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' '20 . Abstract

configuration was between one and ten percent lighter in ramp weight than the other
candidates at both paylocds:)

_Analyses of several Rankine and Brayton nuclear propulsion cycles showed an open
Brayton cycle to be preferable because of its low weight and extensive data base.
The selected cycle and the canard configuration were used to develop an aircraft

subject to the following mission requirements: 400,000~Ib payload, 0.75 cruise Mach

é number, 10,000-ft field length, and 1000 n.m. emergency range. The resulting

! reference aircraft with a ramp weight of 1,556,491 |b served as a basis for assessing
the design sensitivity of alternate mission requirements, technology applications, and
nuclear operating philosophies. A 13.1-percent weight reduction was achieved through
an alternate nuclear operating philosophy which included shaped shielding, use of
emergency range chemical fuel for shielding, and reactor utilization during all flight
phases. A similar weight savings of 13.5 percent relative to an all=aluminum aircraft

~ was realized by the reference aircraft with 40 percent of its structure in composite
materials. Smaller weight effects were experienced for the other technologies-
investigated and for variations in the mission requirements.

Economic costs were derived based on a production run of 250 aircroft, @ 10,500 n.m.
average trip range, and an annua! utilization of 1080 hrs for military application. The
unit acquisition cost was estimated to be 139 million dollars and the 20-year life-
cycle cost for the fleet was 71,2 billion dollars. Using a 3000-hr annual utilization
rate consistent with commercial expectations, a unit flyaway cost of 115,6 million
dollors was estimated for civil application, The corresponding life-cycle cost for the

el

fleet was 93.8 billion dollars, By adopting the special nuclear design features of the
: alternate nuclear aircraft, it was determmed that a cost savings of 7.9 percent would |
be accrued, '

J

Comparisons were made of the referenca:ond alternate nuclear aircraft with JP-fueled
aircroft to determine that design range value which will result in JP=fueled aircraft
with the same ramp weights or life=cycle costs as the nuclear aircraft, The results
- - showed the equcl ramp weight cross~over ranges to be 9200 and 7850 n.m . relative to -
. the reference and alternate nuclear aircraft, respectively, For mission ranges exceeding
~ these values, the nuclear aircraft will be lighter in weight, The converse is true for
- shorter ronges. Similarly, the life=cycle cost ranges were 11,950 and 11,100 n.m.,
" respectively, However, a 300~-percent fuel price increase reduced these ranges to
6100 and 4700 n.m., respectively. Thus, as the severity of the energy shoitage ‘
’ mcraosos fuol pricos, rhe future p:ospocts for airborne nucleor propulsion wm improveK
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SUMMARY

Parametric analyses and design refinement studies were performed for conventional,
canard, and spanloader aircraft configurations to determine the lightest ramp weight
configuration with a nuclear propulsion system. In extemal appearance, the conven-
tional aircraft is a larger-scale C~5 type aircraft. The canard aircraft has a conven-
tional fuselage for carrying cargo, a high wing positioned on the aft-end of the fuselage,

a forward-fuselage mounted canard surface for horizontal control, and vertical tail
surfaces mounted on each wingtip and the aft fuselage. The spanioader aircraft carries

containerized cargo throughout its entire wing span, has a short fuselage for outsized
cargo, and uses wingtip-mounted verticals and a fuselage-mounteu canard for lateral

and directional control .

The parametric design mission requirements for these configurations were payloads of
400,000 and 400,000 Ib of containerized and/or outsized cargo, a cruise Mach number
of 0.75, an emergency range of 1000 n.m. on chemical fuel, and a 9000-ft field
length compatibility . Perametric variations of cruise altitude, engine bypass ratio and

turbine inlet temperature, wing loading, wing sweep angle and wing aspect ratio were

_considered to determine the minimum;rcmp_- wei_ght- qir;roft for each of the three candi- |

 date configurations.

~ ‘Upon completion of the parametric analysis and sqvora-l dircmﬂ' design refinements, the
" three aircraft configurations were comparéd for the two mission paylood values. The

- canard configuration was selected for analysis since it had the lowest ramp wcigms of

. the three conﬁguraﬂom for both poyloads For the lerger payload of 600,000 Ib, the -
canard aircraft was one porcent lighter than the spanloader aircraft and 4.3 percenf ‘
~lighter than the conventional aircraft. For the smaller payload of 400, 000 Ib, the |

©_canard was 4 8 und 9.8 percent |owor thon tho convonﬂonul and sponloader oircroff 4&‘““;‘“ '
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- special shaping of the shield, use of the emergency range chemical fuel for shielding, .

The use of composite materials for 40 percent of the structural weight of the reference

- considered and the effects on circraft ramp weight were: laminar flow control on wing

- expacted oddihonal reseurch cnd development cosf. o

Analyses of several Rankine and Brayton nuclear propulsion cycles resulted in the selec-
tion of an open Brayton cycle for a reference aircraft. The selection was made on the
basis of the extensive data background and low weight of the cycle. Of all the cycles
considered, only a non~recuperated closed Brayton cycle with a dual-mode engine was
found to be lighter in weight than the selected cycle. However, due to the inadequate
data base for this closed Brayton cycle, it must be studied further before it con be

considered as o viable candidate.

The selected canard configuration was used to develop an aircraft design for the :
reference mission requirements of a 400,000-b payload, a 0.75 cruise Mach number, :
a 10,000-ft fleld iength, and an emergency range of 1000 n.m. on chemical fuel. f f
‘ f

The resulting reference aircraft design with a ramp weight of 1,556,491 |b served as a

basis for assessing the design sensitivity to variations in the mission requirements, in
advanced technology applications, and in the nuclear operation and design philosophy .
A 13.1-percent reduction in ramp weight to 1,353,119 Ib was achieved by adopting an

alternate nuclear operational design philosophy. Features of this alternative included

and full-power reactor operation for all normal flight phases with half-power for

emergencies.,

aircraft produced a 13.5-percent sevings in aireraft ramp weight relative to an all=
aluminum aircraft. Studies of the application of other advanced technologies indicated

subsfantlally smaller potential benefits than For composites, The other technologies -

"and verticals saved 3.4 percent, engine byposs ratios between 5.8 and 18 varied the
'wqigh? rby less than 2 percent, o 200°F ncrease in engine turbine inlet te_mpetbfuré

| dbring nuclear cruise saved about one percent. Of all these candidate. tachnolagies,
1t appears that-only composite materiols offer sufficient: potenhal benems to offset m .
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Sensitivity studies on mission requirements showed a 10.4-percent increase in ramp

weight for doubling the emergency range to 2000 n.m. and less than a 1.75-percent

A

ey

weight variation for takeoff distances between 8000 and 12,000 ft, These studies also
showed, relative to the reference aircraft with a cruise Mach number of 0.75, a weight
savings of 1,85 percent by reducing the Mach number to 0.65, and a weight penalty of
4.6 percent at a 0.85 Mach number.

Both military and civil cost data were estimated for the reference nuclear aircraft. The

unit military acquisition cost was 139 million dollars and the 20-year life=cycle cost

for the fleet was 71.2 billion dollars. These values were derived based on a production s
run of 250 aircraft, an annual utilization of 1080 hours, and an average trip of 10,500 “
n.m, For compatibility with normal commercial practice, an annual utilization of o
3000 hours was used in caiculating civil cost data. The resulting civil flyaway cost _ -\;-,.

was 115.6 million doilars per copy for the reference aircraft, and the life cycle cost

for the flest was 93.8 billion dollars. By adopting the special nuclear design features

of the altemate nucleor aircraft, o cost savings of 7.9 percent was achieved relative

to the reference aircraft.

Two studies v.ere conducted for the reference aircraft to assess the effects of higher fuel |
_.-_prices and changes in nuclear RAD. A 10-percent incraase in life-cycle cost was ~
produced for a 100-percent increase in fuel price. While 2,25 billion dollars for
nuclear R&D is substanﬁcl, its affect on the totul lifescycle costs is small as indicated |
', by the study results which showed a 2-percent change in life-cycle costs for_ SOfpercéq'f_ '
variations in the nucleor R&D. | | S

Characteristically, a nuclear oircraft does not have a mnga Iimwo?non . Fer componson'

-with a JP-fueled aircmﬁ which.is range limited, it'is of interest to ‘establish the ~
values of the cross-over range, that is, the design range for the JP-fueled aircraft

which will give it the same ramp weight or llife,-cycle cost as the nucleor aircraft, : To

- establish these cross-over rungei, a conventonai JP-fueled aircraft configuration was .
developed for several mission ranges and for the same payload as the nuclear aircroft,

" The results showed the equa&_-.romp_woight cross-over ranges to-bg 9200 and 7850 n.m. -




relative to the reference and alternate nuclear aircraft, respectively. To perform

missions with ranges exceeding these cross-over values, the nuclear aircraft will be

lighter in weight than a JP-fueled aircraft. The converse is true for shorter range

values.

In terms of equal life-cycle costs, the cross-over ranges relative to the reference and
alternate nuclear aircraft were found to be 11,950 and 11,000 n.m., respectively.
However, for a 300-percent increase in fuel price as a result of energy shortages,
these cross-over ranges are reduced to 6100 and 4700 n.m., respectively, Thus, as
the energy shortage becomes more severe in the future, the prospects for girborne

nuclear propulsion are improved.




FOREWORD

This final report documents the findings of a study by the Lockheed-Georgia Company of
innovative nuclear-powered aircraft designs. Support for this study was provided by the
Air Force Aeronautical Systems Division under contract F33615-76-C -0112and by
Lockheed's Independent Development Program. The latter was used to develop the JP-
fueled competitive aircraft and the altemate~temperature data used for the nuclear

engines in the sensitivity studies.,

The Advanced Energy Systems Division of the Westinghouse Electric Corporation, under
subcontract to Lockheed, perfommed the propulsion cycle analyses portion of this study.
Waestinghouse wos also responsible for developing variations in the design of the base-
point NuERA Il reactor system ccnsnstent with the alfemote shielding and operational
philosophies addressed during the s.udy.

N : .
© Dr. L. W, Noggle served as the Air Force Study Manager on this program.

- Dr.J.C.  Muehlbaver and Mr, R, E. Thompson fulfilled similar roles for Lockheed and |

' '_t Westinghouse, respectively. Additional Lockheed petsonnel who porﬂcipoted in this

soudy und their areas of responsibility were as nofed
DN, Byrne - * Aerodynamics
.~ E.P.Croven ~ Design ,
H.V, Davis, Jr. Value Engineering |
'E. E. McBride . Stability and Control
£.C.Randall  Propulsion
R.E. Stephens  Structures
'S. G, Thompson  Economics

Add monol Wcsﬁnghouu pomcnponts Includad _
- BuL.Pilercer  Propulsion Cycle Analysis _
Jo M. Ravels . Shielding and Reac .a;__ Design - '
 R.JuSteffan - Nuclear Costing ~
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1,0 INTRODUCTION

Several recent international events are prompting the United States to reassess its global

commitments and its goals for the future. Actions taken during the Middle Eost conflict
in 1973 showed that friendly foreign powers can no longer be relied upon to permit
overflights and the use of their bases in times of crisis. Pressures exerted by emerging

third world nations are also restricting areas accessible to the United States,

Of equal importance, is the rising economic and military dependence of the U, S, on
imported energy supplies, as evidenced during and since the 1974 Arab oil embarge.

Clearly, alternate forms of energy must be sought and developed if the U. S, is ro

regain its former level of independence and continue to function as a stabilizing

influence worldwide.

In the midst of this changing world environment, the airlift responsibilities of the United

States Air Force ure unchanged, but are becoming increasingly more difficult to fulfill.
Optimum utilization of technology developments is essential in future military transport
aircraft if the Air Force is to undertake its airlift responsibilities within practical and
economic limitations. Nuclear power is both an cltemate energy source and on
advanced technology which, if appiied to aircraft, offers the potential for the Air
~ Force to meet its commitments on long range or endurance missions in.times of reduced
N chemical fuel availability. o | o

. In recognition theroof,} and as part of its nomal planning and analysis of possible future
inventory vehicles, thu Alr Force commissioned this study on con'ceptual designs of
nuélécr—powered aireraft te_saﬂsfy mission requirements envisioned for the post-2000
f_ﬁne period. The minimum takeoff-'grou-weighf aircraft concept was determined from

—saveral ccuididates, was sized for a ref_erence_‘mis‘sioh‘, and was used to evaluate the
" _benefits achievable through the adaptation of various advanced technologies and. |
~ alternate nuclear _oﬁe‘rationol_ philosophies. Complete -20-year life=cycle costs and )
o . direct operating costs were generated for the reference aircraft,  In addition, a conven- =~
7 Honal JP-fusled aircraft was designed for the reference mission to servc asa pointof . |
: comparison for the nuclaar aircraft, | | R S




2,0 STUDY APPROACH

The objectives of this study were to:

o Detemnine the minimum takeoff gross weight nuclear aiccraft configuration of
several candidates with due consideration given to multi-mission copabilities

and military/civil commonality.

