumentation and to reduce r, rdware 
costs. 

The simulated Tory IIC reactor section or module, which referred 
to as the "tube bundle, " is constructed of aluminum hexagonal tubes af the size 
and arrangement similar to the Tory IIC.   These tubes are held lox .tudinally 
by two end retainer plates secured by rods that pi»* through the ra al segment 
blocks.   The radial segment blocks, which restrain »>" tube bundle iterally, are 
further secured by steel strapping around the circuxc" r»nce.    Figi 9IO8   is a 
photograph of the test item partially assembled,    figure 109 is an 1 ; view of 
the assembled tube bundle showing the steel strapping,    The large 1 ae is the 
control rod tie tube.    The aft retaining plate and an instrumentation date had 
not yet been installed.    Figure 110 is a photograph of the ait plate e swing the 
general arrangement of instrumentation and the size of tubes used. Figure 111 
ehowa the completed tube bundle assembly installed in the 18-inch < ct,    This 
view shows the front face Instrumentation and the simulated control *od inserted 
into the control rod tie tube. 
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3946-2 
FIGURE 108 - Buildup of Simulated Reactor Segment 

for Aerodynamic Coupling Test 
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3946-4 
FIGURE 110 . Aft Plate with Instrumentation and Tubes U«ed 

to Build Up Simulated Reactor Segment 
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Test Plan 

The test plan was formulated on the basis of four test phases. In th< 
first phase, the plan was to generate a pressure profile and to determine thii 
profile at the face position of the reactor test section without the test section 
being installed. 

In the second phase,  the basic test section,  with instrumentation,  w<    Id 
be installed and tested with the same profiles.    (The basic test flection conais   i 
of the bundle of aluminum hexagonal tubes and thte end retainer plates.)   Test 
results from the first phase would be used to evaluate the validity of the anal?   i- 
cally predicted pressure profile effects discussed earlier. 

i 

In the third test phase, the simulated fore and aft reactor support 
structures were to be added to the*, basic test section. However, between con 
ceptual design, and actual testing, it became evident that this configuration wc 
be of secondary importance because of the changing Tory IIC fore and aft sup 
design and the design of a flight type reactor. This phase was therefore drop 
as an immediate teat objective. 

Id 
art| 
sd 

The final test phase was devoted to the investigation of reactor-nozz 
coupling length.   Three nozzle positions were evaluated with a flat pressure \   o- 
file upstream of the test section. 

All test runs were accomplished with a constant airflow of 7 0 pps at 
ambient temperature for full Reynolds number simulation at the tube exit and 
at a tube exit Mach number closely simulating actual reactor conditions. 

The pressure instrumentation for the complete test item including re.   i- 
surement of total airflow, individual tube airflows, and duct pressure profile 
totaled about 150 individual pickups.    Figure 112 shows schematically how so    e 
of this instrumentation was used to obtain tube Mach number, airflows,  and 
pressure drops.    Figure  113 shows the test item installed in the cell. 

Test Results 

Only a gross analysis of the test data has been accomplished at this     ne 
to establish overall results and to determine the presence of any outstanding 
unexpected trends.   A detailed discussion of the results,  which will be compa   u 
to analytical predictions where possible, will be presented in the next progre 
report. DEGL1SS8RED [     '  _; 
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Airflow distribution reaults,  for imposed profiles and exit o«*le 
coupling length variation, are discussed below for the simulated fue d core 
tubes {De =     0.229 inches), which pass about 90 to 95 percent of th total air- 
flow. 

Imposed Profiles 

Two types of total pressure profiles (in addition to the 
were imposed at a distance of 14 inches (L/Dj^ of O.P.) upstream of 
bundle face by inserting unchoked concentric or eccentric orifices i 
ducting. Duct pressure distortions were measured about 2 inches c 
the orifice (12 inches upstream of the tube bundle). The total press 
again measured on the fore and aft faces of the tube bundle for a dit 
of tubes. The static pressure for the same tubes was measured jut 
of the tube entrance and again at the tube exit, 

Two test points, Figures 114 and 115, are presented! 
of essentially flat profiles to be used later for comparing profiles a 
of exit nozzle coupling length. Total pressure distortion In percent 
and is computed as: 

lat profile) 
e tube 
the 18-inch 
wnstream of 
re was 
rete number 
down» t ream 

f the case 
i the effects 
■ indicated 

max min 
100 

■avg 

Using this method of computing distortion, the sign of the answer w   L always be 
positive. 

For the detailed analysis to be presented in the next p    gress re- 
port, the following distortion parameters will be used: 

T -     T T ■     T max avg    _    min avg 

avg avg 

However, this type of analysis requires manually computed,   zone-\   ighted, 
pressure- and airflow-averaged numbers.    Time was not available       accom- 
plish this work, 

DECLASSIFIED IN FULL 
Authority: £013526 
Chief, Records & Declass Oiv, lYI'S 

2:        MAY 2 9 2015 

»T0HIG tNCROV ACT OF lggli -199- 



!    I 

DECLASSIFIED IN FÜLL 
Authority: EO13526 
Cmef, ^scorös & Ceclass C-iv, WHS 
UfitS:    j^Äy 2 g 2015 

-GONflDCNTlAL   - VAN NUY1, CALIPOINIA MPO«T__£fiJ 

AERODYNAMIC COUPLING TEST 
DUCT STATIC AND TOTAL PRESSURE PROFILES 

64 

MEASURED UPSTREAM FROM TUBE BUNDLE ENTRANCE 

i 
RUN 11 

62 

SYMBOLS 
A TIME   POINT   1.0 

NO PROFILE 
GENERATOR  A. 

B 
0 
0 

A 
B 
C 
D w 

60 
^■~±-^ 

1 

VIEW LOOKING  AFT 

58 
.2 
Q. 

8» 
M 

*   54 

> 
==^ 1- ■ 

  

*PT 
PT AVÜ. 

m  O.flBjH 

52 

50 

t AT H.C,   IN Hf !i 

48 1                    -> 

3          : L              2              3             * 1               5              6             7 

DISTANCE FROM DUCT WALL- Inches 

(i)           (2)                  (S)                  (^)                                    (S) TOTAL  PROBES 

Q                                            ©STATIC  PROBES 

RADIAL STATION FROM DUCT WALL 

rnwn CLCArri Ai cUINI 1 PtHll IftL m» 

22E618 -200- FIGU   2 114 



■# 

# 

If 

ft 

:&: 

5 

! t 

OEGLASSIFIED IN FÜLL 
Authority: EG1S526 
Cliief, ßeccr&s £ Declass Civ, WHS 
{»fits: HAY 2 3 2015 

VAN  NUTE,  CAUFOINIA 

J 
*f_ 5876 

«I 
a. 

LLl 
OS 
ZS 
m 
1/5 

AERODYNAMIC COUPLING TEST 
DUCT STATIC AND TOTAL PRESSURE PROFILES 

MEASURED UPSTREAM FROM TUBE BUNDLE ENTRANCE 

64 

62 

60 

58 

56 

54 

52 

50 

48 

SYMBO -S A 

 1  

RUN 15 
TIME   POINT 
«0 PROFILE 
GENERATOR 

    A 
□ 
O    ( 
0 

^ 

v 1 y 

3 

) 
•( )• 

V»EV 

^j—* 

LOOKINQ IFT 

A      j 

I 

J      »  1.0 

VG. 

% 

<± AT 8.6 INCHES 

0 1 2          : 3 t 4 i 5                 1 

DISTANCE FROM DUCT WALL - Inches 

0 ©STATIC PI    )ES 

RADIAL STATION FROM DUCT WALL 

iL CONFIDENTIAL- 
22E619 -201. FIGURE 115 



I 

i 

M wquerdt 
4*1 M^ an <-«••-> a Hi««! ■>;-<>. 

ftmxn)» 
VAN NU», CÄIIFOINIA uroiT. 58' 

-WWII. ENhKUV   Aei--W-i95** 

Figures 116  and 117 show the total and static pressure distort!   is 
at the module exit for Figures 114 and 115.    Primary tube airflow rate is al   > 
shown.    Tube airflow distortion is presented and has been computed as: 

W a 
max 

W„ 
min x  100 

W„ 
»avg 

ra- 

il« 

i 
id 
hat 
nd- 

m 

Figures 118 and 119 present the duct pressure profiles for con 
trie and eccentric profile generator orifices of *ne same size measured just 
downstream of the orifice plates. Although the same size, the eccentric pr< 
generator (Figure 118 ) produce« a higher distortion than does the concentric 
generator. Figures 120 and 121 present tube airflow and exit static distort! 
data, again measured at the tube bundle exit. Figure 122 presents the impo 
duct profile generated by an orifice slightly smaller (but still unchoked) that 
used for the previously discussed profiles. Figure 123 presents the corre»] 
ing tube bundle exit data. Figure 124 presents gross airflow distribution an 
aft face static pressure distortion data. The data indicate a variation of exi 
face static pressure profile with imposed total pressure profile, The va'riat 
of gross tube weight flow with imposed total pressure profile, while not coir 
pletely analyzed at this time,  Is within 5 percent of the predicted value. 

Exit Nozzle Coupling Length 

Three exit nozzle coupling lengths were tested to determine 
whether the length of the nozzle coupling would impose a static pressure dis 
tlon on the aft face of the module exit.    Length is defined as the distance bet 
the aft face of the module and the start of the converging portion of the exit 
nozzle,    Nozzle couplings of the following three lengths were tested: 

(1) A length thought sufficient to isolate any possible effects ii   - 
posed by the nozzle.    This was a length, L/DR,  of 1. 34,  v   ere 
DR * 17.25 inches (the internal diameter of the module dui   |. 

(2) A length described as "design, " which originated from the 
Mach 2.7 design point concept of the Model MA50-XA-1 fu 
scale propulsion system.    The "design" scaled length for t   a 
coupling test hardware was WDp_ = 0. 335, 
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(3)    A minimum length consistent with instrumentation leadoi 
and physical attachment of the nozzle to the module exit 
station.    ThiB length was L/ DR = 0.25. 

All test runs to evaluate length effects were made without imposing 
module inlet pressure profiles.    Inlet total pressure distortion for all runs 
about 1. 1 percent. 

Figures 125 and 126 present the airflow and pressure distort 
data for the "design" and minimum length, while Figures 116 and 117 prese 
the data for the long length (L/Dj^ ■ 1. 34). Using the static pressure and ai 
flow distortion data for the three coupling lengths, inspection of Figure 127 
indicates that the "design" coupling length would have to be increased from 
JL/Dj^ " 0. 335 to approximately -L/Dji a 0.41 to reduce the distortion level t 
the "base" case of the long length, The actual distortion data for the "base1 

are used here only in a qualitative manner, because the data presented is ei 
to more detailed analysis. However, applying this qualitative data to the fu 
scale Model MA50-XCA propulsion system indicates that the upstream plem 
chamber for the full scale nozzle will have to be increased in length by 5 to 
inches. 

Noise and Vibration Analysis 

Noise (pressure level) and vibration data were recorded for i 
of the test runs, In addition, data were recorded during several test runs f 
conditions with the exit nozzle plug-in. which results in a lower tube exit M 
number. Data recorded in this manner should aid in defining the effect of ti 
exit velocity on sound level. It is anticipated that noise and vibration data c 
tained from the aerodynamic coupling test will give insight into the noise 1«' 
of a full scale propulsion system employing this type of nuclear reactor as I 
heat source. 

SESftET RESTRICTED DATA- 
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ject 
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Is 

The recorded noise and vibration data have not been analyzec it 
this time.    However,  Figure 128 presents a sample of the raw data.    These ata 
indicate that no discrete frequencies occur and that only random noise level are 
present. 

3.8.4       Nozzle Attachment Test 

A study has been made to investigate airflow leakage results of the 
nozzle attachment test to determine what the effect would be on overall prop   l- 
sion system thrust. 
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Taking the leakage rate reported at the ambient temperat 
from Section 3. 9.6 , an effective choked flow area can be compute« 
this flow area, a change in air temperature and a constant presaui 
airflow rate versus temperature can be computed. Figure 129 pr« 
curve with the additional data point obtained from the test at high t 
While the latter data point indicates that the effective leakage area 
with temperature, the following analyses will assume the conserv. 
curve results. 

At the Model MA50-XCA engine design point condition (M 
altitude of 1000 feet, ANA Hot Day), the temperature of the Model 
side support-exit nozzle cooling air in the vicinity of the nozzle at 
about 1050°F. The static pressure will be approximately 250 psig 
that the attach ring is at this air temperature (conservative result 
obtained because the temperature of the ring will be slightly highe 
cooling air temperature), a leakage rate of 0.41 pps is indicated f 
The reactor total airflow rate at design point is 1577 pps. Thus, 
rate is about 0. 03 percent. The Model MA50-XA-1 thrust influem 
that were reported in previous quarterly reports are applicable to 
MA50-XCA engine to the first order. From these coefficients, th 
represents a thrust decrement of 0. 1 percent, which is considere« 

3.9 STRUCTURAL EXPERIMENTS 

3.9.1      Exhaust Nosasle Attachment Test 

The purpose of the exhaust nozzle attachment test was to 
operational reliability and structural integrity of a full scale nozzl 
assembly under simulated load and temperature conditions. The i 
method chosen for investigation was a threaded coupling arrangem 
an internally threaded locking ring engaged external threads on th< 
nozzle section. A labyrinth-type seal was used to close off the joi 
the attachment are shown in Figure 56 . All components were fab 
A-286 material. 

The mated rings were fitted to a specially designed bello« 
which closed off the ends of the test item, allowing it to be interna 
ed,    ThiB arrangement can be seen in Figure 130 , 

Because of the potential hazard associated with the use ot 
pressurizing medium,   special safety precautions were exercised. 
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packed into the annular chamhnr to reduc« the volume of air,  and a ring c large 
anubber bolts was installed to contain the hardware in the event of a struc iral 
failure. 

Instrumentation included strain gages,  thermocouples,  and statii pres- 
sure pickups.    Figure 131 shows the test item being installed in a special     pre- 
pared pit.   Hot air was introduced into the pit from a SUE burner, provid g 
temperatures up to 1400°F,  and high-pressure air was used to impose an lter- 
nal design load of 350, 000 pounds. 

Initial tests consisted of pressure checks at ambient tempeiatur« ,o 
record stresses and to measure air leakage through the aerodynamic sea]     The 

.test item was then disassembled and inspected.    Ambient temperature tes i were 
followed by a series of high-temperature, high-pressure teats.    After eac     run, 
the test item was disassembled and checked for proper operation and dim ision 
al change.   In the final test run»  the joint was held at design pressure anc em- 
perature (250° pslg and 1400°F) for 3 1/2 hours, at which time the bellow fix- 
ture failed.    Upon disassembly and inspection it was found that no dimens nal 
change had occurred, and the locking ring still functioned properly.    Re si ;s of 
the test can be summarized as follows: 

(1)   Air leakage rates through the aerodynamic seal at ambient a i 
1100°F temperature were 0.69 ppa and 0,29 pps,   respective •, 
at 250 psig. 

(2}   Adequate structural integrity of the joint was demonstrated. 

(3)   Quick disconnect capability of the threaded lock ring was su'i tan- 
tiated by the ease of ring operation after each test run. 

3.9-2       Engine-Air frame Lateral Attachment Test 

Late in the year an experiment was initiated to evaluate propose< sngine 
airframe lateral attachment systems under simulated flight conditions of mper- 
ature and vibration.    The test item will consist of a 10-inch thick full sea.     ra- 
dial section of the reactor core and suspension system. 

Primary test objectives include (1} the evaluation of assembly st .c- 
tural integrity,  and (2) the determination of deformation modes, spring rt ixa- 
tion,  and response to random and programmed vibrations. 
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3. 10 MATERIALS INVESTIGATIONS 

3. 10. 1    High-Temperature Materiala Data 

During the past year investigations have been conducted to obtain I 
design information not presently available on alloys that have been chosen i 
candidate structural materials for the Pluto engine. The short time and/o: 
creep rupture properties of base and welded material in tension have been 
studied for Hastelloy R-235 and Rene1 41 alloys, and,to a more limited exti 
AISI type 321 stainless steel. Similar properties of base material for the ] 
7 13C and Hastelloy C alloys wore studied. The tests performed on Hastell 
are part of a program to Study the comparative properties of base and welc 
air- and vacuum-melted material. 

