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FOREWORD

This report is submitted in compliance with applicable
paragraphs of Air Force Contract AF 33(616}-7857 for
the period 1 February through 31 December 1961,

Boel o Pt S Tk oot o

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=
tlon 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 Marqguardt Corporatlon, under U, S, Air Force Conti ct AF33
(616)-7857, is engaged in a program of applied research on nuclea ramjet
propulsion systems {(Project Pluto}. This report summarizes teck ical prog-
ress for the period 1 February 1961 through 31 December 1961,

Under the provisions of the contract, Marquardt is respor ible for
the technological advancement of propulsion system nonnuclear co: >onents
necessary to the ultimate design, development, and teating of a fli it proto-
type nuclear ramjet engine, Lawrence Radlation Laboratory, unde AEC con=
tract, has responsibility for development of a flight-worthy reactes  An im-
portant program milestone was achleved in 1961 with the successfi operation
of the Tory IIA reactor. Designed and built by the Lawrence Radl: lon Labor=
atory {LRL), the Tory IIA reactor achieved or surpasaed all desig and test
objectives, thereby establishing the feasibility of a high power den ty, high-
temperature, air-cooled reactor. The flight-type reactor, design ed Tory
G, is presently being fabricated by LRL and is acheduled for test g early
in 1963,

As propulsion system contractor for the Air Force, Marg ardt's ef-
forts during 1961 were divected toward establishing performance a 1 prelimi-
nary design of an integrated propulsion system based on the Tory] J reactor,

Sufficlent analytical and experimental data have been acct 1ulated to
describe a propulsion system capable of fulfilling a prescribed Alx Torce mis~
sion (ADO.11), As evidence of the potential offered by the Pluto p ipulsion
aystem, the Air Force has elected in 1962 to pursue a program ab ed at early
ground testing of a flight prototype engine--the first major step to* rd the
timely acquisition of a SLAM vehicle.
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2.0 SUMMARY

f Nuclear ramjet performance studies performed durin 1961 were

} published in the form of four performance bulletins, Performance ulletin No, 4

. being an integral part (Section 3, 3) of this summmary report. The { ‘st bulletin
presented preliminary design point performance characteristics of . propulsion

4 syatem (designated the Marquardt Model MA50-XCA} utilizing the ' >ry IIC
reactor. The second bulletin contained revised Model MA50-XCA rformance
characteristics consistent with newly acquired Tory IIC reactor da In addi-
tion, the second bulletin deacribed the perfornance effects associa d with a
2500" F isothermal reactor wall temperature and the effects of inc asing the
Tory IIC reactor diameter. The diameter scaling effects were use by the aerc-
thermodynamics contractor to perform a first iteration of the reac r sizeweces-
sary to perform the ADO-1l mission. The basic Model MA50-XC, design point
performance characteristics contained in the second bulletin listed he engine
thrust as 39,700 pounds and the thrust coefficient as 0,200, For s isothermal
wall, the thrust increased to 43,860 pounda and the thruat coefficie t went up to
D.221,

. Performance Bulletin No, 3 was devoted to the perfor ance
analysis of an englne capable of performing the ADO-11 mission, his propul.

. sion aystem, with a reactor of increased diameter and decreased 1 igth, is
identified as the Model MA50-XDA ramjet, The reactor diameter as increased
from 57 to 63 inches, and 4 inches of the forward reflector and 4 i hes of the
aft fueled core were removed. The net jet thrust of the system is ), 000 pounds.

Performance Bulletin No. 4 represents a departure { m previcus
bulletins in that it {s devoted to the prediction of potential perform. ce gains:
achieved through reasonable advancements in Tory IIC technology. Advancements
included modifications in basic Tory IIC geometry and changes in ¢ sign criteria.
Optimization of reactor length, reduction in the number of tie rods a change -
fuel element tube diameter, modification of the power profile, and n increase
in the beryllia elastic thermal atress limit are among the effects .vestigated.
The most significant performance gains (up to 5 percent increase i thrust) were
those resulting from changes in power profile and thermal streas 1l aits.

Exit nozzle model tests were successfully completed, w»ith experi-
mental data being obtained for forced convection and ejector type n izles. Noz-
zle velocily coefficlents greater than 0, 98 were documented for ea .nozzle con-
figuration tested, thus verifying the value of 0,98 used in past perf rmance

‘ studles, and supporting the conviction that the Model MA50-XCA p: formance
characteristics are entirely realistic,
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The aerodynamic coupling test, also succesefully completed, ve
fied wilhin 5 percent the calculated effects of imposed prossure 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 straightener., On the basis of thie test a slightl
greater separation distance is 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. Tw
inlet configurations will be tested, the basic Pluto inlet and an alternate inlet
mutually agreed upon by Marquardt and the ae rothermodynamics contractor,
Initial experimental data will become avaiiable about 1 February, 1962.

The mechanical and structural problems concerning the installa
and support of the reactor in a minimum diameter airframe have been investi
gated both analytically and experimentally. The concept of a lateral support
tem utilizing pre-loaded eprings has been studied in the light of four differen
spring configurations, High-temperature deflection and vibration tests were
formed on Belleville and corrugated springs, and an analysis of reactor vibr:
tion modes was made to ald in the establishment of design criteria and the sp
ification of input datz for test programa. 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 ¢
matrix, peripheral shell, and suspension system will be subjectsad to vibratic
tests at typlcal operating temperatures (1300° F). The first system to be tes
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 amblent temperature testing and 1 1/2 hours of high-temperatu
testing {1000° F') were accumulated on the 40-inch-stroke high-spsad pneumat
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 cps.

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 per:
of full power with a2 step In h command and an inverse period override,
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Very nromiring reanlta wara shtained from the elactr:
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 1015 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
2J225 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 satiafactorily tc 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 miniz
requirements, and the assessment of the economies associated witl
supply systems. Facility performance criteria have been revised t
changes in engine test planning and facility utilization. Present em
to the use of the facillty 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 oc¢cur for a maximum
during the dash portion of the mission profile, This installed capal
simulation of & complete mission trajectory in two separate test ru

Facllity 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 tk
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, Tes
construction is scheduled to begin early in 1962.
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3.0 PROPULSION SYSTEM DESIGN AND ANALYSIS

3.1 TORY IIC DESIGN DATA

. The Marquardt Model MA50-XCA propulsi~n 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
Radliation Laboratory (LRL), prime contractor for the Atomic Energ)
aion.

Information relative to the Tory IIC configuration, performa
rials, etc,, has been published by LRL in the Tory IIC Data Book (Re¢
Data revisions are issued periodically by LRL and incorporated in px
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 d:
i liminary in nature, Continuing optimization studies in combination w
ble sxperimental information will result ultimately ln a firm reactor
tion,

3.2 PERFORMANCE ANALYSIS

2.1 Propulgsion System Performance

Status

The Model MA50-XCA propulsion system incorporates a va:x
etry external-internal compression inlet, an S-shaped subsonic diffu
Tory IIC type reactor, and a fixed convergent-divergent axit nozzle,
polnt 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 recognlzed that
asystem incorporating the Tory IIC reactor would provide insufficient
propel a missile capable cf performing the ADO No, 1l mission, In
ordination meeting was held at Aeronautical System Division (ASD), :
for the purpose of defining mutually acceptable areas of responsibilit
. tigation, At this meeting it was decided that the performance of a sy
ing Totry IIC reactor technology should be studied under what could bt
Phase I. Tory [C technology, including such items as reactor comp
riala and fabrication techniques, structural concepts, maximum desi
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TABLE

Minimum total reactor assembly flow a
Fueled channel flow area

Side reflector channel flow area.
Standard tie rod flow area.
Control tie rod flow area
Side support flow area- -
Fueled tube hole diameter
Fueled channel L/D ratio (length includ

Total reactor flow rate.
Fueled tube flow rate (83,67%)
Side reflector tube flow rate (1, 48%)
Tie rod peripheral tube flow rate (1.
Standard tie rod flow rate (4,67%).
Control tie red flow rate (3, 07%)

Flow rate per fueled tube. . . . .