o Adapt the selected configuration to u reference mission and evaluate the

direct operating costs and life cycle costs,

) Identify the most promising technologies which should be pursued to enhance

mission accomplishment,

Guidelines for the conduct of this study and the overcll plan followed to achieve the

objectives are reviewed in the remainder of this section,

2.1 STUDY GUIDELINES

Guidelines for the conduct of this study were defined by the Air Force,* adopted from

the NASA Span-Distributed Loading Alrcraft Program,** or suggested by Lockheed and
Westinghouse. For ease of presentation, these guidelines have been grouped according
to whether they constrain the mission, the aircraft aaanuraﬂan, fhe nuclear propulsion

system, or tha ecanamic evaluation, -

2.1.1 Mission Constraints
-~ o . . Cruise Mach number: 0.75
o Payload: 400,000 Ib and 600,000 Ib
o , Payload type: oo 463L pallets (10 lb/ff cargo density, 375 Ib tare weighf)
N ‘00 8-ft x 9.5-ft x zo-ﬂ or 40-t containers (10 Ib/f cargo
_density, l 3 Ib/ft tare weight)

o -""'_'mﬁve Airaraft Design Study, Task It," Air Force Raquesf for: Praposal
© F33615-76-R=0112, March 31, 1976 (Ref. 1)
e f #* “Technical and Economic Assessmenr of Swept-Wing Span=Distributed Load Cancapts
- . for Civil and Military Air Carga Trampom, " NASA Raquasf for. P"OPOSU' B
b - Juno 2, 1976. (Raf 2) -




Emergency recovery range: 1000 n.m.
Field length over 50-ft obstacle: 9000 ft (sea-level, 93°F hot day)

.2 Configuration Constraints

) Cargo compartment outsized capability to be at least equivalent to that of
the C-5 aircraft .
Cargo compartment floor strength to be adequate for one or more fully
equipped M-60 main battle tanks
Cargo compartment to have 10,000-1b and 25,000-1b tie=-down points
throughout
Cargo compartment environment minimums to be 50°F and 18,000-ft pressure
altitude
Air drop capability not required
Capability required to air launch either long range cruise or M-X missiles
Capability required for aerial refueling and conversion to a tanker within
24 br
Structural design toconform to current military and commercial specifications
with a 2,5-g load factor

- Alrcraft dasign life to be 60,000 operutional hours

Nuclear System Constraints o

Reacfor system: Liquid-metal-cooled Nuclear Extended Range Aircroff
- (NuERA) Il reactor* ' ' '
~ Reactor operational lifetime: 10,000 hr
Dose rate criteria: 5 me/hr at 20=Ft distances from reactor center

Engine turbine inlet rempefamre Iimnted to 1600°F by heat exchunger dunng e

” nuclear-powered cruise
: ', ‘Reactor inopemtive durtng takeoffs chmb,emergency crmso, descent and
© lendings. | ' | o |
, o
‘_.T-E_Werle, et al, "High Temperafure Liqutd Muful Cooled Reactor Technology, "

Wesﬂnghouse Astronuc!eur Laboratory Report on Confrocf AF 33(615)-69-C-l430, :
Vol 1-3 Mcu'chl970. (Ref 3) S ,
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2.1.4 Economic Constraints

o Cost base: January 1975 dollars
0 Annual utilization: 3000 hr - civil, 1080 hr - military
o Crew size: 4 persons |
o Fleet size: 250 aircraft
° Operating life cycle: 20yr
o Fuel prices: JP - $3.30/10° BTU (50.40/gal)
Nuclear - $0.65/10° 8TU

2,2 STUDY PLAN:

The general approach followed to achieve the study objectives is illustrated in Figure 2-1,
Numbers and letters in the lower right<hand comer of each activity block on the study

plan correspond to section and appendix designations of this report,

Parametric studies were performed, subject to the study guidelines, for one conventional
.and three unconventional aircraft configurations to determine the minimum rakeoff gross
“weight version, The four configurations had identical technology features and levels,
as identified in an assessment of technologies projected to have reached state=of-the=
- art status by the year 2000. Standord technology items so identified and included |

: throughout this study were supercritical atrfoi Is ' composite materials, high=thrust-level
~ engines, and relaxed stutlc stability, '

| -~ Several nuélegr.propulsion cycle concepts were investigated as part of this study, Two
~ of the concepts embodied dual-mode engines, that is, engines which can operate on .
- both nuclear heat and JP fuel, The other concepts required separate dedicated engines -

o cdpablé of opemtingron just nuclear heat or just JP fuel. The recommended propulsién

v.cycle and the selected conﬁgufohon identified in the parametric study were used in the -

. design of an aircroﬁ fora reference rmssaon supplied mldwcy rhrough this study by the -
o ’Au' Force. ' ' o
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Sensitivity studies were performed for the reference aircraft to assess the effects of
variations in the performance requirements, technology levels, and nuclear operating
philosophy . Subsequently, direct operating costs and 20-year life-cycle costs were

derived as part of the economic analysis of the reference aircraft.

A conventional JP-fueled aircraft was designed for the reference mission to serve as @

basis for comparing the technical and economic competitiveness of the nuclear-powered
aircraft, Results of the comparison of the two aircraft were responsible for the
conclusions and many of the recommendations for future studies. Other recommendations

were identified during the parametric, design, ond sensitivity portions of this study.
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3.0 CONFIGURATION ANALYSES

This section contains the results of studies directed toward the first part of the study
objective, that is, to determine the minimum weight nuclear aircraft configuration from
several candidates, subject to the study guidelines. Several cargo compartment layouts
were evaluated for each candidate configuration and efforts were made to minimize the
fuselage wetted area and pressurized volume. Subsequently, parametric studies on
aircraft geometry and performance were undertaken for each configuration to determine
the minimum weight design. For each of these optimum designs, refinements were made
and sensitivity studies were conducted prior to selecting one configuraticn for develop~

ment to satisfy the reference mission, as discussed in Section 5.0,
3.1 BASELINE CONFIGURATIONS

Four candidate aircraft configurations were analyzed in this study to determine the one
most amenable to the application of nuclear propulsion for the spbciﬁed missions. Plan
views of these conﬁghrcﬂons are shown in Figure 3=1. For identification purposes in the
remainder of this report, these configurations have been dds'ignoted as conventional,
" conard, spanloader and dual-spcnlocder. The last mle, as shown by the fourth plan= |
~“form in the figure, cppltes toa sponloader aircroft derivaﬁve hoving dusl mctors, ona

" Tha conventional aircraft is 0 designated beébdse of s simi lérn‘y to thé lorge rrunsport,"' )

o . aircraft in mvico today . ‘This olrcmft has e T-tailed empennage. moumed on the aft:

~ fuselage. Large turbofan mgfna are mounted beneath fhc wing. The reactor is. locoud
approxima‘aly in the middle of: the fuuloge near the otrcraft center of gmvuiy. All of

| “the cargo it ‘:cmied in the fuselage with any outsized equupmnni iranmom:blo forward -

~ of the reactor while °°“'“'""“?-'d or pulleﬁzed cerga is oc:ommodend enthor forward =
'omﬁoffho reactor, . : A . .

The canord aircraft ac’:liie_s_)a its hori;onfql tlight ‘cénffol 'trmsu’ghra canard surfcce "

| ii‘mwted_beﬂcqtb; the forward portion of the fuselage. Vertical surfaces ot the wingtips o
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fulfill a double function of providing directional control and reducing the induced drag

by effectively increasing the wing aspect ratio. An outstanding advantage of this .3

configuration is that the reactor location is aft of the cargo compartment and ' i

is coincident with the aft end of the fuselage. Thus, all of the cargo is loaded into the

fuselage forward of the reactor, thereby requiring only one loading position,

The spanloader aircraft is so designated because of its characteristic feature of having , N \

containerized or palletized cargo loaded throughout the entire span of the.wing. The

reactor is positioned in the aft end of the fuselage, and the remainder of the fuselage is

. capable of carrying outsized equipment.. Flight control surfaces on this aircraft are

similar to those on the canard aircraft, The engines are mounted on top of the thick

supercritical wing to keep the cargo compartment floor height to a level serviceable by

»*
existing ground=based loading equipment, The last feature is a variation from Lockheed's

previous design of a JP-fueled spanloader which did not have a requirement to use

existing loading equipment .

The dual-spanioader represents an attempt to extend the spanioader design philosophy of

distributing the payload and fuel in the wing to achieve a balance between inertia and

‘flight loads, thereby minimizing aircraft structural weight, Two recctors, with a tetal

power equivalent to that needed for propulsion, are located in the wing in an effort to

distribute the total reactor weight, This increases the wing span and reduces the induced =

drag through the higher wing aspect ratio,

- Further details are }prasentedl in Section 3,2 on the common features of these candidate

. configurations and on the implications of the technology levols vsed, as por the
" technology Gssasment results in Appendix A IR

‘ W ﬂ Uohnston, J. C. Muohlbauer, et al “Technicol and Economic Assessment of
_ Span=Distributed Loading Cargo Aircraft Concepts, " NASA CR-1 45034 Lockheed-
Gaorgio Compony, 1976 (Ref 4) o




3.2 BASIC DATA

Standard design criteria and data were used in the parametric studies to develop the

. optimum design for each aircraft configuration. The data base and the pertinent criteria

. in the areas of structures and materials, aerodynamics, propulsion system, and flight C )

' controls are reviewed under these headings.

B 3.2.1 Structures and Materials

- Basic structural design criteria were selected for use in determining the weights of the

aircraft and in computing the structural loads, rigidity requirements, and sizes for point=
‘ design. These criteria were chosen for confomity with current miivi-tary specifications . *
K  Specific criteria included limit load factors between +2.5 and =1.0 g's for maneuvers o
and +1,5 g's for landing and taxi. Structural design speed criteria were 350 kts in %

cruise and 410 kis in a dive,

R
3N

A e

In addition to the design criteria, certain assumptions were made conceming permissible

. strass |evels in the structural materials, Current cargo alrcraft wings, using conventional
- aluminum and construction techniques, are designed with tensile strength limits between
o 45,000 and 55,000 psi, depending upon the design lifetime, The _relhtively low limitgfr
. aredue primarily to fracture and fatigue properties of cu,rrént metols ovei' long o L . R 5

- operational lifetimes exceeding 30,000 hr. Significant increases in these levels are = _, -

" pro]ected through future advances*™ in design practices, enalytical techniques, I
manufacturlng methods, and metollurgicai research. By the year ¢ 2000, when nuclear

o uircroﬂ could become a reomy, aluminum tensile smngth Hmits of 70,000 psi are - o R
.. reasonable goals for a design life of 50,000 to 60 000 hr. This strangth gJidelme was L

| adopted in sizing alomlnum sfructurol elements.

gt s Tl AT e
A Y PR

¥ "Altplane Strength and Rtgidny“ saries, MIL-A-8860 serses, Deportmont of Defenso. SR
~ (Ref. §5)
- “Ajrvorthiness Standards: Transport Catagory Airplanes, * Federal Aviaﬁon Ragulu- _
_tions, Part 25 (FAR 25), Federal Aviaﬂon Administmlon Depamnt of e

. Trerspottation, 1974, (Ref. 4)
*w E. A, Starke, Jr., "The Fatigue Rusustcnca of Aircmﬁ Materials, The Cumnt

o ﬁww,“:.enmom Lockheod-Georgw Company. Sept.. 1976.. (Raf 7)
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" Developments in the field of advanced composites are expected to equal or exceed those
in conventional materials during the rest of this century. Improvements in relative
economics coupled with the higher strength-to-weight ratios of composites compared to
conventional metals, will éroduce a high level of composite material usage in future -
aircraft, For these reasons, it was assumed that 40-percent of the structural weight of

the aircraft in this study would be graphite/epoxy with a design stress level of 140,000

psi.

- Weights for:the major structural components of the point design version of each configura-
tion were estimated through the use of statistical equations which have been used |
extensively for JP-fueled aircraft, Weights of the nuclear subsystem and the support
equipment were predicted using the equations in Section 4.1 and Appendix D,
respactively, An additional vseight, equal to 3 percent of the nuclear subsystem weight, -
was added to the fuselage weight, This approach was found m Reference 8*to be a
reasonable approximation of the weight of structure neaded to attach the nuclear sub-

systam inside the fuselage. -

Pressurized fuselage shells were |imited to 22,000 psi stress levels in'aluminum and

- 25,000 psi in composites ot the cargo compartment pressure differential of 4.5 pst,

- equivalent to a pressura altitude of 18,000 ft. Thesu siress levels are an increcse over
- proven satisfactory levels for-pressurized compartment designs in existing aircraft. |
B The derivation uf these stress levels was based on hoth thlgue and damage tolerant

* considerations. The level for the cnmposife material is deemed conservative , but was

jchosen in view of the small dafa base for datgning dcmcge tolercmt shell strucwm
' .'with composues. . B ’

- 3.2.2 Aerodynamics :

,_';:'The basic olrfoi Is used in this study emplcy the supercrmcal technology lovel -
hy f,}.‘cppropriafe for the late: 1990 rlma fmma. Th spanlcadar conﬁgurotion is based on.a

T c. ﬁuehlboum‘, "Anolyﬂcnl Invesﬂgotion of Contoinmem Concepts and Cntana
* for Airborne Nuclear Reactor Systems," Technical Report AFFDL-TR-71-56, L
Lockheed-Georgiu Company, Juna 1971 (Raf 8)
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~ 21-percent thick supercritical section, while the thinner airfoils used for the conventional

- and canard configurations are 'i_aqged on l4-percent and 18-percent sections. These base-

line airfoils have been deﬁned"\ij\ngl wind-tunnel tested by Lockheed. Versions of the :

basic airfoil have been scoled',_y_a‘l;"-n'ecessory , to satisfy the design requirements for the
‘parametric sizing process. \‘I."_ . | '. |
~ Typical variations in cruise Mach&umber ond lift for the basic airfoils are shown in .