The tensile properties were studied in a temperature range from ' 
1800* F as applicable to each alloy. The creep deformations of interest we 
between 0. 1 and 1. 0 percent, and the times for creep and rupture were bet 
0 minutes and 10 hours. The alloys were in the form of sheet, plate, or c; 
rod; welds were performed by the TIG (tungsten electrode, inert gas) proa 
The data summarized here (Tables 15 through 27 and Figures 134 throu 
give the results obtained, in a comparative manner, for the base and weld« 
materials of Hastelloy R-235 alloy and Renu' 41 alloy sheet and plate, AISI 
321 stainless steel sheet, and the base material of Hastelloy C air-melted 
plate and Inco 713 C alloy cast rode. 

«SE€ftCT RESTRICTED DAT* 

ATOMIC OOQY  ACT  0T  1354-. 

The first test,   scheduled in February 1962,   will involve a reactor    up- 
port system utilizing corrugated springs,  as shown in Fignr*    132 .    The e   nu- 
lated reactor core section will be built up of hexagonal stainless steel tubei 
This section will allow simulation of mass and slip plane effects. 

The test item will be mounted in a Bhaker table capable of imposir    a 
5-g sinusoidal vibration over a range of 5 to 2000 cps.    Planned test condit   ns 
are listed in Table 14. 

Calibration and checkout of facility control equipment and recordit 
apparatus are complete; instrumentation for measuring acceleration,   defle ion, 
and strain have been installed on the test item; and the corrugated springs ive 
been calibrated.   Load-deflection characteristics of the spring» are needec n 
order to impose the correct amount of preload on the core section, and to < ter- 
mine post-test spring relaxation. 

A SUE burner will provide heated air for bringing the test item to    ie 
1300' F design point temperature.    The various components of the test har<   rare 
are shown in Figure  *33. 
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TABLE   14 

TEST CONDITIONS FOR VIBRATION 
OF SIMULATED REACTOR CORE SECTION 

Cond, 
No. 

Temp, 
CF) 

Frequency 
(cps) 

Input Input Duration 
(min) 

N   nber 
oj   Teats 

Assembly 

Static* 

Frequency- 
Scans 

Static 

Flat Random 

Static 

Flat Random 

Static 

Programmed 
Random 

Static 

Frequency Scan 

1 

2 

3 
4 
5 

7 
8 
9 

10 

11 
12 
13 

14 

15 
16 

17 

18 

Room 

Room 

Room 
Room 
Room 

Room 

Room 
Room 
Room 

Room 

1300 
1300 
1300 

Room 

1300 
1300 

Room 

Room 

NA 

NA 

5 - 1000 
5 - 1000 
5 - 1000 

NA 

5 - 2000 
5 - 2000 
5 - 2000 

NA 

5 - 2000 
5 - 2000 
5 - 2000 

NA 

5 - 2000 
5 - 2000 

NA 

5 -  1000 

0.5 
1.0 
1,5 

I. 95 rma 
1.95 rms 
3.2 rms 

1. 95 rms 
1. 95 rms 
3.2 rms 

To be pr 

NA 
NA 
NA 

0.002 
0.002 
0.005 

0.002 
0.002 
0.005 

15 
15 
15 

15 
15 
15 

15 
15 
15 

escrlbecf)     15 
10 

hours 

0.5 NA 15 

# Static tests include core pressure measurement,  spring preload measurerr   tit, 
and gaps between outer spring,  shells and outer ring and between rails and 
mating tracks. 
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TABLE   15 

COMPARATIVE SHORT TIME TENSILE PROPERTIES OF 
nAö i fc,.LI_,UT   K.£J 5   /\UU\J I   WLIi 1    OrtOC   AIM 17 w bbubu iv 

Ultimate 
Test Proportional 0.2% Yield Tenalle Elongation 

Temperature Specimen Limit Strength Strength In 2 in. 
I'F) Type* (KBI) (KBI) (Kal) (ft) 

78 B 89.0 103.0 167.0 27.5 
W 94.0 111.0 149.0 10.0 

WF 88.0 117.5 171.0 22.0 

1200 B 88.0 97.0 140.0 30.0 
W 60.0 99.5 140.0 12.0 

WF 74.0 100.0 136.0 16.0 

1400 B 94.C 107.0 133.0 7.5 
W 76,0 105.0 128.0 5.0 

WF 80.0 100.0 124.0 6.5 

1600 B 63.0 88,0 98.0 2.5 
W 53.0 76.0 87,5 2.0 

WF 6B. 0 78.0 90.0 1.0 

IB00 B 26.0 30.0 40,7 13,0 
W 14.0 21.5 34.3 14.0 

WF 16.0 22.0 32.2 13.0 

* B ■ Bate material: sheet 0.072 In. thick; aged at 1600* F for 30 minutes 

Wa Welded without filler by fusion] sheet 0.063 In. thick 

WF« Welded with filler R-235 wire by fusion; sheet 0.063 In. thick 

All welds transverse; aged at 1600s F for 30 minutes 

^tmß s^mmm m ;<■•„■ unciassife 
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TABLE   »6 

COMPARATIVE CREEP AND RUPTURE PROPERTIES OF 
HASTELLOY R-235 ALLOY SHEET BASE AND WELDED MATE!    AL 

Teat Temperature 
rn 
1200 

H00 

1600 

1300 

j    Time 
%    | (hours) 

0.1 
0,1 
0.1 
0.5 
0.5 
0.5 

0.1 
0.1 
0.1 

0.1 
0.1 
0.1 
0.5 
0.5 
0,5 
1.0 
1.0 
1.0 

0.1 
0.1 
0.1 
0.5 
0.5 
0.5 
1.0 
1.0 
1.0 

0.5 mln 
1.13 
2.7 
44 mln 

18.4 
1.2 
0.27 

16 mln 
3.6mln 
26 mln 

10.33 
2.83 

13.7 
15.83 
5.3 

27.5 

40 mln 
1.25 
2.2 
2.6 
4.16 
9.6 
3.62 
5.8 

11.5 

Rupture 
Time 
(hoars) 

48 mln 
1.73 
2.7 

18.4 
1.2 
0.27 

20.5 
7.03 

'39.5 

Stress 
<Ksl) 

Test Dlecont, 4.83 
9.9 

15.5 

110 
105 

95 
110 
105 
95 

50 
50 
50 

25 
25 
25 
25 
25 
25 
25 
25 
25 

10 
9 
7 

10 
9 
7 

10 
9 
7 

Mate    al 
Tes    d* 

* B n Base metal: sheet 0.072 In. thick; aged at 1600* F for 30 minutes 
Wa Welded without filler; sheet 0.063 in,  thick 

WF« Welded with Hastelloy R-235 alloy «Her wire; sheet 0.063 In. thick 

All welds transverse; aged at 1600* F for 30 minutes 

' r 

■  r 

F 

•F 

•F 

* 
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TARI,E   17 

COMPARATIVE SHORT TIME TENSILE PROPERTIES OF 
HASTELLOY R-235 ALLOY PLATE BASE AND WELDED MATERIAL 

Test 
T empeia' 

(•F) 
are 

Specimen 
Type* 

Proportional 
Limit 
(Kfli) 

0.2% Yield 
Strength 

(KB!) 

Ultimate 
Tensile 
Strength 

(Ksl) 

Young's 
Modulus 

(pal x I<P) 

Elongatl 
In 2 In. 

(%) 

78 B 70 94.2 156.3 31.5 33 
WF .. -- »-- It« -- 

1200 B 
WF 

60 
59.0 

84.3 
82.0 

106.0 
121.0 

26.0 
23.4 

24.5 
18 

.  1400 B 
WF 

62 
69.0 

82.0 
86.1 

104.7 
112.0 

24.0 
24. I 

10 
8 

1600 B 
WF 

54 
60.4 

72.9 
75.2 

83.0 
93.0 

21,0 
19.3 

9.5 
,   6 

1800 

1 

B 
WF 

14 
15.0 

14.8 
23.0 

25. 1 
27.9 

13.0 
15.8 

3<.5 
33 

* B * Base 
queue 

material: plate 0.250 In. thick; annealed at 2200* T for 15 minute«, water 
hed; aged at 2050' F for 30 minutes, air cooled 

WF« Welded with Hastelloy R-235 alloy filler wire; plate 0. 250 In. thick 

All w 
aged 

elds transverse; annealed at 2200'F for 30 minutes,  water quenched; 
2050* F for 30 minutes, air cooled 

rage aeternioec to ee unclassified 
Ntawed Chief, RDD, WHS 
IAVI EP 13526, Section 3.5 
^a*e*      MAY 2 9 20^5 

SI 

I 

UNCLASSIHfcU 228- 



'& 

I 

| 

I 

s. 

I 

UNCLASSIFIED 
/sfltttmiaidt 

I 
»AM   MUTi    CMI'OtMIA 5876 

COMPARATIVE CHEEP AND RUPTURE PROPERTIES O] 
HASTELLOY R-235 ALLOY PLATE BASE ANL» WELDED MAT!   .IAL 

Test Creep Rupture 
Temperature % 

Time Time Stress Mate    &1 
(T) (hours) (hours) (Kel) Tea    d* 

1200 0.1 7.13 7.2 85 E 
0.1 12.3 12,3 83 W 

1400 0. 1 17.0 Test discontinued 50 E 
0,1 4.65 4.67 50 W 

1600 0.1 1.25 14.3 30 t 
0.1 0.33 5.07 30 W 
0.5 5.75 mm 30 I 
0.5          2.15 ra 30 w 
1.0     |    8.83 M 30 E 
1.0 3.33 MM 30 W 

1800 0.1 1.75 16.7 5 E 
0.1 1.6 32.0 5 W 
0.5 7.3 MM 5 E 
0.5 10.7 ... 5 W 
1.0 8.66 .- 5 E 
1.0 32.0 " 5 W 

* B ■ Base metal: plate 0, 250 in. thick; annealed at 2200* F for 15 min    es, 
water quenched; aged at 2050* F for 30 minutes, air cooled 

W- Welded with Hastelloy R -235 filler wire; plate 0.250 In.  thick 

An welds transverse; annealed at 2200*F for 15 minutes, water 
quenched; aged at 2050* F for 30 minutes, air cooled 

SI 

Pf)t>taf ChisJ, mB, MS 
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TABLE   i<) 

COMPARATIVE SHORT TIME TENSILE PROPERTIES OF 
RENE' 41 ALLOY SHEET BASE AND WELDED MATERIAL 

Teat 
Temperature 

(*F> 
Specimen 

Type* 

Proportional 
Um It 

0,2% Yield 
Strength 

Ultimate 
Tent He 
Strength 

<K«l) 

Elongation 
In 2 In. 

(%) 

78 B 
W 

WF 

75 
64.6 
B1.0 

102.2 
93.6 

104.0 

148,4 
148.0 
136.0 

13 
27 

6,5 

1200 B 
W 

WF 

58.4 
44.0 
70.0 

89.8 
80.0 
88.5 

134.2 
119.5 
122.0 

23 
27 
29 

1400 B 
W 

WF 

56.4 
70.0 
74.5 

90.9 
88.0 
93.0 

139.6 
109.0 
114.0 

17 
6 
4 

1600 B 
W. 

WF 

52.8 
51.0 
67.5 

81.9 
7B.0 
80,0 

97.2 
97. Z 
93.0 

9.5 
7.3 

,3.0 

1600 B 
W 

WF 

30.7 
26.0 
24.5 

38.6 
32.8 
36.0 

44.8 
43.9 
43.4 

15 
16 
12 

* B ■ Base material: sheet 0.064 In. thick) annealed at 2150* F for 2 hr«, atr 
cooled; aged at 1650'F for 2 hri, air cooled 

W» Welded without filler; eheet 0.05 3 In. thick 

WF - Welded with Rene* 41 alloy wire 

All weide transverie; annealed at 2150*F for 2 hri, air cooled; aged at 
1650* F for 4hr», air cooled 

/age atnernäinea m s& onciassi 
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TABLE   ZO 

COMPARATIVE CREEP AND RUPTURE PROPERTIES OF 
RENE' 41 ALLOY SHEET BASE AND WELDED MATERIAL 

Teat 
Temperature 

Creep Rupture 
Tim« Stress 

Matertal 
Time Teated* 

(•F> % (houre) (hours) (Ktl) 

1Z00 0. 1 0. 26 43.1 100 B 
0.05 21 66.8 100 W 

1400 0. 1 20.3 65 60 B 
0. 2 8.8 22.2 65 W 
0.5 14.5 ■■ 65 W 
0.6 48.9 .. 60 B 
1.0 60 • n 60 B 
1.0 20 MM 65 W 

1600 0.1 28.7 12.6 35 B 
0. 05 3.5 26.3 32 W 
0.5 8.1 «■■ 35 B 
0.5 15.9 «**■ 32 W 
1.0 9.8 — 35 B 
1.0 22 ■N 32 W 

1600 0. 1 4.1 28.6 10 B 
0.05 0.33 50.7 11 W.» 
0.5 12.7 *M 10 B 
0.5 4,2 ■»•» 11 W 
1.0 1B.3 Mm 10 B 
1.0 49 «*•» 11 W 

+ B ■ Bate material: iheet 0.064 In. thick; annealed at 2150* F for 
2 hri, air cooled; aged at 1650* F (or 4 hra, air cooled 

W« Welded without filler; iheet 0.050 In. thick 

All weld« trantverie; annealed at 2150* F fox 2 hra, air 
cooled; aged at 1650*F for 4 hra, air cooled 

j*3ge determines m m urceiasssfeo 
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TAbLE   21 

COMPARATIVE SHORT TIME TENSILE PROPERTIES OF 
RENE' -a ALLOY PLATE RASE AND WELDED MATERIAL 

Ultimate 
Teat Specimen Proportional 0.2% Yield Tensile Young's» Elongation 

T crrpcratiire Type* Limit Strength Strength Modulus, 
(psl x 106) 

In 2 In. 
CF> (Kfii) (Kai) (KBI) m 

7H n 94 110 138 30 4,5 
WF 84. 9 113 168 28. 9 13.5 

1200 B 73 96 + 241- + 
WF 72 97.5 138 24.2 8,0 

1400 B 76 102 ISl 21 10.5 
WF 68 87.9 142 21.9 8.0 

1600 B 65 86 100 19 ' 14.5 
WF 75 94.2 108 20.7 8.5 

1800 B 27 29 39 17.5 ; 2.2 

WF 29.5 38.7 47.9 16.9 
  

5.0 

* B ■= Base rrmterlal: 5/16 In.  plate; annealed at 2150* F for 2 hrs, air cooled; aged at 
1650* F for 4 hrs,  air cooled 

Wa Welded with filler Rene' 41 wire; 0.250 In. plate 

All welds transverse; annealed at 2130* F for 2 hrs, air cooled; aged at 1650* F 
for 4 hrs, air cooled 

+ a Grips failed prior to ultimate loading 

I'^mmi Cfiiet, PM\ WHS 
m EG1352S, Section 3.5 
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TABLE   11 

COMPARATIVE CREEP AND RUPTURE PROPERTIES 0: 
RENE' 41 ALLOY PLATE DASE AND WELDED MATERIA 

Test 
Temperature 

Ci eep Rupture 
Time StreBB Time Mat 

(•F) % (hours) (hours) (KBI) To 

1200 0.1 1.0 mln Test discontinued 120 
0.1 32.5 Test discontinued 95 
0.5 3.23 -- 120 
0.5 113.0 -- 95 
1.0 12.75 -- 120 
1.0 ... -- 95 

1400 0.1 3.0 17.5 75 
0.1 1.0 10.6 76 
0.5 8.86 MM 75 
0.5 3.67 MM 76 
1.0 U.9 MM 75 
1.0 5.55 MM 76 

1600 0.1 3.6 16.2 35 
0.1 1.5 7.5 34 
0.5 10.9 M 35 
0.5 4.1 ■ I* 34 
1.0 12.7 mm 35 
1.0 5.13 mw. 34 

1800 0.1 2.75 7.95 10 
0.1 1.0 6.1 12 
0.5 5.2 MM 10 
o.s 2.57 MM 12 
1.0 5.95 -- 10 
1.0 3.5 -- 12 

+ B a Bate material: plate 0.3125 In. thick; annealed at 2150* E for 2 
air cooled; aged at 1650* F for 4 hri, air cooled 

WFi Welded with filler Rene' 41 wire; 0.250 In,  plate 

AU welda trantver«e; annealed at 2150* F for 2 hrs, air cooled; 
aged at 1650* F for 4 hre, air cooled 

F 

r 

F 

F 

F 

F 

F 
I 
F. 
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TABLE   2 3 

COMPARATIVE SHORT TIME TENSILE PROPERTIES OF 
AISI TYPE 321 STAINLESS STEEL SHEET, BASE, AND WELDED MATERIAL 

——————— 

TeUt 
Temperature 

CD 

Specimen 
Type* 

Proportional 
Limit 
(Kal) 

0.2% Yield 
Strength 

(Ksl) 

Ultimate 
Tensile 

Strength 
(Ksl) 

Young's 
Modulus, 

(psl x 106) 

Elotigatlc 
In 2 In. 
m 

72 B 
w 

26 
30 

43 
43 

S3 
84 

25 
.25 

55 
47 

300 B 
W 

23 
26 

37 
38 

66 
66 

22 
20 

37 
37 

600 B 
W 

26 
29 

34 
34 

60 
60 

17 
19 

33 
29 

800 B 
W 

26 
23 

36 
32 

59 
57 

21 
24 

31 
27 

*  B a Bane material; sheet 0. 125 in. thick 

W» Welded material without tilUr; aheet 0.125 In. thick 

All welds transverse) roll planished after welding 
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TABLE   34 

SHORT TIME TENSILE PROPERTIES OF INCO 713 AL   DY 

Test 
Temperature 

CD 

Proportional 
Limit 
(K.l) 

0,27« Yield 
Strength 
(Ksl> 

Ultimate 
Tensile 
Strength 

(Kai) 

Young's 
Modulus, 

{pslx 106) 

1   sngatlon 
i 2 In. 