Maximum fueled tube wall temperature
Maximum fueled tube internal temperat
Total reactor power
Power per fueled channel. + « « . +

Maximum volumetric power density* .
Fueled tube
Fueled tube
Fueled tube
Fueled tube
Fueled tube
Fueled tube exit stagnation pressurei
Stagnation pressure drop across reacto

entrance Mach number. .
exit Mach number . + + .
entrance stagnation temper

Entrance losa: » + « «
Tube oifset loss
Exit loss
Fueled tube maximurm thermal stress

* Based on active core volume

BAC ASR3

Tie rod peripheral channel flow area

and aft reflectors and 1 1/2-inch thick base block) . .
Migsile condition simulated, Mach number at 1000 feet.

Side support annulus flow rate (5.97%) .

Average exit stagnation temperature . . .

Average fueled tube material power density¥ ,
Maximum fueled tube material power density.

exit stagnation temperature
entrance stagnation pressure. .

Expected reactor stagnation pressure loss

3

TORY IIC PERFORMANCE

Tea el - [ 3 W B o 1060 sq in,
' . 848.7 8q in.
13, 3 8q in,
34. 5 8q in,
e s e e e e . 2B.38qin,
.« + . 11.7 8qin,
s o » » 123,4 8Bq in.
e e e e e et e e e e e e e, 0,227 8gin.
es forward
283
I -
s e e e e e s e e e e 0 e s . 1672 pps
« o v s o o0 1399 pps
+ + »+ 25 pps
14%) » . 19 pps
s 1o & smme 78 pps
e e e e e 51 pps
« + 100 pps
T e e e s e e e s e e s 0.067 pps
N ! . s s ees o 1987 F
e s v e e s b oa s 5o 2500%F
ure-'---~---o-2564'F
t s s b e b b s s s e e s s 510 Mw
.............23.88Mw
v e e v s . 21,9 Mw/cu .
e e e 4 e 26,19 Mw/c Mt
e v e v e e e e e e e e 12,30 Mw/c ft
e v v e s s e s e s s 0,215
S T O I -
ature s « ¢« + o+ o+ o o +» 946°F
S e IR AMARES 4 L SRR
s 4 e s s e o4 s 322 peia
[ ...230paia
Troo oo oe o a e o+« 92 psi
g 3 6 Jealn N b R
e e v s e e s e s 0,4%
s e e . 1,8%
c e e a e s 5,0%
e s v s 4 s s s s s s v 15,200 psi

% Not corrected for "Expected Reactor Stagnation Pressure Loas'
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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 wouid be allowed to grow to meet the mission requirements
thermodynamics contractor stated that the missile~propulsion syster
tion would be sized by about September 1961, Under Phase II, poten
mance'gains to be realized through improvement of Tory IIC technolc
be studied,

Phase I performance prediction of the propulsion system in.
the Tory IIC type reactor was completed with the publication of the fi
Performance Bulletina. Phase Il is represented by Performance Bu
which is an integral part of this report.

_ Analytical Approach

Reactor neutronic, dimensional, and performance data have
wherever possible from the Tory IIC Data Book prepared by LRL., 2
IBM performance programs have incorporated thla reactor informat:
with the inlet performance data of Figure 1 and the assumption of
gional exit nozzle flow with a 98 percent velocity coefficient, The p:
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 2500°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 side support-nozzle combinz
included in the net jet thrust, Engine installation drag, composed of

“sonic spillage drag, inlet bleed drag, and engine bypass drag necess
rengine-inlet airflow matching, has been specified. By agreement, t.

contractor will determine and account for the other installational 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 dat:
contained in the Tory IIC Data Book at that time. At the design poin
thrust coefficient of 0,195 was determined. The net jet thrust coeffi
inlet bleed drag was found to be 0, 173, or within 1.2 percent of the ]

*Reference 2,
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Performance data on jet thrust coefficient, reactor thermal -
pressure recovery and alrflow ratioy, 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 & through
effect of inlet pressure r'ecovery on the net jet thrust coefficient wae
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 te
wag 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 numbexrs below 2. 87 the inlet is forced to operate subcritical
Figure 13 the inlet and exit were resized for 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 aes yet indicated co
terperatures greater than 2500°F,

Performance Bulletin No, 2%

With receipt of the ravised 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 Perfiormance Bulletin No, 2, The desi
thermodynamic performance characteristice 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

*Reference 3
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COMPARISON OF AEROTHERMODYNAMIC PERFORMANCE
CHARACTERISTICS AT THE DESIGN POINT

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

| MAS50-XCA | MA50-: :A
Pemameites MA30-XCA | (Revised)  |(lsother al)
Reactor Air Flow, W,, 1b/sec 1,577 1,577 1,52
Side Support Cooling Air Flow, 113 113 11:
W, Ib/sec
e
Inlet Total Pressure, Py . psia 393 393 39:
Inlet Total Temperature, Tto, *R 1,402 1,402 1,4C
Inlet Recovery, Ptl/Pto 0.807 0.807 0.8¢C
Core Inlet Mach Number, Mj 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
I
Total Reactor Power, Q, Mw 518 518 568
Reactor Ceramic Average Void 0.416 0.416 0.4]
Fraction
Reactor Exit (mixed) Total Temper- 2,522 2,520 2,65
ature, Ty, *R
Reactor Pressure Recovery, 0.678 0.5678 0.67]
Py /Py,
Reactor Diameter, Dg, in. 57 57 57
Reactor Length, Ly, in. 62.7 62.7 62,7
Reactor Area, Ag, ft° 17.72 17,72 17. 72
Nozzle Threat Area, Ag, ft? 4,94 4.94 4,97
Nozzle Exit Area, Ag. ft2 12,74 12.74 12. 86
Cowl Area, A, ft? 7.97 7.97 7.78
Exhaust Nozzle Velocity Coef- 0.98 0.98 0.98
ficient, Cv
Thrust Coefficient, CFAR 0,195 0.200 0.221
(F'ull Expangion)
Thrust, F, (Full Expansion), 1b 38,640 39,700 43, 860
SECRET-RESTRICTED-DATA
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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 2500°F isotherma
Tory IIC reactor. Results of the study, based on the Model MA50-2
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
a desire not to increase power density until problemes 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%

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 asrothermodynamics cc
perform a first iteration on the reactor diameter necessary to Batis
mance reguirements of the ADO No, 1l 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, res
propulsion system sufficlently different from the Model MA50-XCA
separate identification, Accordingly, this system haa been designat
Model MAS50-XDA. The size scaling curve is presented in Figure
lowing assumptione were made in deriving this curve, The curve r¢
pulsion systems optimized for airflow to yleld 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 {or all components were unchanged, The number o
the projected frontal area of fueled core were increased as the squa
ramic diameter., The unfueled region about each tie rod and the nur
rnds were unchanged. The side support gap was maintained at 1, 56
addition to the increased diameter, the core was reduced in length {
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 ]
propulsion system are presented in Table 3 . The thrust coefficie
creased to 0,207, ar 3-1/2 percent above the basic Model MA50-XCA t
efficient, This thrust 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 Modet MA50-XCA, The effect of the side support gap allowance ma:
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 waa 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 utilize
future analyses,

Net jet thrust, reactor thermal power, inlet pressure recover
flow ratio, and installed drag were determined for altitudes of 1, 000 ax
feet and are presented in Figures 18 through 24 for the Model MAS50-
system, '

Performance Bulletin No., 4

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

(1) A modification in the core power profils. By modifying tt
power profile, thrust performance can be improved without exceeding
IIC design limits of 15,000-psi elastic thermal stress and 2500°F maxi
temperature, There follows an explanation of this improvement in thrt
mance. With the present Tory 1IC pewer profile, the 15, 000-psi therne
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 values bec
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 proifile
Tory IIC, which more nearly fite the limiting conditions on elastic ther
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TABLE 3