: Eilgure 3-2 for two of the scaling variables, sweep angle and thickness. These curveswere a ]
‘-:r;der,ive‘d to give maximum thickness ratio at a drag rise of 10 counts. Two pertinent o
" limitations are noted on Figure 3-2. The first. constraint is that the maximum. thickness-

ratio normal to the leading edge, t/cﬁ ; for the wing be limited to 30 percent, The -

Ao C T
ST RS

thickness ratio normal to the leading edge is equivalent to the streamwise thickness-to-
chord ratio divided by the cosine of the wing sweep angle., The 30-percent limit may be
explained by referring to Figure 3-3, which illustrates the increase of profile drag with
increasing thickness ratios, At the 30-percent limit, the pressure drag produced by the
high thickness ratio value has increased the profile drag by 25 percent over the drag

“contribution from friction, resulting in unacceptably poor performance levels.

~ Another limit to be considered is the section lift coefficient for which an optimistic value
~ of 1,0 has been used for illustrative purposes, Realistically, a section lift coefﬁcient
value in the 0.7 to 0.8 range is better suited to fhe 2000 time penod bosad on
: esﬁmated technology Ievels. , ' |

- Parformance levels projected for both the swept-wing, span-loaded concept and the
canard conﬂgurction are pamolly attributable to the and ploting from the wingtip- -
: mounted verﬂcul stabilizers, Hoerner* has provided an equation for colculoﬂng the .
= '_ effective wing aspect ratio, AR o resulting from the end plating. Excellent ugreement :
~ has been found between Hoemer" s equaﬂon and the results of detailed wing Ioadlng
L cnalyses. This equation is= - | o

L § F. Hwnef, Fluid—Dyncmic Dfag, published by fhe author, 1958. (Reh 9)
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- _ Roughness and-interferance drcg corrections, equal to 3 and 5 percent of the basic
o proﬁ le drag, respectively, were inciuded. The trim drcg penahy and mtscellaneous

- _»factor.us_cd for the calculation of the induced drag. Table _3_.-.1 ‘summarizes’ these values. .'A

TAKEN FROM REF. ¢
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Figure 3=3. Thickness Ratio Limitation Due to Pressure Drag

AR5

where: Akgm is fhe actual geometric wing aspect ratio,

= AR o (10 4 0.9 h/b)

h isthe helght of the vertical endplate, and
h b s fhe wingspan

R ~ Drag characfertsflcs of the aircraft were estimated on a component buildup basis. The .
~ skin friction drag was detemined for the wetted area and characteristic Reynolds number-
o for each component and was referenced to the aireraft wing area, Appropriate shape '
o facters were applied to the skin friction dfqg to obtain the profile drag for each L |
compenent, The. 'suonf'the'se component profile drdgs formed the basic profile dmg._ '

drag were assigned on the basis of the particular conﬂguroﬂon, as was the efﬂclency

e
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TABLE 3.1. CONFIGURATION TRIM AND MISCELLANEOUS
DRAG COEFFICIENTS AND EFFICIENCY FACTORS

Configuration Spanloader A ‘Canard . Conventional
C +C © . 0,0005 0.0005 ~ 0.0016
D, . D. .

trim mis T .
Efficiency Factor 0.89 0.92 | 0.95

. - In addition, drag penalties due to the variation of the wing profile drag with lift
- coefficient and Mach number were mcluded A compressiblhty dmg mcrement of 10 .

' -coynts; was. mciuded for all conflgurahons.

- The high lift system for all configurations consisted of a 30-percent-chord double=slotted
flap arrangement, Additionally, a 15-percent-chord leading-edge device was used on
the conventional and ctnard configurations to augment the flap system, This device
was excluded from 4!he spanloader, however, as it was of small value due to the .

inherently high wing thickness ratio typical of span-loaded aircraft.

~ 3.2,3 Propulsion System

an open Brcytoh thermodynamic cycle, This cycle has received the greatest attention in

- "vwcs selscted for use in the parametric studies of Section 3.4, However, several -~ -
_alternate bropulsion cycles were analyzed and compared with the open Brayton cycle,
s discussed in Saction 4.0, to select rhe cycle to bo used in the desim of the reference
aircraft of Section 5, 0. |

B ‘For purposes of discdssion; the propulsion system of Figure'3-4-i_srcom'pose'd of three |

' elements: the nuclear .subsystem', the engines, and cycle equipment for trnﬁsferring

: Venerg'y from the reactor to the engines. The feactor,' its shielding, 9hevcdmcinrh'enf

_ vessel and all other equipmenf internal fo the containment vessel are considered to be -
_ " '._parf of the’ nuclear subsystem, Basic data on each of tho threa elements of the symm
- ':arQ pmemed subsaquently. o ' ' e '

o

"‘Figure 3-4is aschemotic representation of an aircraft nuclear propulsion system based upen

__recent studies, Since it has the best data base of all candidate cycles, the open Brayton
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2 _ Figure 3=4. Nuclear Propulsion System Schematic

3.2.3.1 Nuclear Subsystem (NSS) .

. The reference reactor used in this study 1s a liquid-metal-cooled fast reactor as typified
* . by the NuERA Il concept (Ref. 3), which is described in further detail in Appendix B,

In the NUERA 11 studies, Wastinghouse formulated a nuclear subsystem dasign computer
‘program COP-DS (Component P_aramefrl-c = Design Subroutfnes) with seven parurqem's or
- Input variables. The program was developed to perform c pracess of core design, :
S .reacﬂvity control system design, shielding analysis and design, specification of the
e - | primary coolant loop, including primary heat exchangers, auxiliary component shielding,
_ " - and containment vessel design. The seven major input pcmmefers fer which values are B
selected by the users. of COP-DS are. the followlng. - " o

o . v?:Roactor Power l.evel i
o Reactor Full Power Operating Lifetime =
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“Allowable Average Atom Percent Burnup in the Fuel
Core Outlet Temperature :
-Coolant Velocity

- Dose Rate Criterion

Impact Velocity of the Containment Vessel

A.discussion of the allowable ranges of these variables is found in Volume Il of Ref. 3.

_vFor spec:f'ed values of the seven input parameters, the program does a weight optnm:za—
| ~tion on two internal narometers ' fhe maximum fuel centerline temperature and the
thickness of the fuel cladding. For the optimized configuration, a detailed output
format is available which provides information onthe thermal, nuclear, and mechanical
characteristics of the core;. thicknesses of the various shield layers in the primary radial,
transverse radial and axial directions; and wetght and dimensional data of these and al!

other components in the system.

In this study a reactor full power operufirig lifetime of 10,000 hr was used. Other
parameter values from the NUERA reference design which were used for this study
included: an 11.4-percent allowable average atom burnup, a core outiet temperature
of !800°F,»a coolant velocity of 27,8 ft/sec, and a dose rate criterion of 5 mr/hr at
20 ft forward and aft of reactor centerline during operoﬁon and 5 mr/hr at 20 ft in any
direction 30 minutes after shutdown, An Impact volociry of 250 ff/sec was used for
esfablishlng fhe containmenf vessal thickness,

~ Using these parameters in the COP-DS computer code, the component waights and

" dimension were calculated for various reactor power levels. The nuclear subsystem
weight (all components out to and Including the confuinmenf vossel)ond the cantcinmenr
-outer digmeter variations with reucfor power«are shown ln anures 3-5 and 3-6 foruse in -

cuL wd B

-mrcreft parammic studies. R e A




NUCLEAR SUBSYSTEM WEIGHT - 1000 LB

200 300
REACTOR POWER = MW

Figure 3-5. NuERA Nuglear Subsystem Weight Variation

©3.2.3.2 Engines

Data for advanced turbofan engines with four discrete bypass ratio values of 5.8, 8-.4,
13 and 18 were used as a base In scaling the propulsion systems for each aircraft in this
study . | These base engines are single stage fans and are consistent with gas generator - o
- fechnblogy‘ predicted for the late 1990 time period. Characteristically, these engines”"r
:f\-_l.__.'uso chemical JP fuel for take>ff, climb and emergency cruise; nom\al cruise theust ls c ?7 -
o : "iips'ovided from energy ganeruted by the nuclear reucm. ' e

| ‘-Arécent NASA-Amés Short=Haul Systems‘Stucrl}y*r(NASS-S) providéd the background | R
°"9"‘° duta for ““3 "Ud)’- The fhefmodynamac cycle frends and the voricﬁons of bypass - o

T, F Higgins et al, "S*Udy of Quiet Turbofan STOL Aircraft for Short Haul -
) Tmmpoﬂotlon,“ NASA CR-2355 Lockhead Aircmft Corpomtion, 1973. (Raf IO) :
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Figure 3-6.t~ NuERA Containment Vessel Outer Diameter Variation o

. 'Arotios, fan pressure ratios, weights, and dimensions of the 1965 fechnology level NASSS 3
" engines were adjusted to late 1990 technology levels, as projected by various engine |

f manufacturers ’ mcluding a 100,000-lb moximum thrust per engine limitation imposad by

-~ test facility: sizes, From the adjumd engine data, four design points ware chosen as the
-';"'_",bosic JP-fueled gas furbine engines which were subsequamly moditied for nucieur ; : R

<. propulsion., chml pcrﬂnent poramaters ot fhso engtms In eho nucloar-powond modc o
- icre showa in Table 3 2 S

Convorsion of the: fcur basic JP-fueIed Qnginss for nuclear oparatlon required constdcro- i s
*tion of the: offocts of reduced ollowable turbinc inlet temperaturo (TIT), incmmd B
'.}. burner pmsure {osses due to the NaK/ulr heat exchunggf , and chcm ges in engine T
o geometry, Due to momaal limitations of the heat exchanger added to the. engine for _ |
o nuclm operotion . tho moximum qllowabla TIT on nuclear power is pro,ected to he ;"




<TABLE 3.2. PARAMETRIC TURBOFAN ENGINE CANDIDATES

Takeoff: JP Fuel; TIT = 1800°F ~ Cruise: Nuclear Powered; TIT = 1600°F

Bypass Ratic
| Rated Thrust = Ib

Bare Engine Weight = |b

Maximum Diamater - ft

Cruise Altitude = 36,089 ft
-Mcch Number 0 75 -

CrQi;a Thrugr »-45

A:Crmse Chemicul SFC lb/hr/lb .

-* Speciﬂc energy consumpﬁon 'SEC) for fhe reactor is defined as the reac’or emrgy‘ TR

_ _ per unit thrust equlvalent 10 the energy ovot lable from the. chemical fucl per unif -
offhmst o _ _ o

o iv_--1600 Fin the year 2000, s;nce this tompwmre is chh !cwer rhun the 2600 Fvclue

R “p.cml for a cm;pondin;: JP-fuelcd engino, a stroight TlT reducﬂon ruulted ina

'f‘mis-match botwcen cmiso power und iakuoff .thereby producing very Iarge engines ond -~ o

- vohncles with excessive-takeoff performce. Censaquently, the baseline engines were -
L rodesignod to ohtain a bclm motch of wk:off and cmise tutbma lnlot !empmturcs

22




This was accomplished by using the NASSS parametric engine data for the range of TiTs
and design bypass ratios of interest, These data were used to generate scaling factors for
cruise thrust, specific fuel consumption (SFC), and engine dry weights, diameters, and
lengths for fixed values of engine rated thrust, The effects of the heat exchanger
pressure loss were included in the SFC, engine diameter and weight factors wi?hout
imposing untenable penalties on the engine cycle themmal efficiencies. These factors
were then used to modify the four JP-fueled engine data sets to obtain redesigned
nuclear-powered engine data sets with lower TITs for chemical fuel operation. This
redesign approach produced significant reductions in both engine and aircroft sizes as

engine design TITs approached 1600°F, while maintaining reasonable takeoff performance.

Typical effects on aircraft design are presented in Table 3.3 for variations in the engine |

takeoff TIT. For each engine takeoff TIT value, cruise on JP fuel was ot a TIT of

- 200°F 'Iqss than for takeoff while cruise on nuclear power was always at a TIT of

11600°F. The number of engines and their thrust levels were chosen, subject to the | |
100, 000-1b thrust per engine maximum limitetion,. to provide the total cruise thrust for .

- each of the. point design aircraft, The obvicus mismatch between engine takeoff cmd

. ecrvise thrust requiramonts produccd heuvy ramp weight aircraft with field Iength

,Iperfomnnce cupabilmcs considombiy shorter than' specuﬁod Relative fo the point..

. dasign aircraft in the first column, thn one in the fourth column exhibits a boﬂ'ar -

o motch botween tokeoff and cruise thrust nquiremems, clmr agreement with the B

- spcciﬂed ﬂold length of 9000 ft, ond approxlmtely a l!-percanf nducﬂon in rcmp L

R z"'wgight. To mest the spacified 9000-& field length, the design takeoff TlT of fh‘

S '-circmft in the fouﬂh column would b- Incmud slightly above xaoo .