7B 86 119 132 27,2 5,8 

1200 80 104 128 26 4 

1400 89 108 128 23 2 

1600 84 110.S 119 16 3 

1800 34 SI 74 14 6.S 

Material:   as cast rods 0, 290 In, diameter 

H«at treatment!   as received 

J--p estsrissneci to m ünciassifisc 
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TABLE  25 

CREEP AND RUPTURE PROPERTIES OF INCO 713C ALLOY 

Teat 
Temperature 

CD 

Creep Rupture 
Time 

(hours) 
Stress 

{KaO % 
Time 

(hours) 

1200 0.1 
0.5 

4.25 
13.9 

No ruptur« 
m m 

no 
"0 

1400 0.1 
0.5 
1.0 

0.28 
3.1 
7.5 

21.2 
mm 

mm 

80 
80 
80 

1600 0.1 
0.5 
1.0 

0.25 
3.3 

8 

17.4 
mm 

mm 

45 
43 
45 

1800 0.1 
0.5 
1.0 

0.3 mln 
0.3 
2.03 

3.46 
■ R 

• SB) 

30 
30 
30 

Material:   as cast rods 0. 230 In,  diameter 

Heat Treatment!   as received 

! 

3 
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TABLE   2b 

SHORT TIME TENSILE TEST PROPERTIES OF 
HASTELLOY C ALLOY PLATE - AIR MELTED 

Test 
Temperature 

CF1 

Proportional 
Limit 
(Ks I) 

0. 2% Yield 
Strength 

(KB I) 

Ultimate 
Tensile 

Strength 
(Kal) 

Elongat   n 
In 2 ti 

78 30.0 57.5 115.6 58 

1000 27.5 37.3 92.3 53 

1200 26. S 37.0 85.2 53 

1400 27.0 33.3 67.9 44. 

1600 28.0 32.2 55.3 43 

s 

Material:   plate 0.250 In. thick 

Heat Treatment:   as received from mill 

I 

sti 

I 
i 
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TABLE  27 

CREEP AND RUPTURE PROPERTIES OF 
HASTELLOY C ALLOY PLATE -AIR MELTED 

Test 
Temperature 

C reep Rupture 
Time Streia Time 

CF) % (minute a) (minute») (K-l) 

1200 0.1 9.0 Not ruptured 40 
0.5 39.2 -- 40 
1.0 46.9 m m 40 

1400 0.1 0.13 Not ruptured 30 
0.5 1.17 mm 30 
1.0 1.82 HfJ 30 

1600 0.1 0.02 2.20 20 
0.5 0.10 mm 20 
1.0 0.17 mm 20 

Material:   plate 0. 250 in. thick 

Heat Treatment:   as received from mill 
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Three points Bhould be noted from examination of the data presented 

(1) The change in mechanical properties of an alloy depending on 
whether the material ia in the form of sheet or plate.    This behavior is,  of 
course,  expected.    The program for next year includes the testing of other fc   a 
of the alloys that may be used as structural members in the Pluto engine,   sui 
as forginge,  castings,  tubing,  and wire so that the spread in design values fo 
the alloys may be known. 

(2) The allowances,  if any, that must be made in design values to 
account for a welded structure and the welding procedure to be used.    The Ml 
(metal alloy electrode,  inert gaa) process for welding is being developed for 
Haatelloy C alloy plate for further comparisons with the TIG process,    TestB    re 
planned for the coming year so that comparative results will be available. 

(3) Inconsistencies within the same material due to alloy behavior o 
production history.    In particular, the results of all tensile tests are based o 
one, or, at best, a few samples due to the large area to be covered for the y<   r. 
It ia necessary to test a large number of samples to establish statistical tren   . 
and reliability bands.    The effort for the following year will be directed towa: 
more complete and statistical data based on the results presented here the be   er 
to define design values. 

3.10.2    Beryllia Testing 

Durability Teats 

A program wa« undertaken in 1961 to provide experimental informal n 
on the durability of beryllia when exposed to the combined operating and envi: n- 
mental conditions expected during a typical mission profile for the nuclear rt i- 
jet missile.    Data describing the mechanisms of hydrolysis and erosion are i - 
quired to assess the effects of core deterioration on mission performance 
capabilities, 

The beryllia specimens tested during 1961 were hot-pressed blocks     le 
inch in diameter and one Inch in length,    The blocks were pierced by seven fl   v 
passages,  each 0.20 inches in diameter.    Two types of specimen materials w   re 
tested, pure beryllia and beryllia plus one percent of magnesia.    Properties 
the specimen materials tested were almost identical: 

DECLASSIFIED IN FULL 
Authority: E013526 
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Beryllia 

98 - 99 
30 - 40 

20 - 25,000 
15 - 18,000 

Ber< Lia 
plui 1% 

Magi sia 

98 99 
30 40 

20 - 2 000 

Percent Theoretical Density 
Grain Size (microns) 
Modulus of Rupture (psi) 

Room Temperature 
15C0° F 

A flow teat rig *as assembled that can supply one pound pe second of 
vitiated air at temperatures up to 2500" F for periods up to and incli i.ng ten 
hours.    Fixed specific humidities of approximately 4 and 8 percent \ re im- 
posed by using either hydrogen or propane for heat input.   In a typic test run, 
four beryllia blocks were placed end to end in a specially designed a 1 instru- 
mented pipe section. 

A total of 24 specimens (12 pure beryllia; 12 beryllia and oi percent 
magnesia) were used during an accumulated 26 hours of testing.    Afi r exposure 
to the high-temperature, high-humidity air all specimens took on a i azed 
appearance,  and almost all samples showed evidences of thermal cr ;king be- 
tween adjacent holes.    In a few cases these cracks were enlarged by rosion. 
This effect can be seen in Figure 139. 

Not enough tests have been performed to allow statistical e 
all the dependent variables associated with the hydrolysis phenomena 
sufficient experimental information has been obtained to establish tr 
serve as a preliminary basis for comparison with the results obtaim 
investigators.    Test results can be summarized as follows: 

(1)   The hydrolysis mechanism is effectively nonexistent at 
tures below 2000" F. 

luation of 
..   However 
ids and to 
. by other 

impera- 

(2)   In general,  the samples with one percent magnesia exh    ited 20 
to 2 5 percent less total material loss than the pure ber   lia under 
the same conditions. 

(3) Increasing the specific humidity from approximately 4 i 
mately 8 percent had the apparent effect of increasing t 
rate by as much as a factor of 4. 

(4) The average rate of material loss from the pure beryll 
was approximately 4. 5%/hr (by weight). 
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approxi- 
i eroBion 

samples 

ATOMIC CNCHQV ACT or iflgii—. •245- 



UNCLASSIFIED 
s'AJarquardf 

'COUmATIOn 

VAN  NUYS,   OLIFOINIA »IfOltl. 5i   6 

h 

I 

d 

i 
[A 

R 

i 

C1 

9 

8 

'ess cesernrrcee tc Ere unclassified 
'«i"?wed CrsFSt, ßDD, WHS 

tAW EC 13526, Section 3i 
Date:      MAY 2 9 2015 

UNCLASSIFIED -246- 



. 

r 

I! 

E 

i 

* i 

I 
! 

H 

/fflanfum/f 
S£CKg-RSSTRICTCD BATA     "AN "™- ""'<»"'* ■I     IT. 5876 

SrfettlL-UNEKQV 0C1  OT llM " 

(5)   The average rate of material IOSB from specimens witl sne percent 
magnesia was approximately 3. 5%/hr {by weight). 

The test conditions employed to date are considered rathei levere with 
regard to the moisture content of the air.    In order to more accur ely simu- 
late flight engine conditions {maximum specific humidity up to 3 per snt at 
temperatures up to 2800" F), two new air heaters have been installe in the test 
facility.    These heaters will permit testing at temperatures up to 3< 0* F with 
controlled humidity levels from zero to above 3 percent. 

Thermal Shock Teats 

In cooperation with Atomics International, Marquardt ha» i rformed a 
total of three tests to evaluate the thermal shock resistance of hot-) eased 
beryllia,    The first two of these tests were performed in December 960 and re- 
ported in the first period of 1961.    The third test,  conducted in mid 961, was 
reported in Reference 8. 

The purpose of these tests was to determine the magnitude f the 
thermal stresses induced in,  and the structural damage suffered by beryllia 
specimens air-quenched from a high temperature,    The three tests Iffered only 
with respect to specimen size and method of fabrication.    The elem its in the 
first test were one-inch thick hexagonal blocks,  3 1/4 inches acrosi flats, with 
cored holes.    The elements used in the second test were the same a x but had 
drilled holes.    The blocks used in the third teat had drilled holes bi were 5 1/4 
inches across flats. 

Each test module consisted of nine blocks contained in a sr. .iaily 
designed holder.    An assembled module is shown in Figure 140, 

The beryllia block* were extensively instrumented with the 
in order to obtain temperature profiles. Under typical test conditk 
module tempairature was raised to 2400» F with vitiated air {19 pps 
at a rate calculated to keep the thermal stress at a safe level, Wit] 
temperature stabilized at Ü400* F, the air temperature was reducec 
neously to approximately 1600' F. The thermal shock associated w 
temperature change was manifested in the form of broken blocks an 
hairline cracks. Comparison of pre- and post-test specimen Weigh 
no loss of material due to erosion. 

mocouplas 
3 the 
250 psig) 

:he module 
nstanta- 
i this 
random 
indicated 
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Significant conclusions drawn from the three testa are at   follows: 

(1) The capacity of the beryllia plates to withstand sharj 
changes is directly related to method of fabrication i 
uniformity. 

(2) The modulus of elasticity and/or rupture of the bery 
be based on local density rather than bulk density. 

(3) The type of crazing and cracking encountered In the 
probably would not adversely affect reactor operatic 

3.10.3    High-Temperature Springe 

An area of major concern in the design of the Pluto systi 
trol of differential thermal expansion between various component! 
support structure. The expansion of components must be accom 
relieving necessary restraining forces or imposing overloads at < 
One method of controlling this expansion is the use of springs. 

An extensive spring evaluation program was initiated an< 
carried out during 1961 utilizing spring designs that could be incc 
the basic structural supports of the Pluto reactor. Three types c 
under investigation:   (1) Belleville, (2)   corrugated,  and (3) plate 

In order to evaluate and verify the spring designs, expei 
were conducted to provide performance data for each spring confi 
tests were performed under simulated flight environmental condii 
ature and vibration. Compression and tension tests of the cor rug 
and compression tests of the Belleville and plate-type springs we 
determine load-deflection performance and spring relaxation undi 
normal dynamic cycling, rapid repetitive cycling, and vibration a 
and elevated temperatures to 1400* F for extended time periods. 

Rene1 41 alloy material was selected for all springs as t 
able high-temperature alloys for the anticipated operating conditi 

Belleville Springs 

Figure 141 shows a typical 10-spring stack of Bellevill 
single spring is 0. 10 inches thick, 2. 00 inches in outside diamete 
in internal diameter, and 0. 045 inchee in coned height, Test con 
sisted of individual Belleville springs, 10 springs stacked in a se 
merit, and 6 springs stacked in parallel-series combination. The 
is shown in Figure 142 . Instrumentation included a load cell to 
up to 5000 pounds, a direct reading dial indicator for deflection d 
ature readout. 

-S£CREWf£5tm€re©1WA-  
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For the vibration teste,  the spring tester was modified by replacing    le 
load cell with a pneumatic piston vibrator linked through the spring tester as 
shown in Figure 143. 

Results of the load-deflection and vibration tests for the Belleville 
spring8 can be summarized as follows: 

(1) In general, during the first few load cycles,  both single springs    nd 
stack configurations showed initial relaxations,  very close to predicted value 

(2) At ambient temperature and 1200° F, the springs demonstrated      ry 
little additional relaxation with continued load cycling,    However« at 1400' F     e 
springs indicated an increased rate of relaxation with additional load cycling. 

(3) The constant deflection test for the extended period (10 hours) a: 1 
load cycling for the extended time (accumulative 10 hours) resulted In small sa 
of load-carrying capability at ambient and 1200* F, whereas at 1400* F the lc % 
was considerable. 

(4) Evaluation of spring performance under vibration conditions at 
1200* F and 1300* F was inconclusive due to test equipment difficulties. 

follows; 
Conclusions that may be drawn from these results are summarized 

SECURE STRICTCD DATA 

(1) Load-deflection performance of the springs verified the trend oi 
design; i.e., the springs were designed with a load-deflection curve approac   ng 
linearity. 

(2) Belleville springs fabricated to the present design from Rene' 4 
alloy are satisfactory for use at temperatures to 1200* F,    In the 1300 to 140     F 
temperature range,  spring performance will be marginal. 

(3) Spring performance above 1300° F is apparently affected by wor 
hardening and material creep.    Indications are that these detrimental charac 
teristice can be circumvented by limiting deflections to less than 80 percent 
the spring deflection capability. 

(4) Because the springs undergo an Initial relaxation,  they should b 
load-deflection cycled prior to final assembly. 
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Corrugated Springs 

Figure 144 shows the configuration of the corrugated springa used ii 
the evaluation tests.    In the figure,  the longer spring is 11.3 inches long and    is 
a nominal thickness of 0. 100 inches.    Th« shorter spring is 10.2 Inches long    1th 
a nominal thickness of 0. 125 inches. 
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Ambient temperature tests of corrugated springs were performed on 
Baldwin Universal Test Machine at the Marquardt Materials and Process Lab 
tory. Figure 145 shows this setup. The springs were instrumented with sti 
gages to obtain tensile and compressive strain data at the inner and outer con 
lutions of the spring. Load, deflection, and strain values were recorded. T! 
elevated temperature teat setup is shown in Figure 146. 

Rapid cycling teste were performed on corrugated springs at ambien 
temperature and 1400' F to document spring fatigue characteristics.   Figure    t? 
shows a spring being cycled at 1400* F In the Elevated Temperature Test Mac   Ine 
Load, deflection, temperature and cycling frequency were recorded.   The fol 
lowing results were obtained: 

(1) No relaxation (permanent set) occurred during normal tension 
cycling tests at maximum test condition« of 0.280-inch extensions, 482-poun« 
loads, and temperatures ranging from ambient to 1400* F. 