MASO-XDA AEROTHERMODYNAMIC PERFORMANCE
CHARACTERISTICS AT THE DESIGN FOINT

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

Parameter MAS0-XDA
Reactor Air Flow, W, pps 2,012
Side Support Cooling Air Flow, Wa,, Pps 120
Inlet Total Pressure, Peoo psia 393
Inlet Total Temperature, Tg, °R 1,ko02
Inlet Recovery, Py/Py 0.807
Core Inlet Mach Number, M3 0.235
Core Twbe Dimmeter, ft 0,0189
Meximum Core Wall Temperatuxe, Ty, °R 2,960
Total Reactor Power, Q, Mw 654
Reactor Ceranmic Average Void Fractlon 0.421
Reactor Exit (Mixed) Totel Temperature, Ty, °R 2,510
Remctor Pressure Recovery, Py)/Py; 0,683
Reictor Diameter, Dy, in. 63
Reactor Length, Ly, in. 54.6
Remctor Area, AR, 8q £t 21.63
Nozzle Throat Area, A5, 8q £t 6.2
Nozzle Exit Area, Ag, sy ft 16.09
Cowl Area, A,, sq ft 10.05
Exhaust Nozzle Velocity Coefficient, Cy 0.98
Thrust Coefficient, CFAR’ (Full expension) 0.207
Thrust, F, (Fuwll expansion}, lbs 50,200
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and wall temperatnre. Thia change in power profile results in an improve:
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 ralsed to 18,000 psi. The change in power profile for this core resulta
5 percent increase in thrust coefficient for the basic Model MA50-XCA, T
increase in elastic thermal siress 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 tht
1IC base plate. LRL now believes that advancements in fabrication techniq
may permit an increase in blllet dlameter 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 dlameters (5/!
When the number of tie tubas is reduced, the reactor frontal area previocus
occupied by tie tube and unfueled reglon 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, 2

(4} - An Increase in thefueledcore tube diameter, A fueled core tu
ameter increase from 0,227 to 0, 230 inches, for the same fuel element 8iz
creases the core void fraction by 2, 5 percent, This change results ina 1 ;
increase In thrust coefficient for the basic Model MA50-XCA propulsion sy

{5) A reduction in the cooling airflow per tube. Inasmuch as the
IIC tie tubes are running cool (1250°F), the cooling 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 ch:
invalidated when the number of tie tubes is reduced, as in Item (3) above,

LRL has indicated feasibility concurrence on the changes listed at
Future work will include aunalysis ol effects on propulsion system performs
of comblning individual cencepts to determine whether individual results a:
additive and to determine the most feasible manner of increasing system p:
mance, Mechanical design, heat tranafer, structural analysis, and neutro
studies will be made In areas showing the most promising performance gai
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3.2.2 Inlet Survey and Performance Analysis

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

The requirement for maximum inlet pressure recovery con
low drag is met by the use of internal contraction. Unfortunately, ti
contraction inlet required some form of variable geometry to permil
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 i
It was planned that the first inlet be tested during 1961 and the secor
Inlet design for both mudeis was to be based upon the external-inten
sion type described in Reference 6, (This inlet has demonstrated g
recovery characteristics for modest bleed rates, and is easily contx
variable spike posit'»n 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 t
inlet was to be asymmetric and partially wrapped about the lower fu:
tour, The choice between the two Iinlet configurations was to be bas«
culation of a net thrust-minus-installed drag value using the pressur
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 give
sibility for model design and fabrication and performance of the test
cluding 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 inlet configurations. The principal change in the
original test plan has been the elimination of the design and fabrication of the
asymmctric inlet and the substitution of an alternate axisymmetric inlet. Th
alternate inlet was selected on the basis of less sensitivity to angles of attack
anc 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 surfz e,
external supersonic comprezsion from Mach 2.8 to about Mach 2.2 is achiew
with only a 1 percent loss in total pressure. Additional supersonic comprese in
as well as supersonic turning are effected internally, This is accomplished |
the reflection of two finite oblique shocks off the cowl in conjunction with a fl1 h
bleed slot on the centerbody, The bleed slot removes the boundary layer prit  to
the adverse pressure gradient associated with the internal compression, At ins-
lating spike is used to permit inlet start and to obtain high pressure recover
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 periormed in Reference 7 wherein th
pressure recovery (and, therefore, thrust) of several combinations of laentr. lc
turning, cowl angles, and attendant cowl drags were determined. The result of
this study are shown in Figure 27, The net thrust-minus-cowl drag is show as
a function of cone surface Mach number and flow turning 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 d
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 is
analysis, The final basic inlet conflguration is summarlzed by the following
parameters (see Figure 26 ):

o) © 14,48° ey 5.14°
©, 20.97¢ = 4.86°

] 25,97° M3 1,72

Ms, 2.37 My 1,37

Mg, 2.13 Mg 0.753

-1\'4;_ 2,17 Bleed 4,5 percent

Estimated performance for the basic inlet is shown in I'igure 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 {ree stream Mach number of about 2.4 Foll: /-
ing this, the inlet spike position is varied continuously (operating line) betwe 1
Mach 3.0 and 1.9 to keep the first lip shock on the rim of the centerbody ble:
slot,

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

3 e+ @

3.2.3 Exhaust Nozzle Aerodynamics

The Marquardt role of integrating the propulsion system into a pred -
table, reliable, and efficient system has required a concentrated effort on th
exit nozzle during 1961. Thie etifort is prompted by the inherently low thrust to-
drag matrgin of the missile system, which imposes stringent requirements o1 :he
accuracy of nozzle performance predictions, Nozzle efficiency must be high 2
98 percent velocity coefficient is assumed for calculation purposes), nozzle ¢ ag
loads must be known, and nozzle cooling air must be handled efficiently. It s
recognized that experimental teats of the exhaust nozzle were necessary to
supply the required design information, The nozzle length-to-area ratio selt ted
for the installation must be based upon net thrust-minus«installed drag charu :er-
istice rather than upon nozzle jet thrust alone, Thus, efficlent handling of et ine
and exit nozzle cooling air must be accomplished, and nozzle shroud boattail nd
base drags must be considered in sstablishing the overall exit nozzle geomet -,

The types of nozzle configurations ahalyzed during the year are gshor 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 jat thru

as the other configurations studied {see Section 3,8,2), analysis of this syste .
was limited pending the demonstration of successful coatings necessary fort .
radiation cooled nozzle. In Figure 31B the engine cooling air is collected

.
b o m——————— e —— ot b .
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exterior to the nozzle and is baffled to provide cooling at critical areas of th
nozzle. This forced convection cooling scheme was eliminated in favor of tt
configuration of Figure 31C, because it appeared that the pressure drop of t
cooling air was exces 've. The configuration of Figure 31C employs forced
convection in an annular passage and performs the function of the baffled ar
ment more efficiently, Figure 31D shows a forced convection model in whic
nozzle wall i8 formed from small coolant channels similar to those used in 3
eratively 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 nozzl
configuration to establish basic nozzle sizing relationships. From the Mode
MA50-XCA propulsion system optlmization at design point, it was determine
that the affective 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 infly
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 ¢
basis would call for a nozzle overexpansion of about 13,2 percent as shown |
Figure 32, The cooling air drag losses were neglected in this analysis inas
much as this drag is easentially 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 baric nozzle were deecribed 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 :
Figure 33. The annular type coolant passage »f Figure 31C was designed f
testing with the basic nozzle to establish th. pressure drop relatione for auc
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 ir again the same len
and has the same area ratlo as the basic optimized nozezle., Model tests of t
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configurations have been conducted at the FluiDyne Engineering Cor
Facilities at Elk River, Minnesota, Ninety-eight percent nozzle vel
efficients have been recorded on all configurations tested, Results ¢
discussed in Section 3,8,2.

Aerothermodynamics of Nozzle Coolant Tubes

To analyze properly the installed characteristica of the coo
forced convection nozzle of Figure 31D, it is necessary to determine
therm..dvr «mics of the cooling tubes, A computer program, Rita, v
to solve the aerothermodynamice of the curved coolant tube by the m
finite differeances. This program solves the heat transfer, friction,
number rise equations for a heated, curved tube of variable cross-s
shapes and variable areas. This program was described in Referen

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

Program Rita has also been used to predict the pressure dx
annular forced convection configuration. These relations are used t
establishment of the optimum nozzle installation as discussed in a ls
of this repoxt.