, "f: 'l'hc dato shown ?n Tobles 3 2 and 3 3 includn ollowcncn for nommol environmwf -
- f':ﬁv.symm airbleed and accessory powor oxtraction for an mstalléd cngim . Additionol
""-,-_cngmo dntu hnvo been mcludcd in Appcm.ix C. Thc cngino w&ighn do not im.luda

o the heat exchungor wcighf, which is determined and tabulated seporanly (s«
e ;Appandix D).  The engine. pcrfomunce dah do raflcct nacellq drug peﬂalhes a pet

. tha followmg dm:ussion. A




TABLE 3.3. EFFECTS OF TURBINE INLET TEMPERATURE (TIT)
ON ENGINE AND A|RCRAFT*

T, °F : -
Takeoff - JP 2600 | 2200 2000 1800
Cruise - JP 2400 | 2000 1800 1600
(NUC-1600)
-"Numbérf-éq_f}qu‘;nes, O O LA R N R T
Thrust 1000 b
© TotalRated - | 86 | 728 52 | 478
Total Cruise 79| 78 74 71
| Total Engine Weight, 100016 | 153 128 4. | 78
Ramp Weight, 1000 Ib- 1935 1892 | 1788 | 17087|
| Field Length, ft | 3746 4473 8133 | e228

*. Conventional aireraft, 400, OOO-Ib payload, 20 deg sweep, aspect raﬂo = IO
Engme bypass ratio = 8 4 _

o " In the NASSS effort and a later study by Pratt & Whitney*, it was shown that aircraft

with high bypass engines installed in separate exhaust, short=duct nacelles were more * |

efficient than aircraft with similar engines installed in mixed exhaust, long=duct

3 ' "D, E. Gray, "A Study »f Turbofan Engines Designed for Low Energy Consumption, " L
: NASA CR-!SSOOZ Pratt & Whitney Aircraft Corporation, April 1976. (Ref ll)




T

e study hcwa been consadered to be FO" of ”"9 engines,

: ._;-‘;Destgn cr&foria ?ar sizing rhe dlrec.ﬂonai |uteral and longitudinal flight control
.{_;_i.r_,surche; were: selecfed based on 'rhe guide!ines af Miiimry Spaciﬂcnﬁon MIL-F-B?BSB *

nacelles. Thus, the short-duct nacelle, similar to that of the L-1011/RB211 or the
DC10/CF6, was chosen for all candidates. The engine performance data were corrected
to account for drag penalties associated with this type nacelle, which is closely wrapped
around the engine to minimize the total system weight. These nagelles do not include
any special acoustic treatment since noise level requirements were not specified for this

SfUdy .

| 3.2.3.3 Cycle Equipment

Nucleut pfépulsioh system components which are outside of the containment vessel can

" total to-a significant weight, These components include the secondary loop (piping,

valves and pumps and motors), shield cooling system, reactor decay heat removal system,

-end the reactor :ihstrumentotion and control system, The engine mounted NaK-to=air

= heat exchongers can; also be considered to be part of the secondary system , but for this

~

55?'1'he We{ghfs of these components vary with the reactor power and, in the case of the

;-‘secondnry heaf rransfgr system compmenfs, w:th the length of the piping runs requirad,

| Smca these weights are no? osﬁmmd as pm'f of the COP-DS calculations, parametric

.‘ .:reioﬁomhips we:é needed so thqt fho aircm?f conﬂgurotion studies could properly include
the variuﬁonsv in fhe wmghts of thase ccmponentsr; The parametric relationships and
thetr dorivat ‘ L | |

“‘_,Ts are’ mciudad in Appandix D:
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The directional control system consisted of 25-percent-chord rudders on the vertical
surfaces of each configuration. The vertical tails were sized to provide adequate static

directional stability (Cn =0.0015/deg), and the rudders were sized to provide
B8

adequate yaw control during cross-wind landings and critical engine-out cases, On the
spanloader and canard configurations, the wingtip positions of the verticals provide the
moximum tail arms with minimum weight penalties and increase the effective aspect

ratio of the wing.

The lateral control surfaces were designed to satisfy a roll performance requirement of
30 deg of bank in 4 sec. This is a minimum requirement, but bused on C-5 flight test
experience, it results in adequate handling qualities. The lateral control systems were
extended over the trailing edge of the outboard 25-percent of the wing span for all
configurations. The system consisted of fast-acting flaperons and spoilers for the span-

lcader and canard configurations, Ailerons were used on the conventional configuration,

The longitudinal control system consisted of a canard mounted on the forward portion of
the fuselage for both the spanleader and canard cenfigurations. A free=floating canard
was used so that aircraft stability would not be reduced. Adequate pitch control to-

accomplish nose-wheel lift~off at the most forward center-of-gravity position was

provided by spanwise blowing at the aerodynamic center of the canard surface,

" For the conventicnal configuration, the horizontal tail was sized to provide at least a
~§=percent static stability margin at the most aft center-of-gravity pesition. A 25-

percent-chord elevator provided sufficient control power at the most forward center of

. gravity position for nose~wheel lift=off ct_-iZO percent of the stall speed.,

3.3 ANALYSIS OF BASELINE CONFIGURATIONS

The flight stations for all cbnﬁguraﬁons are intended to accommodate a crew of four,
~including a flight engineer with responsibility for overseeing the operation of the
reactor. While space requirements for the flight station were estimated fqr' use in.

' sizing the pressurization .equipmeht,' no attempt was made fo, lay out the flight station
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since such an effort would have been considerably beyond the leve] of detail expended /’

on other aspects of the aircraft design.

It is recognized that altemnate crews and crew accommodations will be required on the
long endurance missions nomally envisioned for nuclear aircraft, Additional space
exists behind the flight station for use by an altemate crew on a cargo transport mission
If the aircraft is used on command, control, and communications missions , the entire
cargo compartment region could be reconfigured specifically for the mission with

adequate personnel facilities,

Sizing the cargo compartment and the fuselage was extremely sensitive to the cargo
-arrangement and the design criteria, -In addition to the criteria noted in Section 2.1,

other criteria were also used to develop cargo arrangements for the aircraft. These

additional criteria were established as a result of familiarity with military and commer-

cial aireraft cargo requirements, They are as follows:

o A minimum of 80 linear feet provided for outsized cargo, This arsa will have
a ceiling height of 13,5 ft at the center of the compartment, Other cargo
areas will have a minimum height of 10 ft to accommodate the container

dimensions,
A minimum clear access width of 19 ft.
Passageway widths of 14 in, between cargo rows and solid bulkheads,

Fors and aft clearances of 3 in, between containers, Transverse clearances
of 3 in, between containers with a passageway being provided on the

outboard sides of the cargo compartment,

A minimum space of 5 ft on either side of the reactor for instrumentation and

controls .,

A maximum carge floor height of 13 ft above ground level to be compatible |

‘with in-service loading equipment,




He

3.3.1 Canard and Conventional Configurations

~

Fuselage cross-sections and planforms were developed and analyzed for two, three, and
four-row cargo arrangemenits for both the conventional and canard configurations. In
developing these arrangements, efforts were made to minimize the wetted area and the
pressurized volume of the fuselage since these are the major factors in assessing the drag
- and structural efﬁcien‘cy of a fuselage.design. Consistent with the optimization effort,
the lateral clearance at the loading doors was restricted to 19 ft, adequate for

simultaneously loading two rows of containerized cargo,

A 30-ft long section was allotted for the reactor in the conventional configuration.

This spacing was consistent with the guideline to-allow a 5-ft minimum space on each side

of the reactor for instruments and controls. The canard configuration requiredonly a25-ft long

section for the reactor because of the aircraft design characteristics. In both aircraft,

the reactor must be located near the aircraft center of gravity because of balance

problems. The center of gravity of the conventional aircroft is near the center of the

cargo compartment, but in the canard the center of gravity is near the aft end of the cargo

compartment, Thus, the canard does not experience dose-rate space limitations on the

aft end of the reactor,

The two-row arrangsment produced extremely long aircraft which experienced rotation
difficulties during takeoffs subject to the 9000~ft field length requirement and reasonable
landing gear length restrictions. The foutsrow arrangement exhibited u large cross
section and a much shorter floor length than the two-row arrangement, However,
considerable drag penaities were incurred by the four-row arrangement due to the
incompatibility of the low fuselage fineness-ratio valve wi ‘h @ cruise speed of Mach

0,75, -Consequently, the three-row arrangement smergad as the best Fuseluge for the

K4

conventional and canard aircraft, . The fuselage cross-section for fhts au‘angemsnt, , -

shown in Figure 3-7, readily accommodutes both military and civll cargo height

requi rements,
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Figure 3-7. Fuseloge Cross=Section for Conventional and Canard Configurations

" A typical nosa section for either the conventional or canard aircraft is shown in Figure 3-8.
" The transition from the 25=ft constant section at the cargo floor to the 19-ft opening
- provides space for cargo in other than 40-ft long containers, Inasmuch as this condi tion
 also applies to the aft section of the cargo compartment in the conventional configuro-
' Hon , Q substitution was mude of two 20-ft long containers in lisu of a 40-{t container,
thereby taking advantage of otherwise wasted space. This reduced the overall length of
the fuselage with an accompanying sovings in aircraft weight, Schematic |cyouts of. the ,

containers are shown in Figure 3-9 for both confnguratnons. o
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Figure 3-8, Nose Section Floor Plan for Conventional
and Canard Configurations

'3.3.2 Spanloader Configuration
Cargo compartment layouts for‘ the spanloader configurations drew heavily from recent
studies on this configuration (Ref, 4). To meet the outsized military equipment require~
ments, the fuselage compartment was fixad at 80-ft long, 13,5-ft high, and 17-f¢ wide,
- This size will accommodate two 40-ft long containers in each of two parallel rows, A
25-ft long section for the reactor was provided just aft of the cargo compartment

~ similar to fhe orrangament on the canard conﬂgurofion.

-+ In aspanloader aircraft, most of the payload is carried in the wing, Thus, there isan =
interaction between cargo comportment Iayouf and wing deslgn which does not extst for i

T a convenﬂonol aircraft,
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For a specified payload weight, density and container size, the wing span dimension is

a function of the wing sweep angle and the number of parallel rows of containers.

Table 3.4 lists the span lengths calculated for the candidate spanloader versions in this

study., The range of wing sweep angles and one and two rows of containers were PR

selected for consideration based on the optimization studies performed in Ref. 4.,

TABLE 3.4. SPANLOADER SPAN DIMENSIONS, FT

Aircraft Payload (1000 1b) and Distribution
Wing Sweep 400 40
Angle, deg 1 Rew 2 Rows 1 Row 2 Rows
0 { 332 172 572 332
20 - 319 - 168 544 319
30 - 298 159 505 298
40 | 268 145 452 268 .
50 <} 128 325 231 i

All of the_qun]oéder parametric designs used scaled versions of ¢ 21-percent=thick

' :__s‘upercriﬁcdl airfoil section designated LG5-621, This baseline airfoil has been defined R B
and wind-tunneletested by Lockheed, Figure 3-109ives the streamwise chord lengths for o -
this airfoil when scaled for the ranges of wing thickness ratio and sweep angle values

. for one and two rows of cargo, Extensnve use was made of this figure: during the

- iteration process- of developing the parametric spanloaders discussed in Section 3.4.23. S

~ The iterative process resulted from the interdependence of aircraft weight, wing loading - - o i

| -and area, and wing fhitknq_ss ratio M_th its associated chard dimension and_drag levo_l .

f')
PR

" The duol-sponloadar sonﬂgumﬂon was considered to be only a vonoﬁon of the. basic ,
- spanloader, After the optimum basic spanloader design was determined in-the pommetric |
- analysis, it was modified for the dual-reactor concept. Two 40-ft long sections were .

.added in the wing to. accommodate two reactors whsch replaced the single reuctor in the

‘oft fuso(cgo. o



Birestorgra,,

 THICKINESS RATIO — PERCENT

THICKNESS RATIO - PERCENT

23

21

17

23

2l

19

7

- 1 ROW OF
CONTAINERS

50

WING SWEEP ANGLE - DEG 20 40
) " " 2 30 o

S0

34 58 62 &6 70
. CHORD - FT

74

2 ROWS OF
CONTAINERS

" WING SWEEP ANGLE -DEG 0, 30 40

20

e 2 " &

38 -"»_62' , 66 0 74
 CHORD - FT "

-~ Figure 3-10., Spcnlpb_d@; ,Wi:ng Chatd ;Dih\cf\sion;; -

haditeidad

RN



3.4 PARAMETRIC STUDY

" Parametric variations of aircraft geometric and performance characteristics were
investigated to minimize the ramp weight of each candidate aircraft configuration, In
the preceding section, cargo compartment arrangements were developed for each
configuration for the 400,000 and 600,000-": mission payload requirements. Efforts to
develop optimum aircraft designs to accommodate these cargo compartments are the

+subject of this section. Additional guidelines for these aircraft were the mission require=
ments to cruise at Mach 0.75, to have an emergency recovery range of 1000 n.m. on

JP fuel and to operate within a 9000-ft fi eld leng’rh

The parameters listed in Table 3.5were used to generate the array of aircraft designs from
which the minimum weight point was selected. The entire range of values was not
covered for each configuration. The engine design turbine inlet temperature is the value
for cruise on chemical fuel. Usually, the takeoff value is about 200°F greater than the

cruise value,

TABLE 3.5, PARAMETRIC STUDY VARIABLES

Crulse Altitude, 1000 ft 24103
Engine Bypass Ratio (BPR) ' 5.81018
Engine Design Turbine Inlet Temperature, °% . 1600to 1900 -
Wing Sweep Angle, deg - o 0to50
Wing Loading, Ib/f% = - - 8010 150
Wing Aspect Ratio ‘ 41012

LT X

3.4 Prellminufy Analyses

, Two methods were Invesﬁgotad for varying sngine thrust level on chemical fuel to meef '
- the field length restriction, The first-was the traditional mefhed of deﬂning an initial -

e -

© -power setting, that is the ratio of cruise thrust requi,redvt_o cruise thrust avu_iloble_. )
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power setting of 95 Vpercenf would mean that the aircraft had an excess thrust of 5
percent, The second method was to vary the engine turbine inlet temperature (TIT) at
slightly higher values on chemical fuel than on nuclear power, as discussed in
Section 3.2.3. Figure 3-11 shows the effects on aircraft weight and field length from
varying TIT and power setting independently for a 400,000-Ib payload conventional
configuration., The curves indicate that variations in TIT produce greater decreases in
field length for smaller weight penalties than do variations in power setting. Based on
these findings, the power setting was set equal to one for the parametrié study, and .

variations in TIT were used to achieve specific field lengths.