(2) Load-deflection values, obtained from the normal tension test«, 
matched predicted performance for both ambient and elevated temperatures. 

(3) Under rapid tension cycling tests at 1400" F, spring relaxation c   • 
curred and appeared to be linear and continuous for individual test runs of 1 1 
hours, 4 1/2 hours, and 6 hours.    This was truo for both the 0, 100- and 0. 12 
inch thick springs.   Maximum deflection for these tests was 0,279 inches wit.'   a 
maximum load of 430 pounds.   Cumulative relaxation values for a series of s,    rt 
tests on a given spring exceeded the values obtained for a continuous test on £ 
similar spring over the same total time period,    Also, the composite time- 
relaxation curve was nonlinear for the soriea of short testa. 

(4) Rapid tension cycling of one 0, 100-inch spring to 0. 295-inch ext    - 
sion (332-pound load) at 1200* F temperature for two separate six-hour perio. 
did not produce elongation. 
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From these results,  the following conclusions were reache< 

(1) Corrugated springs can be adequately designed by "cur' d beam" 
formulae to meet requirements of a particular application. 

(2) Corrugated springs are particularly sensitive to shape ; d tolerance 
discrepancies.    To assure acceptably uniform performance characte istics, 
strict manufacturing quality control must be maintained. 

(3) Material creep and work-hardening experienced in the 00* F rapid 
cycling tests can be eliminated if tension bending stresses do not ex< ed approx- 
imately 75 percent of the allowable tensile stress for zero creep at 1 it temper- 
ature. 

(4) The magnitude of corrugated spring relaxations resultij from rapid 
cycling generally have a negligible effect upon spring rate during sul equent 
testing, provided the induced tension bending stresses do not exceed pproxi- 
mately 60 percent of the allowable tensile stress for zero creep. 

Plate Spring a 

Figure 148   shows the plate springs as tested in this progn i.    The 
plate springs were tested for load-deflection characteristics at roon tempera- 
ture and elevated temperature in the Baldwin Test Machine In a test etup simi- 
lar to that used for the corrugated springs.   No rapid cycling testing if these 
springs was performed.    Problems arose during the testing that res ted in 
erratic and Inconclusive test results.   Further testing of plate sprin t is planned 
for 1962. 
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4. 0 PROPULSION SYSTEM CONTROLS 

4.1 GENERAL STATUS 

During the year 1961 a balanced program was planned for th 
of Pluto propulsion system controls. Tho controls activities fell int 
cally separatedj although not independent, categories. The categori 
ally described as (1) system analysis, pertaining to the generation o: 
and specifications fox the control system and its components; <2) con 
components, pertaining to the design, development, and testing of at 
tronic computing devices, and pneumatic actuators; and (3) irradiat« 
pertaining to the investigation of materials, components, and design 
permit sustained operation of controls devices In a nuclear environrr 

During the course of the year's activities it became obvious 
rapid progress was being made in the development of electronic com 
and sensers than was being made in the development of high-tempere 
tic actuators, Thus, in order to maintain a balanced program leadir 
ated completion schedules for system testing, portions of the electrc 
senser development programs were curtailed to place increased bud] 
upon pneumatic actuator development. In particular, a two-phase p: 
Initiated to evaluate, under controlled test conditions, the friction ar 
acteristlcs of selected materials and the relative advantages of vark 
systems for use at high temperatures. 
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The following sections describe the 1961 activities in the abc   e-mentloned 
categories, 

4.2 CONTROL SYSTEMS ANALYSIS 

4.2.1       Minimum Startup Interval 

One of the limitations that determines the minimum, value o. sngine start- 
up time is the dynamic response of the nuclear instrumentation used i the ground 
control system,  such as log count rate (LCR) and Inn circuits.    The > circuits 
operate with low pulse repetition rates and low current inputs. 

A dynamic closed-loop analysis has been performed on the 
loop incorporating mathematical models of typical existing nuclear i: 
The limiting instrumentation characteristics are the smoothing filter 
the LCR circuits that are dominant in the lower level channels.    In tl 
following assumptions and conditions were used: 
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(1) The primary control parameter is either In n or inverse perio> 
from source level to the power level at which the inflight control system is s 
ed into control. The system is operated closed-loop, where continuous conti 
In n    or inverse pe   iota   is provided, 

(2) Typical commercially available nuclear instrumentation is used 
the ground nuclear control system, 

(3) The automatic, programmed command (In n or inverse period) 
assumed to be one-decade step inputs, for which instrumentation response cl 
acteristics were available. The reactor was restricted to periods longer tha 
second for two reasons: (a) the outputs from the nuclear instrumentation rep] 
maximum rate-of-change quantities that the instrumentation is capable of pre 
ing for input decade step commands, and (b) an inverse period override is au 
eered (monitored for selection) so that the actual reactor period cannot be le 
than 1 second. 

(4) The source level is taken at 1 milliwatt. 

The internal In n loop was analyzed for two reasons: this loop is co: 
mon to all outer control loops, and the dynamic* of the Internal In n loop are 
limiting dynamics in the outer control loops using In n or inverse period at 
primary control parameter«. Reactor temperature during the interval from 
source level to about 1 percent design point power is near ambient. Thus, c 
temperature is of no practical use as a control signal during rapid startups. 

The analysis indicates that, with the nuclear instrumentation include 
the In n loop is stable when the coarse rod control subsystem and inflight con 
reactor compensator are removed. Because the coarse rod control subsyste 
used only to compensate for large reactivity changes due to temperature coef 
ent effects and long term poison effects- the coarse rod is not needed for COT 
during the interval from source insertion to the launch power level. In this i 
val, the reactor temperature remains near ambient and reactivity changes di 
temperature changes are negligible. Use of the coarse rod control subsyeter 
scram is not excluded. The closed-loop response for the internal In n loop 
(Reference 26 ) was studied using the basic engine control system configuratic 
with the addition of instrumentation dynamics derived from experimental date 
These data were furnished by General Dynamics/El -ctronlcs and appeared in 
Twentieth Quarterly Progress Report. 

During startup from source level to the power level at which control 
transferred from the ground equipment to the inflight control system, the grc 
nuclear instrumentation and control equipment are part of the internal In n lo 
(the control equipment consists, In part, of counters, ion chambers,  LCR 
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circuits, and In n amplifiers). The signal smoothing characteristic 
and In n circuits are a function of the flux level and contribute sigui. 
of phase shift at low counting rates and low current inputs to the In i 
The effects of these dynamics in the control loop were considered b- 
appropriate dynamic equations for the blocks in the internal In n loo 
shown here. 
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Detailed mathematics of these functional blocks, except the instrumen- 
tation, will not be included here as this information is fully discus» I in 
Reference 26 .    The following sketch of instrumentation channels an< ranges indi- 
cates the values assumed with typical counter and ion chamber sens ivitles and 
Pluto flux levels. 
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An overlap of one deuade has been included between the ranges. Th 
switching point« between ranges were taken at the lowest level of each range, 
because these are the points at which the time response of the instrumentatio 
the slowest, and hence these points represent the worst condition« possible i 
fast automatic control. As the power level increases, the time response of t 
instrumentation also improves until it is no longer a limiting factor in the loc 
dynamic s. 

To determine a mathematical model of the instrumentation, a theor« 
curve was fitted to the experimental data provided by the manufacturer. The 
oretlcal transfer function that describes this curve was then used to represei 
instrumentation in the internal In n loop. 

At the very low power levels during startup there Is no airflow throi 
the reactor, and the core is at ambient temperature. This condition results 
reducing the transfer function of the core to the form of a simple integration 
a very low gain. When the effect of the temperature coefficient is added, the 
through the internal temperature feedback of the reactor is so low that the re 
can be treated as an open loop. This means that the phase shift for the inter 
In n loop at this condition starts at "180° for zero frequency as compared to 
at the higher temperature inflight conditions where the gas dynamics have an 
effect. If the instrumentation dynamics of Ranges I and II are added to this 1 
an instability results. To overcome this condition it is necessary to remove 
coarse rod subsystem and the reactor compensator from the loop. (It should 
noted that the coarse rod subsystem has a free integration with second order 
dynamics and that the basic function of the coarse rod is to control the reacts 
effects of large temperature changes occurring during launch and long term j 
soning. These destablizing dynamics are eliminated by holding the coarse r< 
subsystem inoperative during initial fast startup at low power levels.) 

Aa the power level Increases, the instrumentation dynamics Improv 
are no longer the limiting factor in the closed-loop response. Since the sam 
circuit is used for both Ranges I and II, the closed-loop dynamics for these t 
ranges are Identical. The closed-loop rise times for these rangeo using ste] 
puts of one decade each were calculated for the entire range, and the fastest 
sible controlled power profile for Ranges I and II using these dynamics has b 
plotted in Figure 149. 

In Range III, the In n amplifier is in the loop.   The In n amplifier he 
integration and a smaller time constant; hence, the Instrumentation dynamic! 

, not limit a power rise to a period slower than 1. 0   secondtt The closed-loop 
time« for Range III were calculated for one-decade steps and were included 1 
Figure 149. 
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Figure 149 shows the minimum time in which the reactor could be a o- 
matically taken up to 1 percent of design power when the worst possible dyna ic 
ranges of available instrumentation are Included with a switching overlap of < e 
decade, and a 1. O-second period override.   Source strength can be increase« to 
reduce this time and improve system stability.    To reduce the time further a 
smaller overlap between the ranges may be utilized» and much of the instrun n- 
tation limitation can be avoided.    The minimum time required under the won 
conditions to attain 1 percent of design power from source insertion is appro - 
mately 39.0 seconds. 

4.2,2       Control Response For Inlet Restart at Low Altitude Condition 

A simplified dynamic analysis has been completed to determine whe er 
it is feasible,  from an alrframe maneuvering point of view, to incorporate it > 
the Pluto inlet design the capability of restart during the low-altitude penetrs on 
phase of the mission. 

The main objective of the study was to determine the time available > 
detect an unstarted inlet condition, to perform the necessary controls functic , 
and to restart the inlet with the following limitations: 

(1) The inlet cannot be restarted at a Mach number less than 2.75 
(2) The inlet cannot be restarted at an angle of attack greater than 

7.0 degrees 
(3) An appreciable loss of altitude from the 1, 000-foot cruise condi   on 

is prohibitive 

It was determined that the optimum airframe maneuver during an ur 
started condition is to hold altitude and to allow the vehicle to increase the ai 
of attack as required. In this mode the forward velocity will decrease until ; 
start is accomplished, or until speed drops below Mach 2.75. It is shown th 
using this type of maneuver, the vehicle will slow down to Mach 2.75 in appr 
mately 3 seconds with very small changes in altitude or angle of attack.due t< 
action of the autopilot (Figure 150). This time interval was established assu 
that the thrust is equal to zero from the instant of unstart until the inlet is re 
started, and that the drag is increased during this period by approximately 7 
cent (Figure 151), These values of thrust and drag represent the most pessi: 
tic case. 
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There would be no advantage to a pitchup maneuver to increase altit   le 
with an unstarted inlet unless the minimum Mach number at which restart ca:   be 
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accomplished at the higher altitude is significantly lower than Mäch . 75.    It is 
still necessary,  when, the vehicle is climbing without power,  to over me the 
effects of the increased drag due to the higher angle of attack and tht oas of ki- 
netic energy used for climbing. 

The analysis was performed using general linearized three- 
freedom equations of motion, which represent longitudinal missile rr 
Che stability axis resulting from perturbations in selected flight cond 
(Reference 27), The pitch control and altitude control autopilot equa 
were given in the Twent el!: Quarterly Progress Report were used i 
loop control of the longitudinal airfrarne dynamics. 

The complete set of cloBed-loop equations were simulated c 
computer to obtain the transient response of the system. 

The net thrust and drag were programmed using the curves 
The solution,  resulting in Figure 150, was obtained by the following 
uns tart was simulated by increasing the total drag and reducing thru 
just before the forward velocity reached the lower limit for restart, 
restarted and thrust and drag were taken from the curves for the sta 
at the new Mach number.   It is seen that, even though the inlet ia re 
long acceleration period is required to reach Mach 2.90 again as the 
margin 'a low.    Should an unstarted condition arise again before the 
accelerate clr.se to normal speed, the subsequent time for restart w 
short.   It is therefore important to establish the possibility of recur 
corditions that can initially cause unatart.   For a repetitive restart 
the allowable time for each restart would be approximately 3. 0/N se 
N is *.he desired number of restarts. 
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4.3 CONTROL SYSTEM COMPONENTS 

4. 1. )       Nc'uiVr-ar.- FTJX Senser 

Tbe 1959 ar.d 1°^0 ion chamber irradiation test programs w< e designed 
to investigate the operating characteristics of a high-temperature,  t :ompen- 
sated ion chamber suitable for Pluto application.    The first test proj am was de- 
signed to test the upper operating limits of the prototype design in hi i neutron 
and high gamma, radiation fieldB.    The second test program was des: ied to de- 
termine the temperature capabilities of the ion chamber.    In both thi e tests the 
ion chambers wnj operated in the General Electric Materials Terti ; Reactor 
(MTR),    ün the ficat test, series, the ion chamber was operated direc y in the core 

I 
SECRET RESTRICTED DATA' 

-269- 



DECLASSIFIED IN FÜLL 
Authority: EG 13528 
Chief, Records & Oeclass Civ, WHS 
IcAZ:     MAY 2 3 2015 

SE-eftEmSIRICItDDAIA* 
/Aiaiüuardt 
VAN NUYI,   CkllFOtNIA nxi"     5g' 

AWMIC ErfFRfiY 'ACT OF   Ifflgh- 

in a thermal neutron flux of 10      nv and a gamma doae uf 10^ R/hr.    In the a   .end 
teat series the ion chamber was operated inside a furnace capsule to elmulat 
operating temperatures up to 1200°F. 

In both of these test series the ion chambers were operated in high 1 sr- 
mal neutron flux fields.    The ion chamber signal current was primarly due t the 
(n,  B1   )—fr^x",   Li) interaction with the filling gas.    Previous study work of PI o 
flux spectrum indicated that the ratio of chamber neutron current to gamma i r- 
rent would be high enough that an uncompensated ion chamber could be used I r 
measuring reactor power.    However, this condition is true only when the cht »- 
ber Is located directly in the core reflector where the thermal neutron flux li 
maximized.   Any other location would require the use of a moderator to ther a- 
lize the neutron flux for detection, or the use of a compensated ion chamber. 
Cither approach would complicate the overall system. 

The purpose of the 1961 ion chamber irradiation test program was tc   n- 
vRBtigate methods of improving the gamma current discrimination of the Plu< 
uncompensated ion chamber.   To conduct such an investigation, a reactor WE 
required that had high fast-neutron flux, gamma flux, and low thermal-neulr   i 
flux.    The reactor selected for this work was the General Dynamics test rea   or 
located in the Nuclear Aerospace Research Facility at General Dynamics/ 
Fort Worth. 

For this work, two Pluto-type uncompensated ion chambers were us d 
for the detectors.    The first chamber was a standard B^-coated, neutron io za- 
tion chamber.    The second chamber was identical but was uncoated,    The tw< ion 
chambers were manifolded together to a common gas filling and venting syst n, 
Nitrogen, argon, xenon, helium, and hydrogen were alternately used as fllli: 
gases. 

The experiment was so conducted that the saturation characteristics   vere 
taken for both the neutron and gamma ion chambers.   Saturation curves wer«   sb- 
tair.ed for all filling gases at different pressures and at three temperature le   als. 

Figure 152 ia a plot of the current collected in the gamma ion chamb   t at 
different operating pressures.    It should be noted that the gamma current in- 
creased as the density of the filling gas increased. 