Nozzle Off-Design Performance

During the initial boost phase the ramjet exhaust nozzle mu
an unchoked {subsonic) nozzle. Similarly., at other points inside the
erating envelope the nozzle, although choked, may operate at pressc
sufficiently low to permit nozzle separation, Both of these conditiorn
the one-dimensional choked flow relationships assumed in the origin
programs,

In Reference 7 , a computer program was deacribed wher
periormance criteria during the initial boost phase cauld be determi
program, Nina, has been succeasfully run for the boost trajectory s
Reference 10, The latest boost trajectory of the aercthermodynamis
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presented in Reference 1] has not been analyzed because the boost trajector has
not been finalized for a missile sized to perform the ADO No. 11 mission.

Also presented in Reference 7 was the method of incorporating the
experimental nozzle results into the computer program for more realistic t! ‘ust
prediction at off-design conditions. These changes will be incorporated in ¢
performance predictions next year.

Nozzle Configuration Studies

The aexodynamic analysis of the exhaust nozzle for the Model MA5 XCA
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 investigat: n of
the primary propulsion nozzle, while the other was the performance evaluat n of
the various cooling flows. The design criteria and technigues used to deriv. the
basic optimized primary nozzle contour were presented in Reference 9 and iis-
cussed briefly above, The performance analysis of the primary flow will be jre-
sented in the configuration study results to follow,

During the year, five techniques of nozzle cooling have been consid red
as shown {n Figure 31. Performance studles of the four more promising co lig-
urations have been completed. These studies include the effect on net engin
thrust of the primazry nozzle flow, the englne cooling flow, the airframe coo ng
flow, and the afterbody drag, The four configurations evaluated as installec 3ys-
tems were:

(1) The annular, forced convection nozzle

(2} The tubular, forced convection nozzle

(3) The ejector nozzle

(4) The radlation cooled nozzle

With the first two configurations, the reactor side support cooling . >w
was maintained completely separated from the nozzle primary flow, while v h
the third configuration, this cooling flow was introduced into the primary st .am
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 - 'i-
mary flow upstream of the nozzle,

In the flrst two configurations listed above, the cooling flow drag w 3
minimized by expanding the secondary exhaust flow to equal the primary no: le
exhaust pressure with a convergent-divergent nozzle arrangement, The an: /ssis
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of each configuration was directed toward the definition of a nozzle !
5 cient for each flow that was then used to estalilish the installed cngl

coefficient including the nozzle afterbody anc base drag.

) The engine net thrust coefficient was expressed as:

Cpy = OTp + Crg * CT, + €Ty * Cpy

N

The net thrust coefficient of the primary nozzle flow is given by:#
™5 “1

e =2 |®® (e Yer N, 1 (AP (FPer |
Tp " % By \CVP VS TMeZ \BAg ) \Fo

The net thrust equation for the secondary (eagine cooling) £

A v A P T
— oS &S 1 5 ¢S
CTS = 2 LTy (Cvs Mo -1) + \ r3orva (T-: ) (P—o = )

- The net thrust equation for the airframe cooling flow is:
' C m 2 %a (C Vea -l) P | ( A3A>( Pea _1'>
o Ta AR VA Ve ToMoZ \ A, Po

The exhaust veloclities, Vg, of each of the flows were the i
tiea computed from the local properties at the beginning of each fins
The exhaust areas were the actual areas of each exhaust flow, and &
efficlents were referenced to the basic Model MAS0-XCA 57-inch di
erence area. The exhaust pressure, P,, was the nozzle exit press
lished in earlier studies of boattail-nozzle optimization (see Section

The boattall and base drag coefficients are equivalent to th

A ax
max

CD = IR_.-__ p dA
Amin

Values of boattall pressure coefficients were taken from Reference
base pressure coafficients were taken from Reference 13,

"Symbol definitions at end of section.

rust coeffi-
net thrust

wis:

al veloci=

expansion,
thrust co-
neter ref-
e estab-

] 3 ) 3)-

expression:

, while
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Annular, Forced Convection Nozzle

The configuration of this nozzle is shown in Figure35. Thi
tem nused the basic optimized primary nozzle contour. The secondary cool
flow was passed through a constant flow area annuiar passage formed by tk
mary 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 ali
permitted supersonic expansion to the primary nozzle exit pressure. Fur!
this arrangement eliminated the base drag consideration,

The ideal thrust of the primary nozzle was obtained by assu
a one-dimensional imentropic expansion of the actual nozzle flow from the |
stream total to the exhaust pressure, or slmply:
Wp

_V__ .
FP1= g epr

The actual nozzle trust was computed from the expreesion:

¥p
Fp = == Cyp Vep

where Cyp = 0,983, the experimentally determined coefficient presented {
Section 3.8.2 of this report,

The secondary exhaust nozzle thrust coefflcient was evaluat
determining the pressure drop in the secondary annulus and computing the
thrusts of the secondary exhaust nozzle, The pressure drop waa computec
the computer program Rlta described earlier in this section. A veloclty ¢
clent 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
exhaust total temperature, The secondary nozzle exhaust flow was axial t
minimize the divergence loass 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
that of the full annular nozzle, because any additional loss would be the re
Increased wall friction., Evaluation of the phenomena of boundary layer gr
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over the tubular wall to define a momentum loss that could be weigh:
the boundary layer momenturn loes of the full annular nozzle would b
ly ambitious at this time. The analysis of the secondary flow was v
to the full annular caee, the major differences being that there was :
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 i1
The analysis of the ejector nozzle was complicated by the supersoni
the primary and secondary flowa. This situation was handled by asat
flow remained isolated {rom the other, but both were penalized by fi
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 astream and th
volume causing the friction. A theoretical solution of the boundary !
the primary flow in the annular nozzle provided a suitable reference
maximum veloclity 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 indlvidual 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 agsumptions {t
to write:

AF

maximum AV

ejector

Vfo::cec:l convect!

ejector ~ Achrced convection maximum A

where OF was the momentum loss 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 AFe ector LoT™ above, The pressure
secondary paseage upstream of thg secondary unit was computed usi
gram Rita. Becauae the total pressure of the secondary flow was e:
through the sonic region to the secondary flow passage exit, the noz
coefficlent was assumed to be unity. However, this secondary exha
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penalized [or divergence loss at the exhaust nozzle exit., Both the ¢
ideal exhaust velocities were evaluated at the actual total temperatt

exit of the secondary passage.

To compute the actual thrust of the primary flow, th
yeis of the secondary flow was uged in conjunction with reliable exp
data from a model of the specific configuration under analysis, Th
ties were related by:

Ve Cyp Y

VPS W

W C v
ePi + S V8§
+ WS v

eSi

P ePi
The combined coefficient, C » was predented in Section 3.8.2 of
and obtained experimentally, 'ﬂ\e coefficient, Cyg, was the ratio ¢
ideal thrust of the secondary flow, With these coefficlents, it was :
solve for the nozzle thrust coefficient, Cyp, of the primary flow, 1
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 upstre:
nozzle, and both the primary and secondary {lows were expanded th
single (somewhat larger) "primary' nozzle, Divergence and frictic
were considered as in the case of the annular nozzle,

. Nozzle Flow Conditions

Primag Flow

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

Secondary Flow

The secondary flow rate for all configurations consic
lbe/sec. The total preszure at the reactor side support exhaust wa
36,700 psfa for all cases except [or the radiation cooled nozzle, T:
perature at thls axial station was 1060°F. Total pressure drop and
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temperature rise resulted from friction and heat transfer to the se:

< The secondary flow of all configurations evaluated was expanded to

B Airframe Cooling Flow

The aerothermodynamics contractor furnished the di
flow. The weight flow was 42, 3 1bs/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 temg
1280°F, To avoid the inconsistency of omitting one of the afterbod:
exhaust system analysis, the thrust coefficient of the airfrarne coo!
computed, For this computation, total temperature was assumed
a 2 percent total pressure drop within the boattail was assumed, 7T

also expanded to 1680 psfa,

) Results

. The primary nozzle thrust coefficient, Cvy_, was assumec

for the annular and the tubular configurations and vgs established &
thrust coefficient of the primary flow with the ejector configuration