Some wing loading ~ altitude combinations produced aircraft designs with cruise lift
coefficients considerably higher than projected state-of-the-art for the year 2000, As o
guideline, the maximum cruise lift coefficient was limited to the value given by the
relationship '

CL = 0,8 cc‘s2 A
Mmax cruise

where A is the wing sweep angle measured in degrees at the wing quarter chord.,
Another guideline was established to achieve acceptable landing performance. Nuclear
aircraft have a heavy landing weight since they experience minimal fuel bumoff,
Therefors, an approach speed Iimitqtion of 140 knofs was choser. a3 o reosoncble design

restriction ,

- To simplify the pcramétric study and reduce the number of aircraft point designs, 7 :
- preliminary studies wera mads to select an engine bypcss ratio and cruise altitude. For -~ -

this pro‘ﬂhlhary'cnulysis, a 400, 900-1b j;aylaqd conventional configuration was chosan - N

“with design characteristics within the range of parametric variables of Table 3.5, As
- ,’shown on Figure 3-12, less thana 4-percent total variation in circraft weight resulted for

the four engine bypass-ratio values of 5.8, 8.4; 13 and 18 under consideration, Most .

of the variation occurred between the two lower values. Increasing the bypass wtlo
" above 8.4 saved less than one=half of one percent of the aircraft ramp weigm . This
smull benom wis deemd trrolevant compored to tho technology risk reqmred for
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2 Weight. Conventional Configuration,
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. development of the higher bypass ratio engines, Similar trends were obzerved for the
v, canard and spunloader configurations. Consequenfly, rhe 8.4 byposs-roﬂo engine was a
~wﬂccted for the pcmmetric studw, oy
\ . _ ‘Aﬂ@ﬁﬁf prelimi'mry "Udy was parformed to select a single cruise ulmu‘de for use in the' B

parametric study, For the analysis, each of the three conﬁgumﬂon designs were ﬂxed e

,, with 8,4 bypass-ratio engines and with other features in the mid-rcngo of the veriables .
- listed in Table 3.5.The. effect on aircmﬁ ramp woight was. invuﬂgated for omtudn
| ‘vortohons botwcen 24, OOOQnd 36, 000 ft. - '

- Almude-opﬁmizohon mulfs are shown in- Figuro 3-13 for the 600 OOO-Ib puyloud spnn- L
 loader configuration and for the 400,000-1b payload canard and sonventional -
configurations, all sub;ecf to a 9000-& field Iength requirement, Mimmun- weights for e
the thres. conf‘gwartom occurred ct altitudas of 28,000 and 31,000 f, Since the | e
L °°“ﬁ9“°“°'“ were. "'“"“’7 insensitive to altitude sarioﬁons near the ® optimun volues._ o
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Figure 3-13. Altitude Optimization Results

an altitude of 31,000 ft was selected for uniformity in the parametric study and to make

nuclear aireraf: flight more compatible with the traffic patterns of existing aircraft,
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3.4.2 Parametric Results and Selected Des_lgg

SR SR
B Tty R

Lockheed's Generalized Aircraft Sizing and Performance (GASP) computer program was-
used to genero;*e the parametric aircraft designs for the two mission payloads of 400,000
and 600,000 Ib, Common characteristics of all three configurations are listed in Table B
3.6, For each configuration and payload, designs were developed for more than 100 |
points in the matrix defined by the ranges of values in Table 3.5 for aspect rutio, wing
loading, sweep angle and engine design turbine inlet temperature , The minumum ramp
welght design for each payload was defined by the parumetrnc results for the canurd, _

conventional and spanloader conﬁguraticns.
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TABLE 3.6. PARAMETRIC STUDY COMMON CHARACTERISTICS

Cruise Mach Number 0.75

Cruise Altitude 31,000 ft
~ JP Fuel Range 7000 N.M.
~ Field Length 9000 ft

Engine Bypass Ratio 8.4

3.4.2,1 Canard Configuration

Aircraft designs were generated for the 600,000-1b payload canard conﬁgurchon for
wing sweep angles of 20, 30, and 40 deg and for chemical cruise engine TIT's of 1800

\

1850, and 1900°F. " The matrix of design’ pounts was further broadened by consudering

variations of wing loading and aspect ratio for each of the nine possible combinations of -

TIT and sweep angle, Typical results are shown in thure 3-14 for the one combination. of

a 30-degree sweep angle and an 1800 FTIT. Both takeoff distance over a SO-ﬂ' obstecle :

and ramp weight data are presented for the parameters of wing looding (W/S cmd aspect
ratio (AR). In working to define the. optimum design potnt a line of constont takeof?

distance, for the study requirement of 5000 ft was drawn on tha takeoff plat and’

. projected on the remp weight curves, " The lowest pamt or bucket on this projes*ted
9000t takeoff- distance curve defined the minimum ramp. weagh? olrcrcit for'the -

' parficu!ar sweep ongle and TIT values. : thg 'ouding and asped ratio vaiues focfthas
,ophmum oifcraft were mterpolufed from the remp weight plot, This procedure was o
repeated to defarmina the mmimum weight curcfaft for the other combinotions of‘“TIT cnd R

' Data for these minimum weight c'i'rcraff were then plotte& ina summry".motri":i", as Ql_;ow '

“in Figure 3-15 to define the opttmum TlT and sweep angle for mmimizmg the cm..wﬂ

‘weight. Superimposed on this matrix are curves for the upprooch speed limit, 95
discussed previously, and for the vertical tail span limit. The span limit was set at

20-.:ercent of the wing span for structural stability and flutter prevent }A{ for practical

| -geometric sizing, anc for compatibility with experimental data onle:i__d-plotmg_ effecrs.
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Figure 3-14. Typicol Porametric Results for 600, 000~y Poylood Canord
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As a result of these limitations, the minimum weight version of the 600,000~Ib payload
canard aircraft has a wing sweep angle of 30 deg and a TIT of 1850°F. A three view

drawing of the aircraft is included in Figure 3-16, Additional characteristicsare listed

~ in Table 3.7,

Parametric studies to define the optimum 400,000~Ib payload canard were simplified

considerably by the results from the larger canard study. The best aircraft would have
the minimum sweep angle of 30 deg and the maximum wing loading allowed under the
approach speed constraint., As a result of these deductions, the parametric matrix was

reduced fo variations of aspect ratio and TIT., The optimum smoll canard was selected

- from the field length and ramp weight parametric data in Figure 3-17. Additional

characteristics of this aircraft are summarized in Table 3.7.
3.4.2.2 Conventional Configuration

The conventional configuration sizing process was simplified as a result of the parametric
similarities between it and the canard configuration. Field iength and ramp weight
parametric data are presented in Figure 3-18 for the 600,000~1bpaylead aircraft for a
wing sweep angle of 20-deg and a TIT of 1700°F. The minimum weight aircraft defined
on Figure 3-18was compared with similar data for other constant TIT values, as shown in

‘Figure 3-19.After applying the approach speed limit to determine the optimum TIT for
 this sweep angle, similar data for other sweep angles ware combined on Figure 3-20, The
_minimum welight occurred at a sweep angle of 10 deg. Since there was less than 0 0,3-

percent variation in ramp weight ot 10 and 20-deg sweep angles, the 20-deg angle_wds' .
chosen to achieve better performance at a cruise Mach number of 0,85 in the

, sensitivity study of Sectioné 1.1, This selected design point aircraft is depicted in o
~ Figure 321, - o o S

R The sizing process fof the 400,000~Ib payload aircraft was Identical to that for the 7 N
-v 600 OOO-IB payload aircraft, Figure 3-22 showsfhé- effact of the approdch speéd limita=
‘tion in establishing the TIT end minimum ramp weight qircroff. Characmlstlcs of both

- alrcroff are summarized in Tablo 3.8, : ' B

-
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TABLE 3.7. SUMMARY DATA FOR OPTIMUM CANARD CONFIGURATIONS

Configuration Payload

600,000 ib

400,000 Ib

Wing Sweep Angle, deg
Wing Loading, psf
Cruise Lift Coefficient
Aspect Ratio

/D

Weights, 1000 Ib
Nuclear Subsystem
OWE
JP Fuel
Ramp

- Propulsion
. Reactor Size, MW o :

, ,'No.Engines' '

 Engine Thrust, 1000 1b

" Engine. Désign_ JPTIT, °F
| © Areas, W
o Wing

A- :’»'Ve_rﬁcals '

Cdnqrd '

30

427.9
1,314.5
171.4
2,085.9

30

390.5
- 126.2

1,544
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TABLE 3.8. SUMMARY DATA FOR OPTIMUM CONVENTIONAL
CONFIGURATIONS

Configuration Paylead
600,000 Ib 400,000 Ib

Wing Sweep Angle, deg 20 20
Wing Loading, psf

Cruise Lift Coefficient

Aspect Ratio
L/D

Weights, 1000 Ib
Nuclear Subsystem
OWE

~ JP Fuel

Propu!sion

'.A:Recctor Slzo, MW |
No Engi-m S
 Engine Theust, 100016

- ;‘.-Engtno Duign JP TIT, Fo _

Wing

: .'-:\,/e'rﬂécl-'-. o

 Horizontal
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3.4.2.3 Spanloader Configuration

The sizing process for the spanloader configuration differed considerably from that for
the canard and conventional configurations since the wing geometry of the spanloader is
dictated primarily éy the cargo distribution and box size, Each combination of
parametric values required that the wing airfoil be scaled to a size sufficient to
encompass the cross-sectional area of the wing cargo box. Similarly, the wing span in
“each case had to be sized to accommodate the length of the wing cargo box, In
performing the parametric study, the minimum chord, span and thickness dimensions used

for the wing were based on the data previously presented in Figure 3-10and Table 3.4.

Typicul parametric data from the sizing process are presented in Figure 3=23. This
particular set of data is for the 600,000-1b payload spanloader with two rows of cargo

and a 40-deg sweep angle,

All of the data points on the figure represent aircraft with aerodynamically-designed
wings, but these aircraft do not necessarily have wing geometries sufficient to
accommodate the prescribed carge distribution, To determine the candidate design
points, the wing chords of the program-generated designs were compared with the chord
r_equirementﬁ for cargo enclosure for the particular value of wing thickness-to=-chord

ratio, For this matching process, the chord and thickness=to-chord ratio values of the

_ program=-generated designs were plotted on Figure 3-24 for each of the TIT values. The

. dashed line on the figure represents the chord requirements for cargo enclosure, as given

by Figure 3=10.The intersection of the lines are the points where the chord values match.
These intersection point values were then transferred to the middle plot on Figure 3-23 to
establish the line of candidate spanloader aircraft. To determine the aircraft capable of -
satisfying the study constraints on field length, the 9000~ft takeoff distance line was
constructed on the lower chart and then projected to the other two charts on the figure.

The intersection of the chord line and the takeoff distance line defines the only accept- . -

able aircraft for this sweep angle,
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The aircraft defined by the data set in Figure 3-23 was compared with similarly-defined
aircraft for other sweep angles for both a single and double row of cargo in the wing.

7 This comparison is shown in Figure3-235. As evident in this figure, the minimum waight™ -
- design had a wing sweep angle of 30 deg and a double row cargo distribution. This |
optimum point was somewhat below the approach speed limit of 140 kts, Such was not

. the case for the single row cargo distribution where the approach speed limitation
- _restricted the moximum sweep angle to 44 deg. Characteristics of the selected aircraft
_7u_:e summulriz_ed in Table 3.9, and the aircraft is depicted in Figure 3-26,

A similar optimization process was followed for the 400,000-!5 payload spanioader,

'“»_Only the single row cargo disfri_i)ufion was considered in detail for this payload, The A o
: " double row distribution was rejected during the initial sizing process when it 'becume- .
" evident, that due to the small geomafric aspect ratio values of lass than three, the ,

B japproach speed limit and reasonable wing Ioodings could not be achieved aven wifh vety
o 'heovy onrcroft Figure 3-27shows thot g 30ng ;weep angle gives the mmimum wei th
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TABLE 3.9, SUMMARY DATA FOR OPTIMUM SPANLOADER
CONFIGURATIONS

Configuration Payload
600,000 Ib 400,000 Ib

No. Reactors

Wing Sweep Angle, deg
Wing Loading, psf
Cruise Lift Coefficient
Aspect Ratio

VD

Weights, 1000 |b
Nuclear Subsystem
OWE

| JP Fuel
Ramp

Propulsion | |
‘ j.Reactqr Size,‘M"W;. |
‘No. Engines

_ 'Engine Thrust, 1000 b "
| - Engine DesignJP TIT, %

Areas, frz'_
. ‘Wing
: 'jV’erﬁcals" :

- Canard

30

" 102,7
0.434
4,47

19.6

464.5
1,309.8
| 203,4

2,132

30
103.7
0.439

5.68
21,9

900.0
1,864 .4
236.4

2,700.9

Sy |

e |

3820

R IS

1

30
90.9
0.385

20.2

424.9

1,114,2
158.4
1,672.6

e
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assumed that the nuclear subsystem shape could be changed without a weight penalty -
from a sphere to an oblate spheriod of a size that would fit in the wing. As part of this

design modification, the span was increased by 80 ft,

A e

Figure 3-28 shows the resulting dual-reactor spanioader, The weight characteristics of the
aircraft, as summarized in Table3.9, clearly indicate that the desired effect was not
achieved, The severe weight penaity imposed by dual reactors and the additional span
length increased aircraft ramp weight from 2,113,190 |b to 2,700,878 b, Consequently,

this concept was dropped from further consideration, _ A

3.4.3 Full Reactor Usage Sensitivity

Prior to selecting one configuration as cotimum, an alterate reactor utilization

philosophy was considered and the effects on the aircraft were assessed, For the
parametric study, the reactor was assumed to be inoperative during taxi, takeoff, climb, _

descent, landing and cruise over the recovery range, Thase operations were performed