Figure 153 is a plot of the current collected in the neutron ion cham jr. 
It should be noted that the current collected is actually the sum of the neutro and 
gamma current of the uncompensated ion chamber.   As expected, the ionizat m 
current curves increase with pressure,  leveling off when the range of the («N JL1) 

i scatmasmsTEFBm 
wUWIC  CHCROY-AU   Uh   1^4 -27 0- 



UNCLASSIFIED 
lamm 

VAN NUN, CMIPOINIA ro«T. 5876 

3 

GAMMA ION CHAMBER CHARACTERISTICS 

FILLING GAS TEMPERATURE = 780'F 

MOON 
•—XENON 

10 15 20 

PRESSURE - pal 

25 3C 

s^age determined to u wnciassi 
fwewedCuief, RDD, WHS 
ä^W £023523, Section 3.5 
Dat8:       MAY 2 5 2035 

22G103   UNCLASSIFIED -27 1- FIGURE 152 



UNCLASSIFIED V*N  NUYI. GkllPOIMIA 

\ 

280 

NEUTRON ION CHAMBER CHARACTERISTICS 

FILLING GAS TEMPERATURE = 780T 

10 15 20 

PRESSURE - psl 

MKm^Ml 

(AWEO13526, Section 3.5 
Date:       MAY 2 3 2015 

220102   UNCLASSIFIED ■272- FIGURJ    153 



DECLASSIFIED IN FÜLL 
Authority: EO13526 
Chief, Rgcsräs & Beclsss Dhr, WHS 
^£t£:    MAY 2 3 2015 

H 

/AJarquardt 
VAN  NUY», CAilPOtNlA «IT. 5876 

ATOMIC ENEBQY ffCT Of"lg>^ 

particles resulting from the (n,  BJ0) reaction equal the plate spacin of the ion 
chamber.    Normally, the curves reach a saturation value; however, n this case 
the gamma current continued to add to the total ionization current at ;he gas 
pressure increased. 

Figure 154 is a plot of the ratio of ionization current collec 
neutron chamber to the ionization current collected from the gamma 
different filling gases. Surprisingly, hydrogen gas proved to have t 
neutron/gamma ratio of all the gases used. This high ratio is appai 
by the fast neutrons interacting with the hydrogen atoms, ionizing th 
gas directly by collision rather than by the normal thermal neutron 
This method of using hydrogen filling gaa to decrease the gamma se 
uncompensated ion chamber is a new idea. It may be very useful fo 
the range of uncompensated Ion chambers whtn operating in fast neu 
vironments. 

4,3,2      Temperature Sens ere 

Thermocouple» 

At the beginning of 1961,  calibration data, drift, and aging < 
tics had been obtained on several metallic thermocouple systems im 

id from the 
:hamber for 
i highest 
ntly caused 
hydrogen 
'0 reaction, 
litivity of an 
extending 
■on flux <sn- 

aracte res- 
iding: 

Platinum vs. platinum - 10 percent rhodium 
Platinum vs.  platinum-    5 percent rhodium 
Platinum vs. platinum - 20 percent rhodium 
Platinum - 5 percent rhodium vs. platinum - 20 percent rh   hum 
Platinum - 6 percent rhodium vs. platinum - 30 percent rh   Hum 
Iridium vs, Iridium - 40 percent rhodium 

AJeo, there were two combination« of the platinum vs. platinum-rhc 
doped with 1 and 2 percent palladium. 

I urn system 

In general, the maximum drift was about 1 to 2 percent.    7 s indepen- 
dent linearity errors for the platinum vs. platinum - 10 percent rho urn thermo- 
couple was about+ 1 percent in the region of 1000 to 3000°P.    All of he systems 
have larger nonlinear characteristics in the range of 0 to 1000°F. 

An analytical study of thermocouple circuits was conducted and the 
effects of circuit resistance in the connecting system were predicte< and experi- 
mentally verified.   Series and parallel thermocouple operation was vestlgated, 
and it was shown that the terminal voltage of a series network was r iltiplied by 
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the number of series junctions but reduced by the effect of the serii and paral- 
lel resistance in the circuit.    In parallel operation,  the terminal vc age was the 
same as in the case of the single junction,   reduced slightly by the e ect of cir- 
cuit resistances.    Tests were also conducted on some metallic ther iocouples 
(tungsten rod vs. a graphite sheath),    The results Indicated a large ut nonlinear 
voltage output with temperature, and a large number of thermocoup : failures 
after one 10-hour run of several thermocouples.    It was concluded I at poor 
electrical reliability,  relatively large size,  and lack of mechanical urablllty 
made this type of thermocouple unsuitable for the required appllcat ns of in- 
core temperature   instrumentation. 

Thermocouple insulators were experimentally investigated ,     part of 
the thermocouple tests and insulation resistance between two wires n the two« 
hole insulators was measured as a function of temperature up to 28 )' F for 
alumina and magnesia,    Insulation resistance of the alumina was si htly higher 
than the magnesia at 2800 "F, and was about 40,000 ohms at this te perature. 
Reference28 contains the extensive temperature test results of the irious 
thermocouple systems, insulators, resistance-type temperature s« sers, and 
bridge circuits. 

In late I960 and early 1961, a thermocouple Irradiation expe ment was 
performed in which platinum vs. platinum - 10 percent rhodium the Tnocouples 
at 2500* F were Irradiated to a total integrated fast neutron dose oi .bout 6 x 
10 *' nvt and a total integrated thermal-neutron dose of about 1. 6 x 1 -° nvt.   In 
addition, a platinum vs, platinum - 10 percent rhodium thermocoup i and a 
chromel-alumel thermocouple in an environment of about 1400* F w re irradi- 
ated In the same test capsule.    The Insulation resistance of a two-1 le alumina 
thermocouple insulator was also measured.   Reference29 contains complete 
description of the pre-radiation, radiation, and post-radlatlon test conducted 
in 1961.   In general, the results indicated that the maximum perma mt decall- 
bration of the platinum vs. platinum - 10 percent rhodium thermocc pies was 
about 0. 8 percent at an operating temperature of 2500' F and a mas mum In- 
tegrated flux of 6 x 10*9 nvt fast neutrons and 1.6 x lö20 nvt therma neutrons. 
The data also indicated essentially constant insulation resistance ft    the same 
operating temperature and values of Integrated flux.   In order to is late any 
thermal aging effects that may have occurred during the 500-hour 1 radiation 
test at 2500*F, a 500-hour aging test was performed using thermo >uplas fab- 
ricated from the same batch of wire as that used in the irradiation üts. 
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The results of this test Indicated a thermal drift of 1° F at the end of 500 ho 
of operation. 

Resistance-Type Temperature Senaers 

At the beginning of 1961, a survey of commercially available reBieta 
type temperature sensers had indicated that no eensers of this type were co 
merclally available for operation to 3000"F. In addition, an analytical stuc 
had been completed to predict the extent of strain gage effects, and experln 
work had been started on platinum wire resistance units. The analytical et 
showed that the magnitude of these strain gage effects was small and negllg 
and the preliminary experimental work indicated that the insulation resistai 
characteristic of the winding form was a significant factor in affecting the 1 
ity of these devices at temperatures above 2000° F. 

During 1961, both platinum, Iridium, and tungsten wire resistance e 
menta were calibrated using various winding geometries and forms. The ti 
8ten sensers were calibrated In Inert and vacuum environments. The rep 
ability with temperature cycling of the platinum wire sensers was signlficai 
better than that of the tungsten units. 

A special winding form constructed to minimize the Insulation reels 
shunting effect on the senser, In conjunction with a total platinum wire real 
ance of about 27 ohms at 2800* F, produced the most successful results to < 
Figure 155 is the calibration curve of this experimental platinum wire rest 
oe.naer from ambient to 2800*F. This device has an Independent linearity ■ 
of about t 3 percent over the entire temperature range. 

4.3.3    Pneumatic Control Components 

At the beginning of the contract year, the 4-lnch-atroke actuator syr 
had been completely designed and fabricated, and the unit was ready for tes 
The design of the 40-Inch-stroke actuator was complete, and fabrication ha 
been initiated. Design of the test equipment for use In evaluating the actuat 
had commenced. 

During 1961,  significant progress in perfecting high-temperature, pi 
matlc components was achieved.    The 4-lnch-stroke actuator system was c 
pletely evaluated and the evaluation provided data for design Improvements 
future actuators.   Fabrication of the 40-Lnch-stroke actuator was complete« 
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and extensive testing at both room temperature and 1000° F reeolved many 
problems and resulted in dynamic performance for short periods compatible 
with flight requirements.   A research program covering high-temperature 
materials and lubrication was Initiated under which a survey of the state-of» 
the-art of high-temperature lubricants was completed,  screening of the mos 
promising   lubricants and materials accomplished,  and testing Initiated. 

Four-Inch-Stroke Actuator 

Performance testing of the 4-inch-atroke actuator was completed, a   i 
the program objective of optimizing system performance utilizing existing 
hardware was achieved.    The actuator shown installed In its environmental 
oven (Figure 156) was operated at room temperature for 40 hours.    Two sue   :•■■ 
ful  one-hour   teste were conducted at 1000' F, 

Frequency response, resolution, and transient response characterls   cs 
of the actuator were evaluated during ambient and high-temperature phases 
the tests.   The poor resolution obtained (3.5 percent at room temperature a   i 
4 percent at 1000' F) was the result of earlier extensive high-temperature te   :- 
lng of the motor.    This testing resulted in larger dead band than specified l 
the design. 

Transient response data showed that actuator performance was well 
within design specifications.    Use of a lead-lag network reduced the oversh«   t 
and settling time during closed-loop testing without affecting cutoff during ft   - 
quency response,    The overshoot was 12 percent of the input as compared tc 
the maximum specified value of 20 percent. 

The frequency response data (Figures 157andl58 ) show the 90*  pha i 
shift point for the room temperature test to be 4, 3 cps, and for the 1000' F at, 
3. 8 cps.    These test data correlate closely with the values specified by the la- 
lytlcal actuator studies. 

The accumulated test data show good correlation with the predicated   er- 
formance and provide information valuable to the prediction of future actuat   • 
performance. 

Forty-Inch-Stroke Actuator 

Fabrication of the 40-inch-stroke actuator ahown In figure 159 was i   m- 
pleted, and extensive room temperature and high-temperature testing of coi   - 
ponents and of the complete system was accomplished. 
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Component testing consisted of evaluation of two typ«n of li 
ducers (a linear variable differential transformer and a variable r 
type), the first and second stage valves,  and the nutating disk mot 

The transducer evaluation included testing of both types at 
erature and at 1000' F to determine their linearity and repeatablllt 
istics. It was determined that the linear variable differential tran 
combination with its oscillator and demodulator exhibited poor lln< 
peatabllity at both room and 3000* F temperatures. The variable : 
transducer met the specified requirements for both linearity and r 
at both temperature conditions and was used in subsequent system 
complete actuator assembly, 

Bench testing of the motor Indicated that leakage and frlctl 
In design limits; however, severe Inertlal knock occurred betwee 
disk and the splitter plate during operating. As a result the splltt 
eliminated, and a pin and shoe arrangement was Installed at the p< 
the disk to balance out the inertlal forces arising from the nutating 

Motor operation was much improved by this modification, 
failures of the pin pointed up the need for design refinements to re 
stress concentration at the pin.   Appropriate design changes have 
which will be Incorporated In all future actuator motors. 

Bench testing of the valve, which consisted of a torque mot 
and second stage spool valves, indicated a number of problems, w 
resolved In the following manner. Static sensitivity of the valve w 
be poor, and the feed back gain of the second stage was modified ti 
this problem. The first stage gain was found to be Inadequate. Hi 
circumvent the delay associated with redesign and fabrication, the 
valve from the 4-Inch-stroke actuator was substituted, because ite 
was found to be satisfactory. Repeated malfunctions of the second 
were encountered. When it was determined that malfunction was c 
spool binding In the sleeve, the clearance between the spool and th 
increased, It was also found that valve performance was being se< 
by excessive dead band in the torque motor. Because the only two 
available for the high.temperature operation had similar charactei 
necessary to minimize dead band effects through the use of electrc 
satlon In the forward loop of the servo system. 
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Initial teats of the actuator -were conducted at room temperature, a I 
resolution, transient response, and frequency response tests were perforr id 
to determine the actuator's dynamic capabilities.    Approximately 60 hours f 
operating time were accumulated during this testing.   Frequency response as 
found to be 4 1/2 cycles without compensation and 6 to 10 cycles using prop - 
tional plus integral and lead-lag networks,   Resolution was one tenth of 1 p - 
cent (Figure 160 ),  and transient response (Figure 161 ) showed overt .»oot ' .s 
a maximum of 20 percent.   Actuator performance was limited due to low g n 
and dead band in the torque motor.   However,  operation of the actuator at w 
inlet pressures (40 psi) demonstrated Its ability to operate at pressures cc i- 
parable with those to be encountered in the Inlet duct of the Pluto engine at 
high altitudes. 

Checkout of the environmental oven used to conduct hlgh-temperatu ; 
testing was completed, and the actuator was installed. The Initial hlgh-te: 
erature test of the actuator was of half-hour duration at 1OO0* F. Actuator 
ation was achieved at this temperature; however, problems were encount« 
in the clutch that is used to shift from the servo to the «cram mode of opex 
Clutch malfunction was due to the use of ambient air to operate the dutch < 
the actuator was at the 1000° F test temperature. This problem was ellmii 
by installing colls in the environmental oven so that the clutch air Is heate< 
fore entering the actuator.    This solution has proved satisfactory, 

The second high-temperature run of the actuator assembly was of 1 
duration at 1000* F.   Operation of the actuator was satisfactory, and dynan 2 
performance was comparable to that exhibited during the low «temperature >st- 
itig.   Reworking of the valve successfully eliminated mechanical binding pi >- 
lems that occurred during initial tests.   Additional valve evaluation will be en- 
quired to eliminate dead band and Improve dynamic performance. 

High-Temperature Materials and Lubrication Research 

In the course of the Marquardt effort to develop 1200*   servo actuati   j 
equipment,  it became Increasingly obvious that the lack of documented infc   . 
mation on the friction and wear characteristics of materials at elevated tei   j- 
eratures was hindering development progress.    During 1961, a two-phase 70- 
gram was Initiated in the hope of alleviating this problem. 

The first phase consisted of a literature survey involving intensive    e- 
search study and abstracting to determine the state-of-the-art.   In additloi 
visits were made to all companies and research agencies prominent in the    eld 
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of high-temperature materials and lubricant research.    As a resul sf these 
surveys, it was concluded that there are four basic approaches to t > high- 
temperature lubrication problem that are particularly applicable to te Pluto 
Bystem:   a dry film lubricant, a solid lubricant compact,  a continu is- or 
intermittent-flow dry lubricant system,  and a pneumostatic bearing 

A Dry Film Lubricant applied to the bearing surface la the im pi eat 
from a hardware design standpoint.    However, the three basic prol ems of 
securing adequate adhesion, long wear life,  and good lubrication at ilgh and 
low ternperatues may not be amenable to timely solution. 

The following list of candidate dry film lubricants and wear    oattngs 
came out of the survey: 

(1) Lead with silica   (NASA lubricant coating) 
(2) Other low melting point glasses with or without additive 

(Midwest Research, Massachusetts Institute of Technol   [y, 
University of Illinois, and Aeronautical System Dlvlsior 
a lubricant coating) 

(3) Flame sprayed cermets and ceramlncs (Linde-a wear c   ating) 
(4) Conversion coatings,  such aB oxides,  sillcones or chro   es 

(wear coatings) 
(5) Precious metal coatings (Southweet-a lubricant coating] 
(6) Proprietary coatings (Columbia Broadcasting System R    iearch 

Laboratories,   Alpha Molykote, Electrofilm, Generally   gna 
Plate, Stratos, "Surf-Kote"-lubricant coatings) 

In the case of a self-generating oxide coating (current Marq 
approach) used for its anti-wear properties, some benefit might be 
maintaining a more uniform oxide coating.    The Boeing Company, 
Institute, and General Electric Corporation have accomplished con 
research engineering on pneumatic bearings applicable to this type 

ardt 
;alned by 
ranklln 
derable 
f problem. 