. mined to be 0,9825, This reflected an interaction loss of approxin

percent from the basic forced convection configuration,

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

Py 'I-‘T

Svs om oy

Annular Nogzzle 0.929 -14,1 + 98
Tubular Nozzle 0.%29 ~-21,8 +1B0O
Ejector Nozzle 0.953 -11.4 + 63

The decrease in thrust coefliclent resulting from an increase in pr
was compensated, to a degrez, by an increase In total temperature

The primary and secondary flows of the radlation cooled n
mixed prior to entering the nozzle, Thie condition resulted in a to
ture of the mixture of 1990°F, or a change of 70°F, which would he
effect on friction losses and divergent losses of the basic primary
) the nozzle thrust coefficient for the combined primary and seconda
] this coafiguration was also 0,983,

5

ndary flow,
580 psfa,

a for this
ractor exit
e inches of
rature as
(lows in the
1g flow was
astant, and
i flow was

dentical
0,983, Th
vas deter-
tely 0.05

erature
llows:

.sure drop

zzle were
1 tempera-
e little
izzle. Thus
- flows of
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The boattail drag coefficient, CDBT' was determined to be -0,018 or

the optimizced nozzle-boattail configuration. Small variations in boattail ex
area between configurations were assumed inaignificant, The tubular nozsz.
inherently had a cection of base area and a resulting base drag coefficient,
CDy» of -0, 0056.

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

(@ C C
TP TS_ TA
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 coefficlents of the various installed exhaust system
evaluated were as follows:

C
TN
Annular Nozezle 0,1768
Tubular Nozzle 0, 1699
Ejector Nozzle 0.1765
Radiation Cooled Nozzle 0.1749

The above net thrust coefficients give an approximate comparison
the four generalconfigurationsconsidered, The annular and the ejsctor con g-
urations appear slightly favorable in the initial analysls, It is evident that e
tubular nozzle was penalized by higher pressure drop and base drag. The .dia-
tion cooled nozzle coefficient was slightly low ae a result of the inefficient : ix-
ing upstream from the nozzle, While some optimization is evident in the a! we
configurations, they still are only arbitrary configurations, analyzed for g¢ eral
comparison, They cannot be considered sufficiently sophisticated to permli
selection or ellmination. Prior to final selection, the favored configuratio
will be mechanically optimized to assure efficient fabrication,

The particular exhaust aystem selected for the Model MA50-XCA (gine

should be the one that yields superior performance and can be satisfactoril
cooled, The superior performance should occur at design conditions, butt 3

, —SECRET-RESTRICTED DATA-
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b cooling requirements must be fulfilled at the most extreme heating ondition,
which will be at off-design conditions. The performance of the pri: ary nozzle
has been optimized with regard to the boattail drag, and the cooling 3ystem is

k currently being optimized. To fairly evaluate each of the cooling 8 1emes under
consideration, each should be optimized with respect to temperatur and mech-
anical design, The performance of each optimum cooling configur: .on should
then be evaiuated for selection of one optimum configuration,

ved o

Generally, the nozzle cooling flow conveniently available } s been
established by reactor and airframe cooling requirements., Furthe geometric
variations can control, to a degree, the effectiveness of the cooling low, By
increasing the local Mach nundber of the cooling flow, the nozzle w. | tempera~
ture may be reduced, but the drag of the cooling flow will increase ecause of
increased preasure drop. To minimize this drag, the geometric ¢ figuration
that will yield the maximum acceptable metal wall temperature wil je the one
) that will have the loweat pressure drop, When thie configuration i  been es-
tablished, the cooling syastem analysis will continue with optimizati 1 of nozzle
performance by optimizing nozzle cooling flow,

. Nomenclature
A = Area
Cp =  Drag coefficient
Cr = Thrust coefficient
Cy = Velocity coefficient (21so, nozzle thrust coefficie: )
F = Thrust
M =  Mach number
K P = Pressure
B T =  Temperature
; V =  Velocity
W = Weight flow
g = Acceleration due to gravity
Cp = Local pressure coeificient
¥ = Ratio of specific heats
6 =  Angle with nozzle axis
Subscripte
A = Airframe cooling flow
BT = Aftarbody boattail
! N = Net (or installed)
P = Primary flow
g
«
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Subscripts (Continued)

Reactor

Secondary flow

Stagnation conditions

Afterbody base

Exit (or exhaust)

Ideal

Isentropic core

Maximum quantity of a considered interval
Minimum quantity of a considered interval
Free stream conditiona

Within limits of pressure ratic

Nozzle wall

o HnW

N h o0 nn

£ 0 = s

- ?_Eﬂ
8 x
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3,3 ENGINE PERFORMANCE SUMMARY (PERFORMANCE. BULLETI}M
NO, 4)*

3.3.1 Introduction

The purpose of the perfiormance bulletin is to disperse quickly to i
ested parties The Marquardt Corporation's prediction of the performance o:
nuclear ramjet propulsion system Incorporating the Tory IIC type reactor,
first two performance bulletina presented performance of the Marquardt Mc
MAS50-XCA propulsion aystem incorporating the basic Tory IIC reactor. P
formance Bulletin No, 3, describing the Model MA50-XDA propulsion syste
departed from the basic Tory IIC reactor design in that the reactor length w
decreased and the diameter was Increased,

This fourth performance bulletin represents Phase Il of performan
prediction, wherein reasonable advancements over present Tory IIC techno
are studied. LRL has concurred in the basic feasibility of sach of the item
discusgsed herein.
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In general, these performance bulletins follow the format
Reference 14, (See Item 1V of the section entitled "Reports and D:
ments, ') Each bulletin supplements rathex than replaces precedin

3.3,2 Su.mmar}_r

With the publication of the first three performance bulleti:
of the 1961 propulsion system performance prediction ended, Thi:
been devoted to propulsion systems incorporating present Tory IIC
Design point performance, off-design characteristics, and diamete
effects were preaented along with inlet pressure recovery and reac
temperature influence coefficients. Performance Bulletina No. 1
summarize Marquardt's prediction of performance of the Model M
system using the basic Toxry IIC reactor,

Using the engine size scaling information contained in the
the aerothermodynamic contractor established that the basic react
would have to increase from the nominal Tory IIC size of 57.0 to a
inches to accomplish the ADO No, 11 misgsion, In order to improv
modynamic performance as well as to reduce reactor welght, the 1
flector thickness was decreased by 4 inches, the fueled Length of ti
decreased by approximately ¢ inches, and reactor diameter was in
from 57,0 to 63,0 inches, This propulsion aystem, designated the
provides the thrust necessary to perform the ADO No. 11 mission,
tem was reported in Performance Bulletin No, 3,

Phase II of this year's eifort, discussed in this fourth bull
with the Model MA50-XCA system performance effects assocliated
modifications to the Tory IIC reactor geometry and technology, G
modifications include:

(1) Optimization of the reactor length-to-diametex ratio,
constant D,.

(2) An increase in the diameter of the base-block billet,
a reduction in the number of tie rode.
{3) A change in fuel region void fraction by increasing th
tube diameter.
Technological modifications include:

(1) Modifying the core power profile to maintain a conata
thermal stress of 15, 000 psi and/or a maximum reac
perature of 25000F,

MAC AST3
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(2) Modifying the core power profile to maintain a constant elastic
thermal stress of 18,000 pei and/or a maximum reactor wall texrr
perature of 2500 F, Thls higher stress 1limit study is prompted
by the results achleved with the Tory I1A reactor, which operate
succesnfully at power levels higher than design point.

(3) Reducing the amount of air flow to the tle rods, untll a limiting
temperature of 1650° F {s achleved.

Finally, operating envelopes have been established for the basic Mod
MAS50-XCA propulgion system,

3.3.3 Scope

The .goal of the Pluto performance studles conducted to date has been
Incorporation of the Tory IIC type reactor ina rellible nuclear ramjet propul
system capable of performing Alr Force mlssion requirementa, Performance
Bulletin No, 4 dlffers from previous studles in that it ia baged on important e
eions of present Tory IIC technology. The performance gains achieved are be
1l eved realistic for a flight type propulsion system.