T T

solely on JP fuel,

In the sensitivity analysis, the reactor was sized, as before, to meet the cruise thrust
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o 'J’requikements. However, the reactor was assumed to be fully operational during taxi,
~ takeoff, climb, descent, and landing maneuvers, and at half powar for the recovery

. range cruise. Additional power requirements in excess of tho reactor ccpubihry w;re :

provided through JP-fuol cugmentaﬁon. ,

. The mg.m of this sensitivity analysis are listed in Tables3.10and 3,11 for the 400,000 and -~
’ ] "400,000?lb payload con_ﬂgu_mﬂoﬁs, respec:ﬂ,\}e_ly-; :thle all six aircraft realized benefits

o in terms of 'reduéed weight for this dltefhafe'reccrbr usage philosophy, no cne aircraft | .
‘benefited substonhclly more than any othor. Thus, bhis sensitivity study dld not prowdo
any mults thaf would strongly mfluence the selecﬁcn of tho optnmum conﬂgmtion R




SPAN 378 FT

LENGTH 257 FT
HEIGHT 100 FT

' LS V.r v ],D

L :'Figuﬁre 3-28." Dual=Reactor 5_9‘-‘“'*’@“-’; L




TABLE 3.10. JP FUEL SENSITIVITY - 600,000-LB PAYLOAD AIRCRAFT

Conventional
OWE, 1000 Ib
JP Fuel, 1000 lb
’Ra:qp Wt, 1000 ib

Field Length, ft

Canard
OWE, 1000 Ib
JP Fuel, 1000 Ib
“Ramp Wt, 1000 ib
Field Length, ft

‘Spanloader

o, T

Ramp Wt, 1000 |b
Field Length, n ;

Selected* Altemate** Percent
Aircraft Aircraft Reduction
1,382.5 1,317.4 4,7
178.7 49.5 723
2,161.2 1,966,9 9.0
9000 8660 4.2

1,314.5
171.4
2,085.9

9000

9000

1,256.0
33.2
1,889.2
490

et benand Tamidas L nELnd RN e v L L s

o . Tokuoff elimb and emergum:y cruise on JP fuol

e Takeoff and climb with full-power reactor and JP fuel, -

emcrgcncy cruise with half-power reactor and JP fuel f '. 3

SO B B el




TABLE 3.11, JP FUEL SENSITIVITY - 400,000-LB PAYLOAD AIRCRAFT

Conventional
OWE, 1000 Ib
JP Fuel, 1000 Ib

Field Length, ft

Canard
OWE, 1000 Ib
JP Fuel, 1000 Ib

Field Length, ft

- Spcvmlpad}err' .

""A'}A;'C“NE.lbooibf'

JP Fuel, 1000 1b. |

 RampWe, 100016
Fleld Length, ft

Selected*
Aircraft

Altemate**
Aircraft

Percent
Reduction

Ramp Wt, 1000 Ib

Ramp Wt, 1000 Ib

1,067.6
132.4
1,600.0
_ 9000

1,015.2

126.2
1,541.4

9000

V2 |

158.4

1,672

1,023.3
37.8
1,461.1

4,1

71.5

8.7
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8433

- 25.2

- 8355
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s |

6.3

80.0

72

e |
87 .
165

4 . 'fakqoff, climb, and emergang:y cruise on JP fuel‘_v
w*  Takeoff and climb with full-power reactor and JP fuel, ’
- emergency cruise with half-power reactor and JP fuel - -
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3.5 CONFIGURATION SELECTION

~

The selected aircraft for the three configurations had very similer ramp weights, as a
comparison of the weights in Table 3.10 or Table 3.11showed for each payload. The
difference in ramp weight between the lightest and heaviest 600,000~1b payload
configurations was only 3.6 percent, For the 400,000-1b payload configuration, this

difference was 8,5 percent, Thus, one configuration did not emerge as clearly superior

to the other two,

Characteristically for an aircraft parametric study, some design parameters are fixed at

-va'ues which, on the average for the ranges of parameters being investigated, will yield

reasonable aircraft designs. Typiccl of the quantities fixed are the tail volume
coefficients, the wing and landing gear positions relative to the fuselage, and engine
placement, This approach is mandated to limit the scope of the parametric study. Asa
result, the optimum aircraft indicated by the trends of the parametric data usually
requires some minor refinements for an acceptable design, Severai such refinements were

made on each of the configurations prior to selecting the optimum one,

| 3.5.1 Ccﬂgumtion Refinements

Weight balances were performed on the six otrcraft, ond the results were used in o

. check of the tail sizes to assure adequote stobmty and control capability, Subsaquent{y, '
_smoll adjusm_sents were made to the tail volume coefficients and .wlng logcﬁo__n on the |

B fusqlug_p .

W%th the chcmge in coefficient for the vertical surfaces on the canard uircmfr it

o bocame apparent that three verfical tails would be needed to <eep wtthin the ver‘ical

spon limitction .The third verﬂcal surface was mourted on the aff fuseloge and swept at -

a 30-dag angle to increase its moment arm , ' Both of the wingtip-mounted verﬁcals were

tesh'icted toa 20—deg sweep ongie to mimrmze pomble wing flutter prcblems. , o
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The stability and contral check and the weight balances dictated some shifts in wing
position and/or gear location for both the canard and conventional configurations.
Generally, the wing shift was away from the reactor, thereby increasing the length and
weight of the nuclear system ducting between the reactor and the engines, To counteract
this weight increase, the engines were moved inboard on all configurations.
Concurrently, the spacing between engines was increased due to aerodynamic inter-

ference considerations.

The vertical surfaces on the spanloader configurations were inadvertently specified for
an aft=chord position on the wingtip. To preclude the flutter problems that were
encountered previously (Ref, 4) with the verticals in on aft pesition, both verticals were

moved as far forward as possible on the wingtips.

Figures 3-29 through 3-34 depict the six aircraft following the refinement efforts.
Weight starements of these aircraft are compared in Tables 3.12 and 3.13 for the
600,000-1b and 400,000-1b payloads, respectively. Other characteristics of the

aircraft are summarized in Tables 3 14 and 3,15,

3.5.2 Selected Configgmﬁon

A comparison of the ramp weights in Tables3,12and3.13 shows thet the canard aircraft

had the lightest weight for both paylcads, For the large} poyload, the canard aircraft =~ |
~ was one percent lighter than the spanloader aircraft and 4,3 percent lighter than the. |

~conventional aircraft, For the smaller payload, the canard airceaft was 4.8 and 9 8

- ._percent ltghm than the convenhonol and spanlooder olrcroft, respecﬁvety.

: While tho differences in weights for the three conftgurafions were not ldrge ) the
~emergence of the canard aircraft as the lightest weight conﬂ guration for both payloads
* dictated its selection as the optimum: conﬂguroﬂon. For smatller payloods the
conventional- conﬂguroﬂon might prove superior, The data also mdicate that the
" spanloader configuration mighf ba bemr for larger puyloads than those considered in
- thls study. '
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Figure 3-34. Refined Spanloeder Configuration, 400,000-b Payload




. TABLE 3.12,

REFINED CONFIGURATIONS

WEIGHT SUMMARIES OF 600,000-LB PAYLOAD

Configuration Coriventional Canard Spanloader
Structure
Wing 270,013 200,478 234,926
Horizontal Tail 11,811 11,299 15,384
- Vertical Tail 9,496 16,473 12,802
Fuselage 180,917 162,861 90,525
Landing Gear 113,703 91,697 92,240
Nacelle & Pylon 36,029 33,643 37,644
Propulsion
Engine Installed 130,235 120,503 135,670
Nuciear Subsystem 456,037 444,290 A469,038
Engine HX & Ducts 164,640 201,064 190,249
 Aux. Cooling 18,586 17,5% 19,902
Fuel System 3,715 3,689 3,925
Systems & Equipment 63,816 62,651 65,879
Cperating Weight 1,458,998 1,368,243 1,368,182
Payload 600,000 600,000 600,000
JP Fuel Weight . 188,772 186, 149 210,684
Rump Welight 2,247,770 2,154,392 2,178,866
71
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TABLE 3.13.

WEIGHT SUMMARIES OF 400,000-LB PAYLOAD

REFINED CONFIGURATIONS

\

Configuration Cc;nvenfioncl Canard Spanloader
Structure
Wing 184,493 134,658 210,811
Horizontal Tail 7,931 7,622 11,640
Vertical Tail 8,048 12,403 11;264
Fuselage 122,548 106,842 82,276
Landing Gear 70,065 66,750 72,963
Nacelle & Pylon 26,234 24,456 -27,164
Propulsion
Engine Installed 95,651 88,337 93,416
Nuclear Subsystem 409,533 . 402,171 429,127
Engine HX & Ducts 114,564 124,699 143,246
Aux, Cooling 13,819 13,054 15,839
Fuel System 3,174 3,141 3,463
Systems & Equipment 50,089 48,876 56,936
Operating Weight 1,106,150 1,033,009 1,158, 144
Payload 400,000 400,000 400,000
JP Fuel Weight 137,763 134,981 164,052
Ramp Weight 1,643,913 1,567,990 1,722,196

22




A X T ) SR T

TABLE 3.14, CHARACTERISTICS OF 600,000-LB PAYLOAD
REFINED CONFIGURATIONS

SSHeoiTs

Configuration Conventional Canard Spanloader

Bt
&

Wing Sweep, deg 20 30 30
: (3 Wing Leading, psf 129.0 120.0 105.1
Cruise Lift Coefficient 0.546 0.508 0.445
Aspect Ratio 8.50 6.70 4 .45
| 4 /D | 22,04 22,24 19.69
Propulsion
": Reactor Size, MW 337 318 . 343
i No. Engines ' | -6 6 | 6

Engine Thrust, 1000 (b 91,4 8.9 | 9.3
Engine Design JP TIT, °F 1733 1722 1705

Areas, &2
Wing 14,972 17,351 19,965

LAV

Vertical : 2,260 5,025 5,082

Horizontal . 2,014 1,925 2,977

ﬂmx&%ﬁx%; Ui St iy s i




TABLE 3.15, CHARACTERISTICS OF 400,000-LB PAYLOAD
REFINED CONFIGURATIONS

Configuration Conventional Canard Spanloadér
Wing Sweep, deg 20 30 K
Wing Loading, psf 129.0 120.0 92,7
Cruise Lift Coefficient 0.546 0.508 0.392
Aspect Ratio '. ' 9.00 7.10 4,96
VD 22,13 22,29 20.12
Propulsien ‘

Reactor Size, MW - 246 231 - 284
No. Engines 4 4 | 6
Engine Thrust, 1000 b - 9.6 R4 66.5
Engine Design JP TIT, °F 7 | w2 | 1S
Areas, ft2 _
Wing o 12,409 12,634 17,916
Vertical Lest | 3,88 | 4,57
Horizontal 1,304 1,257 2,211
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4,0 PROPULSION CYCLE ANALYSIS

Three propulsion cycle concepts were investigated to identify the minimum weight

propulsion system. The three concepts, as shown schematically in Figure 4-1, were the

open Brayton, closed Brayton, and Rankine cycles, . -
. - \

The open Brayton cycle has received the greatest ottention in post studies and was, :

therefore, used as a base case against which the other two cycles were compared These R .

cycle comparisons were necessarily accomplished bafore the final study design pomt .
aircraft was selected, Therefore, a reference design point was selected at which - :'
comparisons were to be made. The reference case requirements are summarized m . N
Table 4.1. T s

The nuclear propulsion system was sized to provide sufficient thro;t forf:ici.‘uiso'plus'-o 309 -

fom climb capability. The reason for the higher thrust requaromenf Foi' “Smgie Mod :
Dedicated Engines" was to account for the additional drag of the dedicufsd oiwcmrcc!.-, :

~ fueled engines which were required. The NUERA 1| type of reactor wos usod os the V'
_reference system for the reasons stated earlier, Weight and volume were ostimofed oy C

 the COP-DS computer code for the criteria given in Soction 3.2.3.1. RV

Y
.

Assi'wqwn in Figure 4=1, intermediate heat transfer loops were assumed for all propulsion
cycles.'. With the intsrmediate heat transfer loops, the COP-DS results for NuERA
- nuclear subsystem weight and vol ume can be used directly for cny of the propulsion cycle

concepts .

“In both closed cycles, essentially all of the reactor energy is transferred to the fan ai r :

stream. Part of the reactor power is input through the fan and the remaining reactor

energy s transferred to the fan air flow through the precooler, Since both closed .yclos
have this characteristic, the air portion of the propulsion system may be investigated
independent of the specific closed cycle, by assuming closed cycle efficlencies (fan

power/input thenmal power) and a prece oler pressure loss ratio, TP.ore are interactions

Segmmsat gl e el 0 e ey
SR TR AR e L L e I e i e e ¥

~ betwaen the closed cycle and fan air, such as approach temperature difference limits.

| R
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TABLE 4.1. REFERENCE DATA FOR CYCLE COMPARISONS

Altitude
‘Mach Number
Dual Mode Engines:

o Number of Engines

o Cruise Thrust per Engine (nat)

Single Mode Dedicated Engines:
¢ Number of Nuclear Engines
-~ o Cruise Thrust per Engine (net)
‘o Number of Chamical Engines ,
- & Weight of Chemical Engine (each) -
" Fon Efficlency -
o Turbam Efficiency
Comp ressor Efficiency

E NuERA I is the Referenca Nuclear System :

. lmpoct Velocity

e Effectwe Full Power Hours | .

e Dese Rate (20-ft forward ond oé‘t cf
- - teactor canter) :

-',:P‘Piﬂs-(so'ff/engnnq)_ -

30, 000 ft
0.75 Standard Day

6
18, 000 Ib

6

22,000 Ib
é

16,5001b
- o

93%

{2570‘Ff,’se9 )
] -1e,000
.-5,,’,,./|,,'._

30068




and condenser pinch-point temperature difference limits, but this type of initial scoping

provides insight into the overall characteristics of the complete propulsion system.