Solid Lubricant Compact applied against bearing wear surfa es la more 
complex from a mechanical standpoint,  but provides "lubrication li depth" re- 
sulting in longer life.    The "compact" can be applied by using inse: 3 that rub 
against the bearing components or by using spacer balls or spacer oilers 
formed from a lubricant compact. 
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Graphites,  8 elf-oxidizing mixtures, laminar layer solid lubricants, 
and precious metals axe being considered as the lubricating element, Boeii , 
Clevlte,  National Carbon,  NASA,  NAMC, and others have been working on its 
principle.   In general, wear rates of the compact are high,  In order to kee a 
good lubricant supply available,  so the compact Itself cannot be dimensions y 
critical. 

1 

A Continuous- or Intermittent-Flow Dry Lubricant System using a i   r- 
rier gas is the most mechanically complex» but holds the greatest potential 
for long life and heavy duty.    The selection of lubricant materials should n<    be 
critical because of the continuous replenishment feature, 

Metering of the lubricants and their injection into the airflow would    e 
the primary problem.   The advantages are that (1) molybdenum disulflde ar 
other excellent dry lubricants can be used, and (2) the continuous replacerr   at 
and greater uniformity of distribution should allow an extremely long wear    fe 
comparable to conventional hydrocarbons used at lower temperatures. 

A Pneumostatic Bearing would be less complex than a solid lubrlca; 
compact, but probably more BO than a dry film. However, It could be usec 
only if a higher pressure gas source than ram-air were made available. 

Within the present state-of-the-art, some type of lubricant is defln :ly 
required to reduce friction and wear.   Low friction coefficients are deelral e 
to improve performance characteristics of the control system, and wear n e 
must be minimized to keep operating tolerances within allowable limits. 

Hydrostatic gas bearings are possible only if a flowing gas source I 
available at pressure levels of about four times the maximum bearing pre»   ire 
load.   Little or no hydrodynamlc lift can be expected from the oscillating a    Ion 
of the current Marquardt motors consisting of a ball and disk.    This desigr   Joes 
not lend itself to use of hydrodynamlc lift principles because bearing conta. 
area would have to be sacrificed to obtain hydrostatic support area. 

The choice of substrate materials presents a much reduced problen 
when lubricants are used,   unless the lubricant It) a   conversion coating.    Ir 
this case the substrate must be selected for the deeired chemical reaction, 
Normally the substrate material must be chosen with consideration of the 
following properties: 
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(1) Maximum hot hardness for load carrying capacity 
(2) Dimensional stability from solid state reactions and 

relaxation of internal stresses 
(3) Good ductility and Impact resistance 
(4) Good thermal conductivity to minimize frlctlonal hot - 
(5) Good oxidation resistance to maintain surface finish a 

dimensions 
<6)   A modulus of elasticity of 25, 000, 000 to 35 ,000,000 p 

for optimum contact area 
(7)    Machineability 

Some of the more promising substrate materials are (1) Haynes 2 
"C", (3) Hastelloy "X", (4) Rene' 41, (5) Nitrotung. In general, t 
possess superior hardness to the wrought super alloys but have i 
resistance, and are difficult to machine, The wrought super allo 
superior In overall performance for temperatures up to 1500* F. 
mentioned before, cermets show some promise as wear coat at ti 
eratures. 

OtB 
i 

(2) Hastelloy 
; cermets 
crior Impact 
should be 

owever, as 
lower temp- 

The second phase of the materials and lubricant research 
sisted of further screening of candidate high-teroperature substra 
and lubricants and correlating literature findings with Marquardt 
portion of the work was conducted on the Marquardt-deslgned pin 
friction and wear test machine, which is patterned after the succ 
equipment. At present five test plates and fourteen pins of succe 
materials are being tested. In addition, six selectedlübricant co 
propriety  nature are being obtained for evaluation. 

rogram con- 
materials 

Ha.    This 
id disk type 
sful NASA 
ful substrate 
ings of a 

The objective of this program is to find the best comblnati i of sub» 
Btrate material and lubricant coating for the flight prototype serv actuator 
for the Pluto control system. 

4.3, 4   Electronics 

At the beginning of 1961, most of the magnetic amplifiers i 
devices suitable for use In the temperature and reactor compenaa 
been fabricated, and limited test data had been obtained. Figure 
a simplified block diagram of the temperature control and reactoi 
loops, is Included for clarification. These components Included* 
temperature error amplifier, operational type amplifier, a three 
network-type log amplifier, buffer amplifiers suitable for summi 
amplification, and a driver amplifier designed to drive the high-t 
torque motors used in the 40-lnch linear actuator system, Metho 
vlding the required integration In the common error path and met 
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anization of the auctioneer or error selector were being consldere 

During the first half of 1961,  development testa of the above 
components continued, the development of an electronic Integrator 
ting magnetic amplifiers was started,  and the error selector was ( 
to an outside vendor for procurement.     This contract was eubaequ 
ated for nonperformance.   Selected components and magentic arnpl 
were prepared for irradiation tests at General Dynamics/Fort Woi 
netic amplifiers were designed to meet the requirements of the coi 
and were fabricated,   tested,  and shipped to Fort Worth,    These ar 
eluded a 400-cps high-gain second harmonic type, and 400-cpB and 
push-pull self-saturating type amplifiers,    The second harmonic a 
suitable for the first stage of the temperature error amplifier and 
The push-pull self-saturating type represents the buffer amplifier 
Components    irradiated along with the amplifier    included cores, 
resistors, and diodea of the same type as used in the amplifiers, 
amplifiers used special,  radiation-resistant ZJ225 General Electr 
thin base width construction.    The remaining amplifiers used stanc 
silicon junction diodes. 

A preliminary report (Reference 30 ), containing pertinent 
of the August irradiation tests was published in August 1961. In ge 
circuits containing the ZJ 225 diodes withstood greater radiation ex 
a given performance index than the circuits that contained the ordl 
One 4800-cps amplifier using ZJ225 diodes remained satisfactory 
ted fast neutron dose of 2 x 1015 nvt. This radiation dose is greate 
dose expected for the electronic system during a typical Pluto mis 
the ZJ225 diodes performed satisfactorily to 10™ nvt, and five dloc 
good to about 10*5 nvt j however, about 70 percent of the ZJ225 dlod 
excessive reverse leakage currents as high as 400 microamperef 
which significantly exceeded the anticipated 50 microamperes. Pr 
discussions with the supplier Indicated that variations tn manufacti 
and that the excessive leakage was probably a surface leakage phet 
All of the components tested except the semiconductors exhibited s 
llglble changes in their characteristics to 10*6 nvt. 
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Durlng the second half of 1961, the amplifiers and computln    components, 
including the log amplifier and an electronic integrator using magn   :ic ampli- 
fiers, were satisfactorily tested at temperature» from ambient to     6'F,   The 
driver amplifier was exhaustively tested and used in the 40-lnch-a 
tor development tests.    Preliminary tests have been started on the 
units in the temperature and reactor compensation loops,  and an e 
feasibility design has been completed. 
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Second generation 400-cpe high-gain and 4800-cps buffer type ampli- 
fiers have been «ealgned, fabricated, and prelrradiatlon tested using the in- 
formation acquired from the August tests. 

The development testa of these second generation circuits Included 
comprehensive simulated diode degradation tests in which the forward voltai 
drop and the reverse leakage current of the diodes was increased beyond the 
expected values at 10*5 nvt.    A circuit description, performance characteri9    cs, 
and effects of simulated diode radiation damage on these second generation i   r- 
cults    are presented here. 

Circuit Description 

(1)   Second Harmonic Modulator Rectifier Amplifier 

A DC magnetic amplifier possessing very high gain and excellent 
stability has been developed.    The amplifier consists cf a typical magnetic 
modulator followed by a rectifier filter.    The magnitude and polarity of the 
output is controlled by the DC input. 

For comparison purposes, two methods of rectification are being us    i. 
In one case, a dual anode zener Is used for rectification;   In the other, a die   e 
bridge with an HC network inside the bridge la used.    Figure 163 is a sche- 
matic of the second harmonic modulator with alternate methods of demodula   on 
shown. 

Several design features are incorporated to make the amplifier radi£ 
tlon resistant.   A tabulation of amplifier characteristics is given in Table 2 

Stamped ring cores of Hy Mu 80 material were selected to provide 
high gain and good stability.    To take Into account the increased forward drt 
through the rectifiers with radiation,   a higher gate voltage Is used. 

Null shift,  and ga'n change are caused principally from change of die   e 
characteristics.    Selection of the diodes minimises this effect.    In addition 
careful selection of the diodes a design objective waa to obtain the highest p 
sible open loop gain with the resultant advantages of increased negative feed 
back. 
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TABLE 28 

AMPLIFIER CHARACTERISTICS 

Characteristic a 
400-cpi 

Magnetic 
Amplifier 

4800-cps 
Magnetic 
Amplifier 

Voltage Gain (Closed Loop) 490 20 

Load Impedance,   ohms 10,000 10,000 

Linear Output Hange,  volts + 2 + 40 

Linearity, percent Better than 1 Better than 1 

Null Shift with +10% Supply Voltage 
Variation, millivolts 

3 (Output) 7 (Output) 

Null Shift with +10% Supply Fre- 
quency Variation 

3 (Output) 3 (Output) 

Null Shift with Temperature 
Variation, 75* F to 180* F 

2 (Output) 5 (Output) 

Frequency Response (-45* phase 
shift),  cps 

5.5 100 
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(2)   Self-Saturating Magnetic Amplifier 

A self-saturating push-pui.1 DC amplifier having a good freq ency re- 
sponse and stability has been developed.    To provide the desired gi i band- 
width figure, a supply frequency of 4800 cps is used.   Cores were i lected of 
1 mil Hy Mu 80 material to provide high ampere turn gain.    A large amount of 
negative voltage feed back provides good null stability.    To comper ite for in- 
creased forward drop In the diodes with radiation,  a higher gate vc age is 
used.    The use of a bridge circuit serves to reduce diode leakage, '"igure 164 
is a schematic of the push-pull amplifier,    Characteristics of the a iplifier 
are given in Table 28. 

Degradation Teats 

Tests simulating diode degradation were conducted on all a: pllfler 
types.    Degradation in the form of increased forward drop was 9irr lated by 
inserting a battery in series with the diodes.    Reverse leakage wai lixnulated 
by placing a resistor across the diode. 

The 4800-cps DC amplifier uses eight diodes per assembly however, 
only four of the eight are in sensitive circuit positions that may be ffected by 
degradation.    Diode degradation information taken from the earllei rradlatton 
tests (August,  1961) indicate an Increase in forward drop of from 2 > 3 volts, 
and a reverse leakage of 20 to 100 microamperes in the ZJ225 dlod i, depend- 
ing upon the diode selection.    A case where the forward drop does >t occur 
uniformly in all diodes (nontracking) is simulated by placing a batt< y In series 
with only one diode,   or a maximum condition of unbalance when a t tter y is in 
series with 2 diodes (same amplifier).   This case represents a mo     severe 
condition under radiation. 

The modulator-bridge rectifier amplifier uses four diodes, 11 of which 
are in positions sensitive to degradation,   Radiation data prevlousl taken in- 
dicate a forward drop increase of from l.o to 1.5 volts,  and a peak eakage cur- 
rent of 10 to 20 microamperes for the currents and voltages that e> it In this 
circuit.    Maximum null shift occurs when the forward drop increat Is not uni- 
form in all diodes,   Such a condition Is simulated by Inserting a ba ery in ser- 
ies with only one diode, 
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The modulator-zener rectifier amplifier is somewhat sensiti 
gradation of the zener diode. The August radiation tests on dual anoc 
diodes indicated some changes in the zener voltage; however, the cha 
quite symmetrical, But a marked increase in reverse leakage did oc 
ing these tests. Zener diodes permanently degraded in radiation test 
level of 10*6nvt were tested in these amplifiers, and show a negligibl 
but a gain reduction of about 15 percent. The August radiation data o 
zeners indicated that about 50 percent of the damage occurred betwee 
and 10 nvt; therefore, it is suspected that less than 10 pi 
will occur in these amplifiers to 10^ nvt. 
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4.4 RADIATION EFFECTS TESTING 

4.4.1      General Status 

The detailed results of the irradiation test conducted at Gene »1 
Dynamics/Fort Worth in August 1961 showed that further investigatlo was nec- 
essary in order to isolate and ascertain the effects of gamma irradiat >n on diode 
performance.    Subsequent testing carried out at the Hughes Aircraft \ mma fa- 
cility showed that certain diodes were more affected by gamma radiat >n than 
others.    These differences in behavior were finally traced to variatio i in the 
manufacturing process. 

There followed a detailed screening program to select diode« suitable 
for use in a set of second generation magnetic amplifiers being prepa d for 
irradiation L: the General Dynamics/Fort Worth reactor facility in Ja iary 1962. 

A total of 160 General Electric ZJ225 thin-based diffused-oil on diodes 
were obtained,     fho diodes were divideu uito Utreu giwupB,   represent ig three 
different methods of manufacture.   Each group was then subjected to series 
of tests designed to eliminate those diodes least suited for use in a hi , radia- 
tion environment. 
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Each group first underwent elevated temperature testa (125 * F and 
l65*F).    The groups were then irradiated with a cobalt-60 source in the 
Marquardt Radiation Effects Laboratory, at about 2 x 105R/hr of gammas. 
Finally,  each batch received V1012 nvt (fast) at the Atomics International 
KEWB facility. 

The diodes chosen for use in the teßt amplifiers were selected on th 
following basis: 

Among GroupB 

Those groups that exhibited leaBt absolute leakage current, 
Those groups that exhibited least Inverse current spread 

within a group. 

Within a Group 

Those diodes that exhibited least tracking spread, 
(current vs. voltage)» 

In general,  none of the diodes subjected to gamma radiation alone 
or gamma and neutron radiation (in the KEWB facility) displayed the large 
inverse leakage currents typical of the original set of diodes used In the 
August Irradiation tests.   It is estimated that the second generation ampllfl   - 
using carefully selected components, will Buffer a gain reduction of less th;   . 
10 percent from the fast neutron dose of 10^ nvt that they will receive in 
January 1962. 

4. 4. 2    General Dynamics Test 

Preparations for the General Dynamics testa began In May 1961, in 
close cooperation with the Fort Worth reactor facility staff. The following 
Items were Included in the Irradiation program! 

(1) Zener diodes 
(2) ZJ225 General Electric diodes 
(3) Diodes, Inc.   thin-based silicon diodes 
(4) Motorola thin-based silicon diodes 
(5) Mylar capacitors 
(6) Silver mica capacitors DECLASSIFIED IN FULL 
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(7) Magnetic cores (Delta max, 2-mil dlam.  winding; H<   VIu 80-1 
2-mil diaxn.   winding) 

(8) Resistors (wire wound) 
(9* 4800-cpa magnetic amplifiers 

(10) 400-cpa magnetic amplifiers 
(11) High-gain magnetic amplifiers 
(12) Magnetic voltage reference 

The components and circuits were assembled on special umlnum 
grids supplied by General Dynamics.    TheBe grids were than Ins lied in an 
environmental chamber, which was maintained at a constant tern srature of 
100 " T throughout the irradiation.     Figure 165 shows the data han ing equip- 
ment used to check the circuits for proper operation after instal tlon in the 
chamber. 

The test components were exposed to an integrated neutr    i flux of 
vlO^ nvt over a period of 49 hours, 

The reactor power was programmed as follows: 

I      I   • 

j      l 

Time 
(hours) 

0 - 4 
4 - 34 

34 - 49 

Reactor Power 
(KW) 

5.3 
140 

2500 

Flux 
(E^O. 33 me 

3.5 x J08n 
9.2 x 109n 
1.7 x 1011 

Prelrradtation and poet-irradiation data, as well as data accum   ated during 
the irradiation period, have been analysed and are summarized      Section 
4. 3.4    of this report. 