The denign 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:

Deslgn

A brief description of the Model MASOLXCA engine is included w
drawings, weights and center of gravity, dimensional information for mountin
polnts, and an over«all envelope including basic alrframe dimensions., A maj
modification of the reactor lateral support structure has been incorporated int
the propulsion systexmn design, The pressure vessel has been eliminated from
design, with the inner airframe skin assuming the function previously perform
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 previousl
shown. The tangentially aligned Belleville apring stacks and the track and ral
structure are Integrated into a compact annulus, This system reduces the alr
frame outer mold llne dlameter by 4,375 inches.
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Heat Rejection

Heat rejection rates for the Model MA50-XDA propult
of Reference 4 are presented for design point conditions,

Performance

Model MA50-XCA propulsion system design point infc
(Reference 3) is presented in tabular form to be used as a hasis £
son with the following studies:

{1} The effecta of reducing the iront reflector 4 inches an
fueled core 4.1 inches.

(2) The effects of changing the core power profile o yielt
elastic thermal stress of 15, 000 psi and/or a maximvu
perature of 2500°F, For this study, the propexties o
conductivity, modulus of elasticity, and the coefficien
sion were conaldered to be temperature dependent.

(3) The effects of changing the core power profile to yielk
elastic thermal stress of 18, 000 psi and/or a maximu
perature of 2500°F,

(4) The effects on performance when the basic base-blocl
i Increased to 9 inches from the present 5 inches, I
the number of tie tubes has been reduced by the ratio
volume originally occupied is replaced with fueled co:

(5) The effecta of reducing the tie rod airflow until the tl
an squilibrium temperature of 1650°F,

(6) The effects of increasing the core void fraction by inc
fueled tube diameter from 0.227 to 0,230 inches.

Operating Envelopes

QOperating envelopes for the basic Model MA50-XCA p
system are described for the ANA Hot and Cold Days and the ICAQ
temperatures, High speesd operation is limited either by a ram air
ature of 1070°F or a diffuser duct pressure of 420 psia,
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3.3.4 Definitions

Net Jet Thrust - Net jet thrust ie defined as the sum of the change ¢
momentum of the mass flow through the engine and the pressure differential
acting upon the exit area, as shown iu the following equation!:

WeVe - WoV,
Fnj =< g + P6'~’. PO A6>
\ll

The exit area (Ag) used in this equation corresponds to a fully expa
ed nozzie at the design point. The momentum of the air used to cool both th
side support system ineide the pressure vessel and the exit nozzle lg includ
in the net jet thrust.

Net Jet Thrust Coefficient - Net jat thrust coefficient is defined as
net jet thrust divided by the incompressible dynamic pressure and by the re!
ence arsa of the reactor in square feet as shown in the following equation:.

F
CF L
W /2 Povo?- AR

The reference area used in this bulletin for the propulsion system, ls 17.72
square feet.

Engine Installation Drag - 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 alzframe contractor will take into account:

(1) The inlet installed drag other than the supersonic spillage tern
such ae the cowl drag, the diverter drag, and the inlet hase dr

(2) The drag attributed to air bleed from inlet duct for power actu:
tion, alr 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 instal

Engine Installation Drag Coefficient - Engine installation «
ent is defined as the engine installation drag of the previous paragr
by the incompre ssible dynamic pressure and the reference area of

Installed Net Thruet - The installed net thrust is equal to
thrust minus the engine installation drag, As pointed out in a prev
graph, only a portion of the engine installation drag is included her

Installed Net Thrust Coefficient - Engine installed net thx
ent is defined as the engine installed thrust divided by the incompre
namic pressure and the reference area of the reactor.

Symbols - The following symbols and subscripts are used:

Description Unit
A Cross-sectional arca 8q ft
C Coefficient - -
¥  Thrust b
M Mach number - -
P Pressure psf
T Temperature ORankin
V  Velocity fps
W Weight flow rate pps
g Gravitational acceleration, 32.17 ft/sec?

Subscripts - Subscripts shall be amployed in accordance v
following station identification sketch and tabulation:

id thrust,

ag coeffici-
sh divided
e reactor,

e net jet
us para-

.

t coeffici-
sible dy-
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Referencs 1,

Desacription

Free stream conditions

Exit of reactor support grid
Plenum upstream from reactor face
Forward face of reactor

Exit of reactor

Plenum downstream from reactor
Nozzle throat

Nozzle exit

Cowl lip

Drag

Thrust

Jet

Net

Reactor

Static

Total

Wall
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3,3.5 Limitations

been changed from that shown in Reference 1.

Four and one-tenth inches of material have been removed fr n the
reactor aft core region, and the core power profile (as pres ited

in Reference 1) has been terminated at this point.,

Forward {ace of reactor support grid

The performance of the basic Model MAB0-XCA propulsion syate : is
bansed on the component nuclear heat generation data of Reference 1.
minor exceptions, which are generally discussed in the respective areas, -
clear heat generation values for this performance bulletin were also take: from
However, the reactor power profiles for the 15,000-psi a: |
18, 000-psi elastic thermal stress studles were generated by Marquardt,

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

(1) Four inches of the reactor forward reflector have been rem: ed
and the nuclear heat generation in the remaining 6 inches ha not
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The [ront grid void fraction andcquivalent flow hydraulic dis
cases considered were generated by Marquardt as were the basic he
and friction correlations,

3.3.6 Description of Nuclear Ramjet Propulsion System

General Description

The Model MA50-XCA nuclear ramjet propulsion system <«
vari:hle geometry supersonic inlet with a modified {sentropic spike,
diffuser incorporating & variable area bypass, a nuclear reactor sir
struction to the Tory IIC reactor with Integrated control system, an
divergent exit nozzle,

Engine Geometry

Basic details of this integr:ted propulslon system design a:
Flgure 39, (Marguardt Drawing Number X-81388). A brief descri;
major components of the propulslon svatem follows:

The inlet, which is an underslung, axisymmetric, external
pression type, has a translating centerbody spike with a maximum »
capabllity of 7 inches., The spike actuation meghanism s housed wi
body structure and is alr operated. Air is supplled to the actuatort
located on the centerbody structure,

The subsonic diffuser duct structure, from aft of the super
the face of the reactor, ls an integral part of the misslle airframe &
will provide sultable fittings at the forward end for attachment of the
and centerbody structure, and at the 2ft end for attachment to the in
shell,

Late:

The nuclear reactor is composed of a series of individual ¢ iments that
make up the core, the front, rear, and radial reflectors. The reac r iz maln-
tained in the form of a right circular cylinder by a spring-loaded ex insion shell
composed of 12 segments held together by a series of tangentially a]l !ned atacks
of Belleville springs. A series of axlal tle tubew, which pass throuy; the reactor,
react and collect all aft directed loade through rear bearing plates a 1 tranefer
them to a {ront aupport 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 veasel has be
from the design, the inner airirame shell assuming the function pre:
formed by this component, The female track is now an integral part
pansion shell and the male rail is faatened 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 assernbly 1
airframe, This design also compensates for differential thermal ex
tween the reactor and airframe atructure 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 i
structure,

The reactor control rod mechanisms are contained in an int
age, which is mounted forward of the front support structure and hot
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 exitr
tilevered from the inner ajirframe 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 in
propulsion system components have approximate weights and center
(CG) locations as shown below. Station locations (Engine Station, ES
indicate CG locations with respect to the over-all propulsion system
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Cenler of
Gravity
Weight Location
{ibs) (Engine Static }_
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 station locations are also shown in “igure 39,
3,3.7 Heat Rejection
Heat rejection of the basic Model MAB0-XCA praopulsion ays: m was re-
ported in Referance 3, A similar analysis bhas been performed for t : larger
Model MA50-XDA propulsion syatem at design point conditions. Witl in airflow
rate of 120 lb/sec in the side support compartment, the springs reacl d a maxi-
mum temperature of about 1360°F, The total cooling airflow rate in: ie the air-
frame structure waas kept at 50 lb/sec, At this flow rate, the pressu shell
reached a maximum temperature of 1280°F, the internal support mer er in the

airframe reached a temperature of 1510°F, and the vehicle skin temy
1000°F, The total heat rejected by this system is about 3.8 Mw. A"
this heat rejection is presented in Table 5, Heat generation rates ir
support system for this analysis were calculated by Marguardt,