The required thermal input power per engine to produce a cruise thrust of 22,000 1b with
dedicated-mode enginesis shown in Figure4-2 as a function of the fan pressure ratio for
several cycle efficiencies. The curves illustrate that high cycle efficiencies reduce the

required reactor input thermal power, and thus, reactor weight. The curves also show

%0 Y
(.20

oo
(=
||

—0.30

.

8

—0.40
oovele
EFFICIENGY

g

_ THERMAL INPUT POWER-MW/ENGINE

3

AN PRESSURE RATIO

' Figure 4-2 Engine Thermal Input Power Sa..mg.'
S (Engme Theust = 22, 000 b)

28
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that increasing the fan pressure ratio to the point where the fan nozzle velocity becomes
~ sonic, reduces the required thermal power, and above that point, the thermal require-
ments increase slowly for a fixed cycle efficiency. However, as the fan pressure ratic
is increased, the fan exit air temperature (sink temperature for the closed cycle)

increases, which reduces cycle efficiency.

The fan cir flow rate required to produce 22,000 Ib of thrust isshown in Figure4-3asa
function of fan pressure ratio. The fan air flow rate decreases with increasing fan
pressure ratio, and higher efficiency cycles have greater air flow rates than lower

efficiency cycles for a given fan pressure ratio. Over the range of fan pressure ratios

oo

Seyete |
EFFICIENCY |
1004 0.30 4

' FAN AR FLOW RATE-LB/SEC/ENGINE -

o 2 s e ns o zo
S ?FAijsjssuaemtc;“ R

Flgwe 4+3. Fon Air Flow Rate Reqmremems. )
: (Engme Thrust = 22 0%0 Ib)
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and cycle efficiencies, the fan power is relatively constant (t 10%) for the fixed thrust
requirement. Further, the fan, fan structure, and nacelle weight and size are
proportional to air flow rate and are reduced as the fan pressure ratio is increased,
Based on these two figures, the weight of the propulsion system will probably minimize
at a fan pressure ratio greater than 1.4, barring approach temperature or pinch-point

temperature difference limitations,

The transfer of the waste heat from the closed cycle into the fan air significantly reduces
the reactor thermal power requirements. For example with a 30~percent closed cycle
efficiency, if the waste heat from the cycle is not transferred to the air, the reactor
themmal rating increases by 39 percent to produce the same thrust as an engine that does

use the waste heat in the fan air,

4,1 PROPULSION COMPONENT SCALING RELATIONSHIPS

The NuERA || reactor system weight was shown previously in Figure 3-3 as a function of
reactor thermal power, This reactor system weight includes the containment vessel and
all components inside the containment (reactor, shield, pumps, valves, intermediate
heat exchangers, etc,). The NUERA Il system weight is quite linear between the thermal
ratings of 200 to 750 MW, Since the range of interest in this application appears to be
in the 200 to 500 MW rating, the following linear relationship was used to estimate the
reactor system weight for cycle comparison '

WR = 285200 + 505 (QR)

" where WR is in pourds and QR Is the reactor thermal rating in megawatts,

The weight of the reactor system auxiliary crmponents external to the containment vessel

- was estimated based on the relationships given in Appendix D,

W, = 2000 + 80.9 (@g)




The components included in the auxiliary weight are the shield cooling system, decay
heat removal system, reactor instrumentation and control system, secondary pumps and

motors.,

The weight relationship of the fan rotor, stator, gear box and support structure used in

this analysis is:

( qur )1.5 ( Pf ) 1.5
We =90\ o/ \ 5500,
where Wf is in pounds, wair is the air flow rate in |b/sec and Pf is the fan power in

horsepower ,

The nacelle weight penalty relationship, which is needed with the incorporation of

" the precooler in the nacelle, is:

W =0.310° L
n n

n

where Wn is in pounds, Dn is the nacelle diameter in fae: and Ln is the additional

nacelle length in feet,

In the closed Brayton cycle analysis, the helium compressor and turbine weight was
estimated by :

W =180 104 ¢

¢

(P,

where Wc is in pounds and Pc is the compressor horsepower. The helium power wrbtne
weight relationship is: '

-4 1.5

@)

W =135+ 10
- P

where Wp is in pounds and Pp is the power turbine horsepower,




The weight of the liquid metal piping was calculated based on the equation given in

Appendix D, The piping total length (Lp) was assumed to be 300 ft for the hot leg and

Q 0.628 Q 0.792
W, = {3.70{ — + 2,94 | —— 300
pl Ng Ng

where Wpl is in pounds and NE is the number of engines,

also for the cold leg.

4.2 CLOSED BRAYTON CYCLES

In the closed Brayton cycles, helium is used as the working fluid since it is on inert gas
and has good thermal properties, Mixtures of inert gases (Helium and Xenon) could be
used without affecting heat exchanger volumes, but would reduce the number of
compressor and turbine stages, However, the mixture of inert gases would not significantly

affect powerplant weights and would increase the complexity of the systems required,

Figure 4-4 shows  schematic for the closed recuperated Brayton cycle. The helium working
fluid is pressurized by the compressor, fiows through the recuperator, where the helium is
partially heated, and then flows to the engine heat exchanger where the helium is further
heated to 1600°F, Next, the helium is expanded through the turbines which drive the
compressor and air fan. After leaving the turbines, the helium flows through the recuperator
to the pre-cooler where the reject heat is released to the fon air flow, Finally, the

helium returns to the compressor .,

In this Brayton cycle analysis, all heat exchangers were assumed to be counterflow
shell and tube type. The parameters which were varied to obtain a minimum weight
powerplant for specified thrust included: fan pressure ratio, helium compressor pressure
. fatio, heat exchanger length, Reynolds number, and tube spacing. Both axially~
finned and bare tube precoolers were investigated. The overall efficiency of this cycle
is sensitive to the pressurs drop in the fan discharge air stream. Since the fin surfaces

have a fin efficiency less than uni y, more total surface areo and a larger air-side
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pressure drop are required with finned surfaces than with bare tubes. Also, bare tubes
have the advantage that all of the surface area is effective in maximizing the heat
transfer per unit area or per unit pressure drop. These factors were responsible for the

bare tube configuration producing the lighter weight powerplant .,

The weight comparison of the base open Brayton and recuperated closed Brayton power-
piants is shown on Table 4.2, The engine state points are shown on Table 4.3 for the

recuperated closed Brayton cycle.

Figure 4-5 shows the schematic for the closed non-recuperated Brayton cycle, In this
concept, the helium turbine and compressor were assumed to be located in the aircraft
fuselage, This allowed relatively low pressure and temperature helium to be piped to

the individual power turbines, The helium, after expansion in the power turbines, is
cooled in the precoolers by the fan air and then retumed to tha compressors, The tempera-
ture of the returmning helium is less than 120°F, so that with concentric piping runs,
insulation of the pipe lines is not required except for a stagnant gas gap liner in the inner
hot pipe. Aithough the non-recuperated Brayton cycle is not as thermally efficient as
the recuperated cycle, the total powerplant weight is slightly less than the recuperatad
cycle, The weight breakdown is shown in Table 4.2 and the state points are listed in
Table 4.4. o

~ Since both types of closed Brayton systems with dedicated engines produce more thrust per

pound of powerplant weight than the base open cycle, a duqi?moda non=recuperated
Brayton system was investigated, Using the dual-mode concept, the engine thrust require-
ment was reduced from 22,000 to 18,000 Ib and the requirement for the six chemical

~ engines was dropped, thereby saving the 99,000 Ib for chemical engine weight, A -

conceptual loyout of a dual-mode non-recuperated Brayton engine is shown in Figure d=4. -
in the comparison in Table 4.2 of opan and closed Brayton dual-mode engine:, the
calculated powerplant weight of the closed cycle is about 7 percent less than the open
cycle. However, the confidence in the weight estimate for the dual-mode closed Bcayton
system is not on the level of that of the open Brayton system because *he closed system

has not been studied o nwch as the open cycle system, -
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TABLE 4.2.

BRAYTON CYCLE WEIGHT COMPARISONS (10° Lg)

Base Case
Open
Brayton
(Dual Mode)

Recup.

Closed

Brayton
(Dedicated)

Non-Recup.
Closed
Brayton

(Dedicated)

-Non-Recup.
Closed
Brayton

(Dual Mode) -

NSS

Engine HX

Precooler/Condenser

Recuperator
Piping
Auxiliaries

Chem . Engines

Fan, Gears, Struct, -

Turbs . and Comps.

Engines w/o HX

Nacelle Penalty

462

77

36

21

109

477

22

22

39

25

35

13

499

- 29

28

460

20

15

21

-

17

116

Total

705

741

729

657

I A Lo it 13
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TABLE 4.3. CLOSED RECUPERATED BRAYTON CYCLE STATE POINTS

Temperature Pressure Flow Rate
OF psia Ib/sec/engine
Compressor Inlet 124 621 73.7
Outlet 404 1523 J—
Cycle Turbine Inlet 1600 1499 73.7
Outlet 1320 1010 —
Power Turbine Inlet 1320 1010 73.7
Outlet 1048 644 —
Recuperator
o LP Inlet 1048 b44 73.7
"~ Qutlet 507 627 ———
o HP Inlet 404 1522 73.7
Outlet 945 1511 -
i Pre Cooler ,
o Helium Side Inlet 507 - 626 7.7
A Outlet 124 623 ==
o Air Side Inlet 78 10.76 1290
Outlet 192 10, 32 -
Engine Heat Exchanger
o Helium Side Inlet 945 1510 73.7
| | "Outlet 1600 1500 -
o NoK Side Inlet 1700 130 - 13
| | Outlet | 1300 102 -
Fan Inlet -2 6.34 1290
Outlet 78 10,76 e
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TABLE 4.4, CLOSED NON-RECUPERATED BRAYTON CYCLE STATE POINTS

Temperature Pressure Flow Rate
of psia Ib/sec/engine
Compressor Inlet 117 323 56.6
Outlet 646 1511 ——
Cycle Turbine Inlet 1600 1499 56,6
Outlet 1071 647 -—
Power Turbine Inlet 1071 646 56.6
Outlet 742 327 -
Pre~-Cooler
o Helium nlet 742 327 56.6
‘ Outlet - 117 324 -
~ e Alr Inlet 77 110,68 1214
: Outlet . 228 10,30 -~
Engine Heot Exchanger
o Helium Inlet 646 1810 56.6
Qutlet 1600 1500 S
o NoK Inlet 71700 130 797
| Outlst 1300 102 -
Fan Inlet -2 .34 1214
Outlet 77 10,48 =
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Future studies on the closed Brayton dual-mode system are recommended to increase the
confidence of the weight estimate due to its potential advantages over the open cycle
system, These advantages include fow temperature helium piping in place of high
temperature liquid metal piping. Since the fon is driven by an air turbine on takeoff and
a helium turbine at cruise, both can be optimized for their particular function in the
closed cycle dual-mode system while the design of the open Brayton system requires a

compromise between cruise and takeoff performance.,
4.3 RANKINE CYCLES

The Rankine cycie propulsion system considered for this application is o simple cycle and
system with no feedwater heating, reheating, or moisture removal from the turbine, The
steam Rankine cycle is schematically shown in Figure 4-7. Since the Rankine cycle rejects
the waste heat through condensers to the fan air flow, the céndensing temperature must

be sufficient to aliow reasonablyssized condensers to be placed in the nacelles,

- Figure 4-8isatypical temperature-entropy diagram which shows the condenser pinch-
point temperature difference and the approach temperature difference for the steam
Rankine system., With a fixed ?:ondensing temperature, increasing the fon prassure ratio
increases the fan exit air temperature, This decreases the approach temperature |

‘ difference , raduces the air flow ruté for the fixed thrust requirement, and increases the
slope of the air temperature curve to produce a reduci.on in the pinch-point temperature -

~ difference. Therefore, the minimum weight Rankine cycle propulsion system will have o

relatively low fan pressure ratio between 1,3 and 1,5, A

The thermal input power per engine requirements for various fan pressure ratio values are

shown in Figure 4-9 fortwo different approach tomberutukq difference values. This figure
shows that by increasing the approach temperature difference the required reactor thermal
power increases and that the higher fan pressqré ratics encounter pinch-point temperature

difference limits,
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The corresponding values of propulsion system weight are shown in Figure 4=10, Both
approach temperature difference values produce about the same minimum propulsion system
weights (~950,000 |b), Approach temperature difference values above 225°F were
investigated but required signift canﬂy more thermal energy and an increased reactor

weight, The 150°F approach temperature difference was judged to be about the minimum,
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Figure 4-9, Enginer Thermal [nput Power Sizing for Steam Rankine Cycle

since lower values would require fan pressure ratios less than 1,3 and would incr_edse '
propulsion system weight. These analyses were based on steam turbine inlet temperatures
of 1000°F, A turbine inlet temperature of 1600°F was also investigated to detarmine if