4. 4. 3    Gamma Irradiations of Magnetic Amplifier Components 

i 

On 13 September 1961 a group of 20 General Electric ZJ2, thin-based 
silicon diodes, which were left over from General Dynamics irr llations in 
August,   were irradiated In the 500-curie,  cobalt-60 gamma sou) e at Hughes 
Aircraft Company.    The purpose of the test was to determine wh :her the 
reverse characteristics of thp diodes were affected by gamma fl ds of 10* to 
106R/hr at ambient temperatures.   The result» showed that cert n diodes 
failed rapidly in the reverse direction as a result of gamma radl :lon only. 
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Following these tests, a 105-curle, cobalt-60 gamma sou* 
purchased and installed in the Marquardt Radiation Effects Labor 
the purpose of screening magnetic amplifier components suspects 
sensitive to gammas. During the period from 15 November to 22 
1961, a total of 158 diodes and 7 capacitors scheduled for the Janu 
General Dynamics irradiations were tested in gamma fields up to 
hr. 
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4, 4. 4   Low Level Neutron Irradiations of Magnetic Amplifier Coi   ponents 

As further check on the radiation resistance of magnetic a 
components, arrangements were made with the Atomic Energy C< 
and Atomics International for the use of the KEWB reactor for th< 
of Irradiating diodes in a combined neutron ai.d gamma field. Th 
tron dose (E>2,9 Mev) waB specified to be approximately 10*2 nvt 
meter run using sulphur and gold folia was made at the KEWB on 
1961 using the same setup that would be used for the tests. In adc 
eral dlod s were included to check their induced activity. 

The preliminary test showed sufficient induced activity In 
to require special handling although the entire assembly was shie 
cadmium. The sulphur dosimeters yielded an average neutron fit 
Mev) . 1.7 x 105 neutrons /cm2/watt. On 7 December 1961, 126 G 
Electric diodes were Irradiated for a period of 3 hours and 26 mi 
power level of 480 watts, In addition to sulphur and gold foils, g; 
meters were included to determine the integrated gamma dose. ' 
were made on individual reverse characteristics before, during, 
the run. In addition forward curve« were taken on every fifth dlo 
the run. Dosimetry results from the sulphur foils showed an ave 
grated neutron flux (E>2. 9 Mev) of 1, 33 x 1012 nvt. 

4. 4. 5    1962 Irradiation Program 

This company, in conjunction with the Chance Vought Cor) 
Is making preparation for testing second generation magnetic ami 
cuits at the General Dynamics/Fort Worth realtor facility. Thes 
tions include the mounting of test amplifiers and experimental Ge 
trie ZJ225 diodes on General Dynamics-furnished expanded alum: 
preparation of cables, and data handling equipment. The integral 
flux Is expected to be a minimum of101* nvt (E>0,33 Mev). Thes 
and components will be irradiated at ambient temperature. This 
proceeding according to schedule. 
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5.0   FLIGHT ENGINE FACILITY AND TEST PLANNING 

Test faculty planning during FY 1961 has included Bite location stu< 
economic studies of air heater and air supply system alternates, design crlt« 
revisions, refined facility cost estimates, and operations and maintenance st 
les. In addition, the Underground Air Storage (UAS) Experiment achieved lir 
portant milestones, such as core drilling program completion, final pilot chc 
ber site selection, chamber design completion, fabrication and construction 
specifications preparation, and complete instrumentation and data reduction 
tem design. 

5.1 FACILITY DESIGN STUDIES 

5.1.1 Flight Engine Ground Test Facility Site Location 

A review of potential facility sites was conducted to assure that th< 
underground exploration program for the UAS Experiment would cover sufflc 
area to be applicable to any feasible Flight Engine Ground Test Facility site 
selection. As the cost of the air supply line between the UAS chamber and th 
teat point is relatively high, It is very desirable to locate the UAS chamber c 
to the Facility test point. The review of potential sites was concluded, with 
sites being selected for study. The area investigated and the four locations < 
sldered are shown in Figure 166. 

Site P-l, which is 8,500 feet from Tory II test point, was conslde: 
because it permits unrestricted deployment of personnel around the test poln 
with no effect from Tory IIC operations, Dr. J, C, Manning, consulting geo 
gist, indicated that there is a strong possibility that suitable rock exists at tl 
point. 

Site P-2, in the amphitheater, was recommended by the United Sta 
Geological Survey (USGS) as a desirable site for a full-scale UAS chamber. 
Shadow shielding afforded by the high terrain surrounding this location provli 
an additional advantage. The location of Bite P-2 permit' operations -without 
terference from Tory IIC, However, an additional expense for the extension 
services Is necessitated. 
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Site P-3, located 3, 000 feet from Tory I1C, provides the very mini« 
muni practical separation from the Tory IIC teat point. Such close proximity 
offers the advantage of possible sharing of support facilities, However, there 
the disadvantage of Interference from Tory IIC operation, as well as the undei 
talnty of site suitability for underground air storage due to visible faulting of t 
rock structure In this area. 

Site F-4 was evaluated in the Interest of eliminating some of the 
operational interference between Site P-3 and Tory IIC.   Suitability for under- 
ground air storage was also very questionable. 

Fact"**£4 at sites P-3 and P-4 could be operated from control and 
administration centers already existing at the general Tory IIC support facillt- 
area. 

Core drilling operations for the UAS Experiment,  discussed in a lat 
section of this report,  confirmed that the rock structure In the P-3 and P-4 
areas was unsuitable for an underground air storage Installation.    A test core 
hole in this area disclosed soft altered rock and suggested this might be a maj 
shear zone. 

5.1.2 Facility Performance Criteria 

Revisions have been made to the facility performance criteria to re 
fleet new engine test planning, and to obtain a minimal cost test facility.    In- 
strumentation and controls design criteria have been updated in accordance wi 
these performance criteria revisions.   The revisions take Into account: 

(1) Latest engine test planning,   Including new engine development 
schedules and facility utilization 

(2) Analysis of exhaust fission product data from experimental 
reports 

(3) Use of a standard mission trajectory as the basis for facility 
testing capability 

{4)   Testing of flight type engines only,  rather than both boilerplate 
and flight type 

{5}   Change from stored energy heating to continuous heating of teat 
air 
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(6) Changes in required run time from 25 to 93 minutes 

(7) Change from one to two UAS chambers (for the 90-m 
facility) 

ute 

(8)   Sharing of the Tory hot disassembly building and rail   iad by 
the flight engine ground test program 

5.1.3 

(9)   Sharing of certain service buildings with Tory and m 
of test point exhaust handling equipment 

Air Supply System 

Underground Air Storage and Tory IIG Tie Line Study 

imlzatlon 

To determine the cost of sharing the full scale UAS charr 
the Tory IIC facility and the proposed Flight Engine Ground Test F; 
and feasibility study has been made of the required physical pipe cc 
based upon an assumed location of the UAS chamber midway betwee 
faculties. 

Sizing of pipe connections for the Tory IIC facility and th 
facility was based upon the following needs: 

Type of Test 

Weight Flow 

Mach Number 

Inlet Total Pressure, Pt o 
Terminal Pressure Pt Tank 

Run Time 

Altitude 

Angle of Attack 

Type of Day 

Tory IIC 

Direct connect 

2160 pps 

3.0 

382 psla 

772 psla 

23.1 minutes 

Sea Level 

Zero 

ANA Cold Day 

V 

3 

3 

5 

1 

1 

S 

2 

A 

er between 
lllty, a cost 
sections, 
the two 

flight engine 

ght Engine 
Facility 

ee jet 

)0 pps 

) 

I psla 

10 psla 

9 minutes 

i Level 
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To meet the Tory HC requirements, the tle-llne from the UAS c .mbei 
would require eight parallel runs of 12-inch diameter N-80 steel casing at cost 
of $ 2,000,000; the tie-line to the Flight Engine Ground Teat Facility would e- 
qutre seven parallel runs of the same size and type at a cost of $ 1, 750, 00t      The 
combined cost of connecting the two facilities together will be $ 3, 750, 000, For 
the case of using a single pipe rather than multiple pipes, the Tory IIC fac ty 
would require a pipe 27 1/2 inches in diameter at a coat of S$5, 150,000, ar the 
Flight Engine Ground Test Facility would require a pipe 25 1/2 Inches in d me- 
ter at a cost of $ 4,500, 000 or a combined cost of $ 9, 650,000.   The storag 
capacity of the pipes or casing would reduce the UAS chamber cost by appr <{- 
mately 7 percent. 

On a comparative basis, the cost of sharing a single full scale 1 tS 
chamber would be $ 8, 750, 000 as against $ 6, 000, 000 for an Independent cfc nber 
to serve each facility,   In view of the increased flexibility and service aval .ble 
with independent facilities, the most desirable and most economical errang ment 
consists of a chamber located as close as possible to each teat point. 

Cross-Country Deployment of Tory IIC Addition 

A separate study was made In an effort to increase the utlllzatlo   of 
both the UAS chamber In the Flight Engine Ground Test Facility and the al) 
storage addition planned for Tory IIC.   Prior to construction, the Intent wc    to 
realign the planned air storage addition for Tory IIC from a north-south to   n 
east-west direction and interconnect It with the UAS chamber.    The Tory I      air 
storage addition, specified at that time, utilized 27 legs of 10 3/4-lnch pip 
casing approximately 2100 feet long. 

This cross-country extension of pipe casing was investigated as 
storage supply for Tory IIC, as well aa a connecting line from the UAS cha   iber 
to Tory IIC air supply system.   The feasibility of aboveground installation 
pipe over long stretches of undulating terrain has been included as part of     e 
study,    The cross-country piping was anchored at both ends and laid in a a    'ies 
of shallow horizontal sine waves and supported by roller and pillow block p    e 
supports to take up the thermal and pressure expansion. 

8 
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The number of lege for this cross-country extension la 
the location of the Flight Engine Ground Teat Facility. Therefore 
arraya were atudled for altes P-2 (10, 000 feet from Tory) and P- 
from Tory), A aummary of results of thla study is presented In 1 
number of legs of 10 3/4-inch OD pipe casing required to provide 
operating duration equal to that of the current addition was alao d« 
each facility separation distance. Figure 167 shows the total pre« 
6- and 14-leg arrangements and their corresponding lengths meas 
Tory IIC manifold. The study Indicates that It would be feasible t 
Tory IIC air storage addition crosB-country to connect the UAS ch 
Flight Engine Ground Test Facility with realization of the followtn 

jpendent upon 
pipe casing 
(4,000 feet 
ble   29 .    The 
Tory IIC 
:rmlned for 
ire drop for 
■ed from the 
extend the 
nber of the 
objectives: 

(1)   Economical use of common air storage and compre 
for the Tory IIC and Pluto facilities 

or systems 

i 

(2)   Adequate separation distances between the two fact! lea to avoid 
Interference In construction, maintenance, and ope tiona 

A comparatively small Increment of additional casing (E ove that 
planned for Tory IIC) compensates for the airflow pressure drop i d would pro- 
vide the same required run time. 

Air Heater System 

Changes made in the performance criteria are reflecte< .n air supply 
heater run time and cost.   In addition to including both of these fa ors In the 
performance criteria change, added emphasis has been placed on sater reliabll. 
Ity. 

The maximum required continuous heater output,  occur .ng during 
free jet flow of 3025 lbs/sec at a total pressure of 543 pa La and a tal tempera- 
ture of 1060°F, is 720,000 Btu/sec.   A heater Bystem comprised f four viti- 
ated air heater units,  each with Its own separate control system, 'fers the 
following advantages: 

(I)   Increased operational reliability,  becauae malfunct n of one 
heater will have a much reduced effect upon deliver 4 air 
temperature 

3 
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PRESSURE DROP CHARACTERISTICS OF 

. CASING FROM UNDERGROUND AIR STORAGE CH/ ^BER 
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(2) More reliable scaling, because the size of each of the four unt 
more closely approximates the heater successfully tested in th 
vitiated air heater experiment 

{3) Less severe design stress problems due to reduction of dlame 
of each high-pressure, high-temperature unit 

The preliminary design of the fuel system has been completed. Tl 
design provides for the unlikely event of a heater unit flameout by means of c 
ponent paralleling. One heater unit flameout could produce a momentary air 
temperature drop of approximately 195 °F. It appears that currently conaide 
reactor core materials could cope with a sudden air temperature drop of 200 
250T. 

3 

.Ti- 

ed 

Figure 168 shows the preliminary design of the skid-mounted vitiat   1 
heater assembly. 

Liquid Air Supply Sys tern Alternate ; *•'" 

Liquid air supply systems have been investigated to determine wh« 
the missile-stimulated increase In this country's liquid air generating capabi 
ties has had an appreciable effect on their cost. Large masses of air can be 
stored at low pressure In liquid form and then pumped, vaporized, and heate 
the pressure and temperature required. 

There were three approaches taken in this study: 

(1) Purchase of liquid air from existing Government and private 
sources with on-slte storage and vaporization 

(2) Manufacture of liquid air at a privately owned and operated 
on-slte plant (captive plant) 

(3) Manufacture of liquid air at a Government owned and operated 
on-slte plant 

ler 

to 
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Ealimated cOota were made on 4-mllllon,   11-mllllon, and 27-ml Lon- 
pound storage capacities ,  representing 25-minute, 90-minute,  and full tra; ctory 
continuous run teat capabilities.    The 4-and 27-million-pound supply estlm es 
were based on a 5-year life; the 11-million-pound supply on a 2-year life. 'hese 
systems were compared with the corresponding size of the UAS system.    T tal 
costs for the systems are compared in FigureB 169 ,   170, and   171,    The | r- 
formance criteria and estimated coats are listed as follows: 

Total Storage 

Production Rate 

Maximum Airflow 

Test Air PreaBure {Pt ) 
"o 

Mr '.temperature to Heater 

Runs per Year 

Life Expectancy 

Design Requirements 

4 million pounds 

1.5 x 106 lbs/day 

3600 pps 

630 pslg 

460 *R 

50 

5 years 

Estimated Coat 
(Millions of Dollars) 

4-Mllllon-Pound 
Storage 

Purchased Liquid Air* 

Captive Plant** 

Government Plant 

Underground Air Storage 

Initial 
Fixed 
Cost 

5.54 
5.54 

19.07 

6.52 

Annual 
Operating 

Coat 

14.73 

7.30 

2.99 

.30 

27 million pot   da 

1.5 x 106 lbs/   if 

3600 ppa 

630 pslg 

460° R 

25 

5 years 

27-Million Poui 
Storage 

Initial 
Fixed 
Cost 

10.54 

10.54 

24.02 

20.24 

Ann 
Oper; 

Cc 

il 

Ing 
t 

30 i9 
15 1 

5 ■ 8 

13 

* Total existing U.S . production Is committed for the next 5 years; opera    tig 
coBts must Include amortization of new capacity for the contract. 

**   Based on guaranteed production for the life of the contract. 
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'Deeign Requirements 

Total Storage 

Production Rate 

Maximum Airflow 

Test Air Pressure 

Air Temperature to Heater 

RuriB per Year 

Life Expectancy 

11 million pounds 

1.836x 106 lbs/day 

2,000 ppa 

630 peig 

460" R 

17.5 

2 years 

Estimated Cost 
(Millions of Dollars) 

Initial 
Fixed 
Cost 

Annual 
Operating 

Cost 

7.425 10.50 

2.6 13.55 

23.4 2.95 

14.09 .50 

Purchased Liquid Air* 

Captive Plant** 

Government Plant 

Underground Air Storage 

In addition to the unfavorable economics» other undesirable charac 
teristlcs of liquid air storage systems include: 

(1) Transient lag and control difficulties during vaporization, Incli   - 
Ing surging and overpressurlzatlon 

(2) Unusually large heat release capacity required for vaporIzatloi 

(3) Vaporizer tube burnout and leakage Is a definite possibility, w|   i 
catastrophic failure veTy probable 

(4) Unusually large amounts of electrical power are required, in«   - 
cess of currently available power at the Nevada Test Site 

* Total existing U.S. production U committed for the next 5 years; operatlr 
costs must Include amortization of new capacity for the contract. 

**  Baaed on guaranteed production for the life of the contract. 
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Coat comparisons of the liquid air system and UAS charr. at systems, 
(Table 30 ) show the UAS system to be the least costly.    Its reliabll y,  due to 
Inherent simplicity and maintainability,  further recommend it for t i Flight 
Engine Ground Test Facility. 