3,3.8 Coatrol S8ysterm Characteristice and Requirements
These data are unchanged fromn Reference 4.
3.3.9 Engine Performance

A tabulation of aerothermodynamic valuea at design point co
presented in Table 7 to show the effects of each of the factors conaic
analysis, These effects can be compared with the basic Model MAS0
pulsion syatem. The various changes and the results are discussed i
presented in the table,
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Centcr of
Gravity
Weipght Location
(1bs) (Engine Stati- 1)
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 S 542.5
Exit nozzle 1, 160 ES 604.8
TOTAL 17,806 ES 490.5
The center of gravity and station locations are also shown i1 Figure 39,
3.3.7 Heat Rejection
Heat rejection of the basic Model MAB0-XCA propiuleion 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
rate of 120 lb/sec in the side support compartment, the springs reac
mum temperature of about 1360°F. The total cooling mirflow rate in
frame structure was kept at 50 lb/sec, At this flow rate, the pressu
reached a maximum temperature of 1280°F, the internal support me:
airframe reached a temperature of 1510°F, and the vehicle skin tem
1000°F, The total heat rejected by this system is about 3,8 Mw, A
this heat rejection is presented in Tavle 6. Heat generation rates i
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 cc
prusented in Table 7 to show the effecta of each of the factors consi
analysis, These effects can be compared with the basic Model MA5C
pulsion system, The various changes and the results are discussed
presented in the table.
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TABLE 6
HEAT REJECTION OF MA50.-XDA PROPULSION SYSTEM
{(Mach 2, 8; ANA Hot Day; Altitude, 1,000 feet)
Air .
- Flow Heat Rejection
{1b/sec) (Btu/sec) (Mw) 1)
Spring Gompartment 120 2479 2,62 ¢ .3
From Side Reflector - 619 0.65 1 3
From Support Springs -- 1336 1,42 3 3
From Pressure Shell - 6524 0,55 1 7
Airframe 50 369 0,39 1 3
From Pressure Shell == 78 0.08 2
From Alrframoe Support -- 284 0,30 9
From Vehicle Skin we 7 0,01 2
To Ambient From Vehicle Skin - 728 0.77 2 4
TOTAL = 3576 3.78 Ic .0
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(1) The basic Model MA50-XCA propulsion system perfor
venled to pruvide a basie for comparison of the following items. A
cussion of the basic Model MA50-XCA propulsion system was prese
formance Bulletin No, 2 {Reference §).

{2) The length-optimized Model MA50-XCA propulsion ay:
acterized by the removal of four inches of forward reflector and 4,
aft core, This version of the Model MA5U-XCA was discussed in P
Bulletin No, 3 (Reference 4). :

(3) The basic Tory IIC reactor power profile presented in
Data Book (Refexence 1) is determined hy a maximum allowable el
stress of 15, 000 psi and a maximum wall \2mperature of 2500°F,
culation assumes that thermal conductivity, modulus of elaaticity, :
of expansion for beryllia are invariant with temperature and are ev
2500°F wall temperature. However, when the temperature depende
same properties la accounted for, an improved power profile is obt
vields a constant 15,000 psi elastic thermal stress over the front p
core and a maximum allowable wall temperature of 2500°F over the
The resultant performance increase (thrust) ls shown as 2.5 percer
basic Model MAS0-XCA, Thia increass is somewhat conservative !
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 therm
of 18, 000 psi in combination with a maximum wall temperature of 2
the same airflow rate as the basic Model MAS0-2.CA, 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
plate billet diameter, State-of-the-art in Niobium fabrication has i
this aize might be increased from the present diametex of 5 inches
inches, This would allow a reduction in the total number of tie rod
temperature of the tie rods is currently around 1250°F, providing &
of safety for allowable stress,
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Reducing the number of tie rods in the core also reduces t : volume
occupied by unfueled cooling passagea., By going to a 9-inch diame: r billet,
sufficient fueled region is added to the core to obtain a 2,5 percent .crease in
thrust over the basic Model MA50-XCA for the same airilow rate,
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(6) As a further step in the investigation of possible perfor
a2 study was made of the eifect of increasing tie rod temperature, S5i
erable margin of safety exists at the temperature (1250°F) predicted
Model MA50-XCA engine, an increase in tie rod operating temperat:
quite feasible. Accordingly, the diameter of the tie rod cooling char
duced until & tie rod temperaturs 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 elexr
inches. To determine the effect on thrust of a small change in react
tion, performance calculations were made using a tube internal dian
inches, This dimension was selected as representative of a minor ¢
metry that would not greatly affsct the fuel loading allowable limit,
same total airflow rate as the baslc Model MAS0-XCA, a ]l percentg
is achievable,

Although theme parametric studies are based on the diamete
IIC reactor, the performance gains noted are applicable to the large
Model MAS50-XDA propulsion system,

3.3.10 Neutronlcs

Neutronic studies of the Model MA50-XCA and the Model M
pulsion systema have been reported in pravious parformance bulleti
3 and 4, respectively). Neutronic analyses of the ggnoepts presen
fourth bulletin have not been made during this period, DUt will be dis
succeeding reports,

3.3.11 Operating Envelopes

Preliminary propulsion system operating envelopes have be
for the Model MA50-XCA nuclear ramjet for the ANA Hot and Cold I
ICAQ Standard Day temperatures, aud are presented in Figures 41,
respectively, Limits for these envelopes have been esatablished as f

The Mach 2, 0 lower limit was established arbitrarily. How
basis for this selection arises {rom a requirement for a pressure ra
across certain pneumatic components, The upper altitude limit ie e
a line of constant diffuser exit pressure of 45 psia {which assures th
tioned 8 to 1 pressure ratio) up to 50,000 feet, the maximum altitude
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Limitation of the flight envelope at high speeds and altitude
either to a ram alr total tempecrature of 10709F or a2 diffuser duct &
of 420 psia. At sea level, these conditions limit the maximum fligh
Mach 3,0 at the ANA Hot Day temperature, to Mach 3,1 at ANA Col
ature, and to 3.2 at ICAQO Standard Day temperature,

Note is made of the restricted operating region in the fligh
the ANA Cold Day condition. The Tory IIC reactor power profile is
elastic thermal strees limit of 15, 000 pei and a maximum wall tern;
2500°F at the design point, It is possible, under Cold Day conditior
speed and low altitude, to attain a flow rate - core temperature con
the 15, 000-psi allowable stress limit will be exceeded. Based on s
eration of the Tory IIA reactor at powers above the design value, a:
rence with LRL, the limiting elanstic thermal stress for vf{-design ¢
been increased to 18, 000 psi. Raising the atress limit has the efte:
the restricted operating region to the amall area shown in Figurs 4
ate in the restricted region, air flow and core temperature must be
such & manner that the 18, 000-psi stress limit will not be exceeded

The missile must be boosted into the propulsion system op

lope. Typical booat envelopes are shown in Figures 41, 42, and
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1.1 HEAT TRANSFER AND THERMAL STRESS ANALYSIS

3.4.1 Mechanical and Structural Design Support Studies

Inlet

The heat transfer effort directed toward the design of the propulsion }
system 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 indlcated that a temperature of
about 1300°*F may be expected with the airflow distribution shown in Figure 44
It was assumed that the inlet bleed airflow that enters the Loundary layer bleed 2
slot was used [or cooling purpuses. Half of this flow is directed forward in the
centerbody while the other half Is directed aft, At the time of the study, the d
forward-directed flow was channeled aft before it had a chance to cool the forw. ‘de
most sectlon of the translating mechanism; consequently, this section reached i
temperature of approximately 1300° F. At the Mach Z. 8 condition, the iemper: 5
turec of this section is 1130° F. The steady state temperatures calculated for p -
tions of the inlet at the Macli 3.0 and Mach 2,8 conditione are presented in Figy e i
34 ., Later design coufigarations provide for paasing a portion of the cooling a '
through this forward section, thereby lowering the temperatures shown in Flgu
44 .