Continuous Air Compressing System 

A continuous air supply system with the following perforj   ince criteria 
has been studied: 

Test airflow maximum 

Test air pressure, P* 

Air temperature to heater 

3,600 pps 

630 psla 

990'R    (530*F) temperal   re out of 
compressor without after    :ooler 

To meet the above design criteria, the compressing syBt 
quire approximately 1, 269, 000 horsepower. Because of the remot« 
the facility, several types of drives were considered, Including ele 
(with and without generating plant), diesel engine, gasoline engine, 
bine. Both Initial and operating costs for each system are shown li 
Centrifugal compressors with electric drive proved the most econo 
purchased electric power. Comparison of continuous compressing 
with UAS chamber system costs is shown In Table 30, 

Aboveground Air Storage System 

A cost analysis was performed for an aboveground Tory 
storage system, based on the use of threaded oil-well casing to sto 
pounds of air at a pressure of 3600 psta. This corresponds to a 90 
time. A desirable feature of such a system Is that large masses of 
utilized. These masses provide a comparatively large heat sink, v 
mixes the air temperature drop during a blowdown test run and red 
quired capacity of an air heating system. 

Undesirable features of the system include (I) the systen 
drop during a run because of the great lengths of relatively small-s 
and (2) the high degree of skill and quality control required during I 
Probably the greatest objection to this system is the high cost. Th 
cost of the above-specified aboveground air storage, based on Tory 
facility costs, totals $49, 535, 000. This cost must be compared w) 
Imate \ 9,000,000 cost estimated for a comparable UAS system. 
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CONTINUOUS AIR COMPRESSING SYSTEM COSTS 

i 
I 

E 

g 

320 

120 

80 

40 

~*9 

TOTAL COST, 
GOVERNMENT OWNED 
ELECTRIC POWER' 

TAL COST, 
S TURBINE 
HER 

TOTAL COST 
GASOLINE E    INE POWER 

FIXED PLANT COST 

TOTAL COST,  DIESEL ENGINE POWER 

IXED PLANT COST 

TOTAL COST, 
PURCHASED 
ELECTRIC POWER 

FIXED PLANT COST 

CUMULATIVE OPERATING AND FIXED COST 
 20 MILLION POUNDS PER TEST 
 1».5 MILLION POUNDS PER TEST 

YEARS OF OPERATION 
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Underground Air Storage Chamber Arrangement 

An Investigation has been made of one-chamber vs. two-chamber u 
ground air storage of test air for the Flight Engine Ground Test Facility, Co 
of the two concepts were compared, as well as the advantages and disadvanta 
of each. The two-chamber concept provides much greater operational flexlbi 
reliability, and maintainability. Valve manipulation will permit charging of c 
chamber while the other Is blowing down during a test, or both ma/ be used s 
taneously for long run testing. Figure 17 3 shows the arrangement and sizing t 
15-million-pound (90-mlnute run duration) two-chamber air storage system, 
separation distance of 835 feet IB required to allow full storage pressure In o 
chamber while the other chamber is at atmospheric pressure. 

5.1.4 Instrumentation and Controls 

ViM 2 3 2015 
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The performance criteria for the Flight Engine Ground Test Faclll 
In the area of data acquisition and facility controls has been revised and upda   d. 
Facility Instrumentation and controls may be divided into the following systes   : 

(1) Air pressure control system 

(2) Air temperature control system 

(3) Data acquisition and handling systems 

Air Pressure Control System 

The preliminary design of the air pressure control system was upc   :ed 
and revised In the following areas: 

(1) Pressure reducing valves (P«.   control) 
'o 

(2) Low pressure air supply (reactor aftercoollng) 

(3) Startup, run, and shutdown control per latest test Item plannln 

(4) Safety Interlocks,  based on latest test point operational analysi   , 
use of the vitiated air heater system, and Pluto engine ground     ul- 
tra! system definition. 
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Air Temperature Control System 

The air temperature control system has been designed to fulfill fc r 
main objectives:   (1)   to permit reasonably accurate transient programming [ 
air temperature, (2)   to provide temperature stability during steady state op ra- 
tion, (3)   to maintain uninterrupted delivery of heated air to the test item wl 
either manual or automatic time-temperature programming, and (4) to prev it 
an Inadvertent heater control failure from either damaging the reactor or se l- 
ously disrupting the test. 

The temperature control system ha* been designed for use with a 
four-burner vitiated heater. Each of the four burners Is provided with a se] 
automatic temperature controller, thereby assuring that the malfunction of i 
one burner control system will not cause all burners to malfunction or flam< 
Safety Interlocks have been Incorporated to assure sequential, safe, and aut 
matic operations during startup and shutdown procedures. 

rate 
Y 
ut. 

Data Acquisition and Handling 

The acquisition of data during a test mission will be provided in tl 
form of magnetic recordings by a multiplexed pulse-duratlon-modulated (PI   [) 
signal telemetering system.   The data acquisition system will gather 86 cha   ids 
of Information from the test cell and 86 channels of Information from the va:   ous 
controllers and monitors within the main control room.    The two 86-channe' 
groups will be simultaneously recorded on magnetic tape along with the inte 
phone conversation to provide permanent magnetic recordings of raw data ■    nals 
that can be edited and processed for data reduction and analysis of further p 
cessing. 

Facility Cost Estimates 

Revisions to the facility performance criteria required correspon ng 
revisions to facility cost estimates.   Some of the factors affecting the costs ( 
the facility that were varied for estimating purposes Included run time, fact ty 
recovery time (recharge rate), and type of air supply. 

i I 
i I 

Run time variations from 25 to 90 minutes, a request for the cost   4 
a facility capable of complete trajectory simulation in one run, together wit',   the 
alternate air supplies previously reported, produced facility cost estimates 
summarized In Table 30. ^««..ni-i» ... ...... 
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5.2 UNDERGROUND AIR STORAGE EXPERIMENT 

Significant progress has been made on the UAS Experirru 
year. The site location survey and core drilling program was com 
ber site location determined, chamber design finalized, data acqui 
defined and designed, and construction specification and detail dra\ 
pieted. 

t during the 
eted,  cham- 
tlon system 
ngs com- 

5.2.1 Site Investigation 

The USGS conducted a mapping program of the NTS 401 i ea.    To pro- 
vide for the possibility of joint use of the full scale UAS chamber b both Pluto 
and Tory facilities, this site exploratory program included possibl sites close 
to the Tory IIC facility. 

Aboveground Area Surveys 

A gravity meter survey was completed by the USGS.    Th survey In- 
dicated that there were no rhyollte plugs in the area under conatde« tlon,  and 
that the originally planned electromagnetic survey was unnecessary Compres- 
sive strength testa of several samples of surface rock in this area ive values 
ranging from 8,200 to 42,000 psi, considerably above the 4,000-ps strength 
required by the UAS chamber design,    The gravity meter survey, ( jether with 
a more detailed visual inspection of the area, detailed the area's f; ltlng system. 
Due to indications of a highly altered rock zone at one of the consic red site loca- 
tions 3,000 feet east of the Tory test point, core drilling was diver id to a more 
encouraging area. 

Core Drilling Program 

A contract was awarded for core drilling at the Nevada 1 stSite, 
Figure 174  shows the core hole locations at which the drilling acti' :y was 
centered.    Typical core samples and views of the drilling operatloi it the teat 
site are shown in Figure   175 .    Unconflned compresslve strengths nd uncon- 
fined moduli of elasticity were determined from core samples, 

After evaluation of the core drilling program and a repo: submitted 
by Dr, John Manning, consulting geologist, a location for the UAS «perimental 
Pilot Chamber was established on the centerllne between Core Hol< TMC No.  1 
and TMC No.  3,  12 feet from the latter.    This location is shown gi phlcally in 
Fl*u" 174- ÖEÜLASSIFIED IN FULL 
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Core Holes TMC No.  1 and No.  3 were drilled approximately at th 
recommended site for the Flight Engine Ground Test Facility.    Their firm d«    Ite 
roc.- structure proved satisfactory for underground air storage. 

Core Hole TMC No.   2 was drilled In the amphitheater at the north 
eastern edge of the site area.   Individual pieces of rock from this hole exhlbl   ;d 
high strength,  but the condition of the rock Indicated the existence of random 
oriented,  uncemented joints throughout the underground rock mass in this ar    .. 
The hole was abandoned at 112 feet because the rock was getting progressive 
worse with depth.   In addition, the observed surface faulting in the amphlthea   it 
confirmed Its unsultability for underground air storage. 

Core Hole TMC No,  4 was drilled to explore tl.e area northwest of   le 
teat chamber site.    The rock was firm daclte down to a depth of 241 feet whe   i a 
soft altered zone was encountered.    The hole was bottomed In this soft mater   1 
at 261 feet without any Indication of the bottom of the soft zone.   This zone oi 
Intensive alteration may represent the subsurface trace of a sizable fault.    It   tlso 
gives indication of a major shear zone, eliminating the use of this site for ar 
underground air storage installation. 

Core Hole TMC No.  5,  drilled to explore the valley area approxirr   sely 
1200 feet south of Core Hole TMC No.  1, penetrated coarse-grained altered 
daclte from the surface to the total cored depth of 322 feet.    The rock cores     ere 
firm and sound, an Indication that this area, as well as the area around Core 
Hole TMC No.   1,  should be explored further during the full scale chamber et    e 
drilling program. 

5.2.2 Chamber Design 

All structural and mechanical design for the pilot chamber was coi   ■ 
pleted, and detail drawings were submitted to the AEG for preliminary apprc   il, 
Figure 176 shows the basic arrangement of the UAS chamber. 

5.2.3 Liner-Rock Loading Analysis 

During October 1961, the physical properties of the rock cores ta 
during the core drilling program of the experiment became available from th 
laboratory tests. One of these cores, sampled In Core Hole TMC No, 1 at a 
depth of 309 feet indicated an unconflned elastic modulus of 1,700,000 psl. 1 
this depth Is considerably greater than that for the pilot chamber,  but less th 
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that for the large chamber plug, it indicated that during the construction oft! 
pilot chamber there le &. possibility of experiencing a similar modulus in a 
localised area adjacent to the chamber wall. Therefore, since one of the mit 
sions of the experiment is to gain experience prior to full scale chamber des) 
and construction, an analysis was made of the interaction of the liner and the 
rock in greater detail than that provided by the "cracked rock" analysis prevl 
reported. The basis for this new analysis was an examination of the relative 
abilities of the chamber liner and the surrounding rock, as parallel load-bea: 
structures, to back up the chamber pressure load imposed upon them, withoc 
use of the reinforced concrete liner common in tunnel design. 

An analytical model {Figure 177 ) was set up to simulate this Inter 
action and functional relationship, Although the aniaotroplc characteristics c 
the rock provide many more (relatively unpredictable) variable« than those a« 
counted for In the model, it contains the important functional factors. The b< 
functional characteristics shown in Figure 177  are the following! 

(1) The liner will pick up a percentage of the radial chamber pres; 
load and convert It Into liner hoop stress. 

(2) The rock must resist the remainder of this load to satisfy equl 
brlum. 

usly 

the 

ic 

re 

(3) Liner and rock will expand radially until equilibrium of forces 
prevails and a new common radius is reached, 

(4) The relative percentages of load carried by liner and rock are 
determined by the relative stiffness of these two parallel struc 
turcs, similar to the case of two beams, supported at both end 
one above the other,  carrying their portion of a single central 
load in proportion to the ratio of their Si's. 

In the case of the liner, Its relative "El" {or resltance to deflectio; 
a function of {1) its radius, and (2) its elastic modulus (E). The rock stiff nee 
a function of Its elastic modulus In confined state (in-sltu E), the depth of the 
column of rock actually supporting the load, and the load it must bear. 
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In operation, as chamber pressure Increases, the thin liner defle 
(Btretches circumferentially) to transmit pressure load to the rock, which c 
fleets radiall< A« the rock deflects, the liner is forced to follow and its he 
stress builds up, thereby picking up a portion of the chamber pressure load 
When equilibrium is reached, both the liner and rock have moved the same 
tance radially and have shared the load between them in some proportion. 

It then becomes obvious that, if the rock E is low (it deflects east 
it will Increase the stress experienced by the liner, Therefore the design 
thickness of the liner of a UAS chamber is determined in part by the lowest 
E {ln-aitu) to be experienced during operation. Thickening the liner decrea 
Its hoop stress by making it relatively more rigid, thereby picking up a gre 
portion of the pressure load, and In turn reducing the load on the rock and I 
subsequent deflection. In addition, the larger the diameter of the chamber, 
more capable the liner is of resistingthe effects of a softer rock, since the 
radial deflection at the rock and liner is distributed over a larger liner clrc 
ference. 

The pilot chamber liner thickness of 0. 187 inches was selected oi 
basis of the analysis summarized in Figures 178 through 181, For the 
analytical model previously described, Figure 179 showB the relationship t 
tween the effective pressure load the rock experiences (at equilibrium) VB, 
ber pressure. The unconflned E of the analytical model corresponds to the 
situ E that the experiment will reveal. This relationship is plotted for a se 
tion of rock E's from the lowest £ anticipated through the largest. At 4000 
chamber pressure, the liner stress is also designated for each rock E, Sir 
the liner material (T-l steel) has a minimum yield point of 100,000 psl and 
ultimate tensile strength of 135,000 psl, this curve shows that during the ex 
iment the rock can be made to experience a pressure of 3450 psl at a chamb 
pressure of 4000 psl (if the rock E Is 2,500, 000 psl) without stressing the II 
beyond Its elastic limit. This rock loading, though occurring Ina 5-foot du 
ter pilot chamber, closely approximates the loading in the full scale chamb« 
Figures 178, 180, and 181 provide similar rock pressure vs. chamber 
sure data for liners of thicknesses above and below the 0. 187 inches selects 

5.2.4 Chamber Construction Specification 

The construction specification prepared for the experiment incluc 
chamber excavation, structural work, concrete, Instrumentation Lnstallatlo 
control building, and electrical work.   Drawings and specifications were su 
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mltted to AECLVAO for preliminary approval.    The construction    peclflcatlon 
and detail drawings were then finalized,   bound,  and resubmltted fc    final AKC 
approval prior to release for bidding. 

5.2.5 Instrumentation 

The instrumentation system, revised according to lates ilndlngs, Is 
designed to provide performance data on the chamber liner»  surrc iding rock, 
the concrete plug,  and the chamber overburden. 

Figure 182  graphically displays the types and locations : the various 
strain and temperature transducers to be Installed un the chamber iner, in the 
concrete,   In the rock, and on the anchor rods. 

Chamber Liner Coating 

To help detect evidence of possible nodes In the rock an 
deflection during press urUation, three grades of stress-revealing 
be applied to the liner Inside surface. These coatings will be appl 
separate longitudinal segments of the liner and will cover the antic 
ber air temperature range from 60*F to 130" F, approximately. 1 
visibly revealing hysteresis In the chamber liner after cycling, th 
will provide a rough check on strain gage data. 

Diametral and Axial Strain Measurement 

A separate strain measuring subsystem to provide spot- 
atlon of data being accumulated by the liner strain gages has been 
Incorporated Into the experimental chamber, The subsystem will 
diametral and axial strain rods equipped with high sensitivity line; 
eters. Continuous monitoring of a null balance Indicator, capable 
switched between the several strain rods, will provide evidence o: 
all phases of pressurizatlon or pressure cycling of the chamber, 
the strain rod system has been completed and Is as shown In Flgu: 

liner radial 
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id to three 
aated cham- 
addltlon to 
e coatings 
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Chamber Anchor Lift Indicator 

During preseurlzatlon of the chamber, the pressure loads will be 
transmitted to the surrounding rock formation. These load» will be transm 
downward through the bottom hemispherical section of the liner, radially th 
the cylindrical and conical sections of the liner, and upward through the tra 
tlon section of the liner assembly. The upward load will be through the anc 
(plug) to a core of rock above the chamber. 

:ed 
ugh 
i- 

To indicate vertical movement of the anchor,  a mechanical indlca ng 
device has been designed for attachment at the top of the transition section. This 
device (shown In Figure   183 ), elevating a fluid container at the top of the c m- 
ber access shaft, will actuate a draft gage type Indicator In the control bullc %g. 
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