fer problem in the entire inlet aseembly, This mechanism, which has recently
been defined, will be analyzed to determine coollng requirements, The cowl

assembly, which has not been fully analyzed, is not expected to reach tempexa.
tures higher than those of Figure 44, ;

l
!
The inlet actuating mechanlam presents the greatest potential heat tra - i
i

Side Support Structure 4\

The results and a diacuselon of the heat tranafer studies of the Models 2
MAS50~-XCA and MA50-XDA gide support syatems are presented {n Section 3, 4, ;

Reactor Tie Tubes \

The steady state temperatures ina Tory 11C reactor tie tube (R-235
material) have been determined for design point condltions, The tie tube
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considered was located near the reactor centerline. The temparatures of the
fueled beryllia surrounding the tie tube and the temperature rise of all coolin;
streams were deterrnined. The following valuea were obtained:

Temperature

{(°F)

Maximum temperature of unfueled beryllia 2570
Air temperature rice in unfueled beryllia 1250
Maximum temperature of tie tube 1250
Air temperature rise in tie tube 110

Complete temperature distributions in the tie tube and surrounding unfueled
beryllia are presented {n Figure 45, Some specific conditions used in the st
are presented in Table 8§,

More recent studies of a2 similar nature were conducted at the follow
conditions: Mach 3.0, ANA 421 Hot Day, sea level; and Mach 3,6, ANA 421}
Day, an altitude of 30,000 feet. The atudies produced miaximum tie tube temg
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 |
Figure 46 . The reactor length model wae simulated by an IBM 704 thermal
lyzer program, which may be used for a variety of conditions and tie tube ma
ials,

Exhaust Nozzle

At the beginning of the contract year, several exhauat nozzle types w
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
the reasons dlscussed in Sectlon 3,2, 2.

During the contract period, a considerable amount of detailed heat tr
fer analysis effort was devoted to the tubular, forced coavection configuration
preliminary analysis of the filme.cooled {(or elector type) nozzle was also mad

The exit nozzle contour for the flight engine was established as a cor
gent.divergent, bell-shaped, fixed area type,.
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STEADY-STATE TEMPERATURES IN A TORY TIC TIE TUBE AN
SURROUNDING BERYLLIA AT DESIGN POINT CONDITION!
3000 [T, MAXIMUM UHFUELED BED TEMPERATURE
2. UNFUELED B0 TEMPERATURE ADJACENT
TO TIE TUBE
3., AIR TEMPERATURE IN UNFUELED Bt(
h, MAXIMUM TIE TUBE TEMPERATURE
5. TUE TUBE INSIDE WALL TEMPERATURE 1
2500 6. AIR TEMPERATURE IN TIE TUBE /H'_\¥‘
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TABLE 8
CONDITIONS USED IN
TORY IIC TIE-TUBE HEAT TRANSFER STUDY
Item Value
Tie Tube Material R 235
Tie Tube Internal Diameter, in, 0.58
Tie Tube Outside Diameter, in, 0.66
Tie Tube Flow Area, sq. In. 0, 264
Reactor Length, in, 60
Nuclear Heating in Tie Tube Axial Profile
Nuclear Heating in Unfueled Beryllia Axial Profile
Alr Weight Flow Rate in Tle Tube, 1b/sec 0.73
Air Welght Flow Rate in Unfueled Berylila Tube, 0.017
1b/sec .
Unfueled Beryllia Void Fraction 0,148
Diameter of Hole in Unfueled Beryllia o0.12
Tube, in.
Unfueled Beryllla Tube Flow Area, Bq. in, 0.0113
Unfueled Beryllia Tube Sclid Area, sq. In, 0.0649
Temperature of Fueled Beryllia, *F Axial Profile
Thermal Conductivity of Unfueled Beryllia 9.0
Btu/hr /ft/* F
Thermal Conductivity of Tle Tube, 13,0
Btu/hr {ft/°F
Heat Transfer Coefficient in Tie Tube, 713.0
Btu/hr /£t2/°F
Heat Transfer Coefficient in Unfueled 615.0
Beryllla Tube, Btu/hr /fté/°T
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TORY IIC TIE TUBE CONFIGURATION AND ANALYTICAL MODELS

I NNER TUBE
ROW UNFUELED
BERYLLIA

FUELED BERYLLIA
UNFUELED
BERYLLIA
STILL AIR SPACE

TIE TUBE

(4) TORY ITC TiE TUBE

(B) AKALYTICAL MODEL OF
CONPIGURAT ION

TIE TUBE CONFIGURATIO}

- . REAC' 1 CORE
HEAT b UNFUE D BERYLLIA
GEMNERATION r IBES
NODE—"____J
STILL (R SPACE
b, TIE 18E
' ¢ COOLIt  AIR
- - — HW—JLD——J—D—ﬂl_— — Q_
(C) NETWORK REPRESENTATION OF REACTOR TIE TUBE
RODEL FOR THERMAL ANALYZER
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Tubular, Forced Convection Nozzle
2 TR =

Two tube shapes were consldered for the typical wire-wrappe:
nozzle of Figure 47, The first type analyzed had 402 tubes of rectangular cr¢
sectlon, as shown in Figure 48, Each tube was assumed to have a constant f]
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/sec at 1200° F, It was assu
that heat is exchanged between the outer surface of the cooling tubes andthea
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 Het
and 1456°*F at Mach 3,0, sea level, ANA Cold Day.

Structural analysis indicated that round tubes 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 axea,
The first analysis of a round tube ylelded a maximum tube temperatureof 155
at Mach 3,0, gea level, and ANA Hot Day conditions, Thnis atudy was repeat:
once omitting internal heat generation and again omitting both internal heat g«
eration and reactor thermal radlation, The maximum tube temperatures obt:
from these studies were 1555°F and 1548* F, respeactively.

Next, a preliminary optimization study was made to determine
maximum tube temperatures as a function of tube size, The results of this «
are presented in Figure 49 where maximum nozzle-tube temperature and tota
nozzle=tube welght are plotted againat the inside diameter of the tube, In this
study, the tube wall thickneas {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 alrflow rate of 50 ib/sec at 1200°F, Later informatic
from LRL specified the coolant alrflow rate to be 113 lb/sec and at a lower
temperature, The temperature of this cooling air, which passes through th.
slde support structure spring compartment, is about 1000°F. A tube size o
approximately 13/16 ~inch outside diameter with a wall thickness of 0,020 inc
is necessary for this flow, The nozzle desigh utilized 240 of these tubesa, A
study was made to evaluate the heat transfer characteristics of this system a
two design operating vonditions: Mach 2.8, ANA Hot Day, analtitude of 100
feet; and Mach 2,8, ANA Cold Day, an altitude of 1000 feet, Pertinent
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Information for these twa conditions is presented in Table 9, The re: 1ts of the
| study are presented in Figures 51 and 52, The maximum tube temp: ature at
) the design point condition is about 1500° F and occurs at the exit end. or the
) off-design condition (Cold Day), the maximum temperature, about 1231 F, also

occurs at the exit end,

The present nozzle design reflects a slightly changed in
tour, In addition, the flow was reduced to 100 lb/sec at a temperature
The 240 R-235 alloy cooling tubes (0. 75-inch ID x 0.028-inch wall) are
the eatrance end, In order to conform ta the nozzle contour, these tut
compressed or flattened, and the cross sectlon 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,

Anpular, Forced Convection Nozzle

The nozzle cooled by an annular, concentric cooling che
similar to the tubular nozzle in terms of simulation on the IBM 704 the
lyzer program. Only minor modifications of the existing computer pr:
necessary to produce a program for this nozzle. It is planned to evalt
atate temperatures for this nozzle design.

Ejector ar Film Cocled Nozzle

A study was made to obtain a preliminary eatimate of tt
state metal temperatures in an ejector type, or filimn.cooled, exhausts
the Model MA50.XCA propuleion syctem at design point conditions. It
sumed that the convergent portior. of the nozzle consisted of wire-wraj
as previously described for the cubular nozzle. The cooling tubes (0.
x 0.D2B-inch wall) passed cooling air at 113 1b/sec with an Inlet tempe
approximately 1000° F, The divergent portion of the nozzle was consi
a eimple single ahell extending from the outer surface of the wire-wra
This divergent portion of the nozzle was film-cooled by the air issuing
cooli<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>