_ a very optimistic turbine temperature would make this ¢ycle attractive, The waight of

the 1600°F turbine inlet temperature system was estimated to be 908,000 |b, which is
significantly above the base Brayton open cycle propulsion weight of 705,000 Ib.
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Figure 4-10. Steam Rankine Cycle Propulsion Weight

The use of steam for this application (even with the relatively high condensing tempera-
ture) requires large turhine exhaust areas and therefore large heavy turbines. A search
was made for fluids which would have higher saturation pressures at these condensing
temperatures and thus low turbine exhaust areas. Several were found which required

exhaust areas less than 20 percent of that required for steam. Three of these fluids -

- emmonia, cyanogen, and sulfur dioxide - appeared attractive for this application. They

are nominally stable to temperatures above IOOO°F, are common industrial chemicols,
are available in quantity, and are relatively inexpensive. Furthermore, they have lew

o freezing temperatures {(cyanogen at <30°F and the other two below <100°F), Since the

Rankine fluid Is heated in a liquid metal heater, it must be compatibie with (ic’Md metal .
Compatibility with liquid metal means that the Fluid will not react in o éatastrophic
manner if o leak occurs, With sulfur dioxide (502) and sodium (Na), the products are
solids up to temperatures above 2100°F (Nozo sublimes at 2327°F and No,zs meits at
2156°F). Therefore ot normal operating temperatures, if a feak occurs, no gas will evolve
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*and only unreacted 502 will be gaseous. Since the three fluids will produce about the

same powerplant weight, only 502 was selected for further analysis in the Rankine cycle,

With the 502 Rankine cycle, the fluid is heated supercritically without a phase change,

thereby reducing the complexity of the heater as compared to steam. The fluid is expanded

in the turbine as before, but now the expansion ends in the superheated region. This

allows either recuperation or higher fan pressure ratios (see Figure 4-11)due toshifts of the

1200 —4 T - — : '
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Figure 4-11. Sulfur Dioxide Recuperated Rankine Cycle Temperature - Entholpy Diagram
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pinch~point temperature difference toward the center of the condenser/precooler,

The required thermal input power per engine and the system weights are shown in Figures
4-12 and 4-13 forboth the recuperated and non-recuperated sulfur dioxide Rankine cycles
for variations in fan pressure ratio, The propulsion system weights of the various Rankine
cycles and the open Brayton cycle are compared in Table 4,5, The Rankine cycle
propulsion system weights are about 18 percent heavier than the open Brayton cycle

propulsion system, .

~ The comparison of the open Brayton, closed Brayton and Rankine cycle propulsion systems

weights are affected by the ground rules and assumptions used. For example, since no

[ o]
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Figure 4-12. Sulfur Dioxide Cycle Engine Thermal Input Power Sizing
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Figure 4=13. Sulfur Dioxide Rankine Cycle Propulsion Weight

specific airframe configuration was used in this comparison, a total piping run of 300 ft
was assumed for an average of 50 ft per engine, |f a specific airframe requires a piping
run of 100 ft per engine, the base open Brayton propulsion system weight would increase
by 36,000 Ib to o total of 741,000 b, Correspondingly, only about 7000 1b would be

added to the ndn-recupemted closed Brayton propulsion systems to produce a total
weight of 731,000 b for the dedicated-mode and 662,000 b for the dual-mode system,
Therefore, the integration of the propulsion plant and a specific aircraft configuration ;
mdy affect the choice of the type of propulsion plant for an optimum aircraft system. zf




TABLE 4.5. RANKINE CYCLE WEIGHT COMPARISONS (103 LB)

Base Case Steam 502 SOZ Recuperated
Open Brayton | Rankine Rankine Rankine
(Dual Mode) | (Dedicated) | (Dedicated) (Dedicated)
NSS 462 538 504 489
Engine HX 77 73 63 33
Condenser/Precooler w—- 52 48 61
Recuperator -—- — — é
Piping 36 18 15 16
Auxiliaries 21 29 25 24
Chem . Engines - 99 99 99
Fan, Gears, Struct. ——— 58 51 35
Turbines and Pumps ~—— 51 10 B
Engines w/o HX. 109 .- - -
Nacelle Penaity o= 20 24 27
»# | 705 938 839 821
98
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4,4 SUMMARY OF COMPARISONS

Comparative total propulsion system weights are shown on Tables 4.2 and 4.5 The only

alternative which is lighter in weight than the base case open Brayton cycle is the non-

recuperated closed Brayton cycle dual-mode engine. However, the difference in weight

was judged to be insufficient in view of its limited data base to warrant its selection for

use in the reference aircraft of this study. The open Brayton cycle was selected for use

as the base system in the reference aircraft because the more extensive study base for

this cycle gives it a greater degree of certainty and acceptability.

It is recommended that future studies be accomplished to confirm, and quantify with more

certainty, the characteristics of the non-recuperated closed Brayton dual-mode engine.

The investigations of this study have been sufficient to show that such a propulsion

system is potentially very attractive from weight considerations, In addition there are

several other attractive characteristics of such a system, Among these are:

0

All of the piping in the wings is at relatively low temperature (on the order
of 200°F or less as opposed to 1700°F for the hot liquid metal pipe of the
open Brayton system), This characteristic would greatly simplify the wing
piping design.

The piping in the wings contains only inert gas rather than liquid metal,

In the dual-mode closed Brayton system the chemically-fueled engines

operate only on chemical fuel. Therefore, the engines can be optimized for
the turbine inlet temperatures achievable with chemical fuel without having
to be degraded to also allow operation at the lower turbine inlet temperature

associated with nuclear operation,

The closed Brayton power conversion system is highly adaptable to alterna-
tive thrustors, This study has been accomplished assuming the use of a ducted
fan propulsor. The closed Brayton power conversion system could

alternatively be used to drive o "Prop-Fan."
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o The closed Brayton system is compatible with a direct cycle gas cooled

reactor,

The Rankine cycle systems do not appear tc be competitive from a weight standpoint

100
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5.0 REFERENCE AIRCRAFT DESIGN

A reference mission was defined by the Air Force during the study for use in developing @

reference aircraft design. The reference mission specifications were:
o Payload: 400,000 Ib

o Field Length: 10,000 ft

o Recovery Range: 1000 n.m. - e
The canard aircraft selected in the preceding parametric study was used as the basic
configuration for the reference aircraft, Additional parametric studies were performed

to develop that basic configuration irto an optimized aircraft design for the reference

mission,
5.1 DESIGN DEVELOPMENT

Parametric studies were conducted to re-evaluate the effects of cruise altitude and
engine bypass ratio on the reference aircraft, The 30-deg sweep angle and cruise Mach

number of 0,75 for the selected basic configuration were retained for these studies.

Figures 5=1 to 5-3 show the variations in aircraft wing loading and ramp weight for o
matrix of engine bypass ratio and TIT values at altitudes of 26,000, 31,000 and 36,000
feet. Each of the matrix points on these figures represent minimum weight aircraft with
a 10,000=ft field length capability for the two specified matrix values, The romp
weight value for each of these matrix points was determined parametrically following

~ the same procedure discussed in Section 3.4,2 for the canard configuration and
illustrated in Figure 3=14.

The study approcch speed limit of 140 kis resulted in o wing loading limit of 120 psf for
this particular configuration. The projection of the wing loading limit to the ramp

~ weight graph established a curve for determining the minimum weight polnt‘. The
minimum weight values for each altitude were plotted in Figure 5-4, from which it is
evident that 31,000 ft is the optimum altitude,

101

.....




W/S - LB/FTZ

1.66

1.64

1.62

1.60

RAMP WT - 106 L8

1.38

1.56

1.34 ¢

1.52




W/s - 18 /FT2

VAPP LimIT

. Figure 5-2, Reference Aircroft Parametric Data, 3,000~ Altitude




160

150
N
o
> 140
-
i
(2]
4 130
3
120
110
1.64
Q 1.62
%
t 1,60
o
2
% 1.8
P
1.56
1.54

v

v

104




1.62 J y — !

w
[0 0]
A

RAMP WT - 10° 18

1.54} A

1.50 . . \ —
26 28 30 32 34 36
ALTITUDE - 1000 FT
1 Figure 5-4. Reference A_Ercraft Altitude Cpti mizqffqn
: - Selection of the optimum engine bypass ratio’ wos made bosed on the data in Figure 5-2

~ for the optimum cltitude. The approach speed limiting line on fhe rcmp weight graph -

shows the opnmum_,byposs rqﬁo. to ba between 8.4,vqnd 13. Through z_n_rerp-olaﬁon, it

‘appeared that = bypass ratio of 11,5 was o’ﬁfim&rﬁi' How;vef, due to the ﬂ'otness,af the o
curve between the 8.4 and 13 bypass ratio vc_lyés; the vciu? of 8.4 was selected f'ortpsa . -
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o rtsk cuccmt‘d with the nigher bypcn-mrio Qﬂgiﬂﬁa '- '

| TR _s,z REFERENCE AIRCRAFT cmmcr:m,sncs -_

§ . The referance aircraft .!asfgn' astablished in the pafammic study is depicted in Figure$-3. :

* Pertinent dasign leatures of the aircraft are summarized in Tuble 3, 1, and o weight '

° . statement is presented in chle 5.2, The goomerric ospeernmiﬁ value of 7,50 is shovn

: | in Table 5.1; an effective aspact-ratio. value of 9,87 was e\.hiovcd lhrough tN end-

‘ - - platmg affect of the wmqﬁp—momtcd wr‘ical wrfccas. C
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Figure 5-5, Reference Aircraft Layout
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TABLE 5.1, REFERENCE AIRCRAFT DESIGN CHARACTERISTICS

Cruise Mach Number
Cruise Altitude

Wing Sweep Angle
Wing Loading

Aspect Ratio

VD

Cruise Lift Coefficient

Field Length

Propulsion
Reactor Size
No. Engines
Engine Thrust, SLSD
Engine Design JP TIT

Areas, &2

Wing
Canard

Verticals

0.75
31,000 ft
30 deg
120 psf
7.50
2,59
0.508
10,000 ft

230 MW

84,823 Ib
1673°F

12,630
1,194
3,698
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TABLE 5.2,

REFERENCE AIRCRAFT WEIGHT SUMMARY

Wing
Horizontal
Verticals
Fuselage
Landing Gear

Nacelle and Pylon

Propulsion
Engines Installed
Nuclear Subsystem

Engine HX & Ducts

Auxiliary Cooling
Fuel System
Systems and Equipment
Operating Weight Empty
Payload
JP Fuel

Romp

b
147,969
7,180
12,187
104,708
65,989
23,821

81,042
391,260
122,711

12,978

3,137
48,898
1,021,881
400,000
134,610

1,556 ,49




The range of travel for the center of gravity for the reference aircraft is shown in Figure
5-6. These data were astimated based on the weight summary in Table 5.2 and the
assumption that the payload and fuel were distributed uniformly in the fuselage and wing,
respectively. The center of gravity is at 16 percent of the wing mean aerodynamic

chord (MAC) for the reference mission ramp weight. The wide envelope, relative to a
conventional aircraft, is due to the payload center of gravity being far forward of the
wing. In actual practice, this would probably restrict the loadability of the aircraft

more so than for'a conventional aircraft,

The weight and balance data were used to check the aerodynamic performance and
propulsion characteristics of the reference aircraft and to develop a more detailed break-

down of the nuclear subsystem,

LOADING LIMIT ENVELOPE —
[

GROSS WEIGHT

FERRY WEIGHT

OPERATING WEIGHT EMPTY

. — . =
-0 -6 -12 -8 -4 0 4 8 12 16

WING MEAN AERODYNAMIC CHORD - PERCENT

Figure 5-6. Reference Aircraft Center-of-Gravity Envelope




5.2,1 Aerodynamic Performance

An assessment was made of the drag buildup. for the reference aircraft design, using
methodology similar to that described in Section 3,2.2. The drag for each of the major

aircraft components and the total drag buildup are listed in Table 5.3. A lift-to-drag

ratio of 22 .5‘»9 was obtained for the aircraft based on the drag estimate and the cruise
fift coefficient of 0.508 given by the drag polar in Figure 5-7 . Note that the nacelle
drag has been listed as zero on this table since it is accounted for in the thrust data for

the engine,
TABLE 5.3. DRAG BUILDUP

PROFILE DRAG INDUCED DRAG
Wing 0.00572 Cruise Lift Coefficient 0.508
Fuselage 0.00247 Efficiency Factor 0.92
Pylons 0.00010 End Plating Correction 1.3283
Nacelles 0.00000*
Induced Drag 0.00926
Horizontal Tail (Canard) 0.00052
Vertical Tails 0.00166
TOTAL DRAG
Total for Components 0.01047 Profile Drag 0.01183
Interference 0.00055 Induced Drag 0.00926
Roughness 0.00033 Trim Drag 0.0004
. Miscellaneous 0.00048 Compressibility Drag 0.00100
g Total Profile Drag 0.01183 Total 0.02249
(X '
f

3 Lift/Orag Ratio = 0.508/0.02249 = 22,59

* Nacelle profils drag included in engine thrust data
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Figure 5-7. Reference Aircraft Drag Polar

Data from the drag polar were used to determine the aircraft flight envelope in Figure
5=8. The left portion of the graph is for the best rate of climb speed of 250 kts

(calibrated). The right portion of the graph depicts the speed capabilities for two
cases, One case is for operation only on nuclear power with a TIT of 1600°F. The
second case represents operation on chemical fuel with a TIT of 1673%F. The top
portions of the curves between M = (.65 and the design point speed are the maximum

cruise altitudes achievable while retaining a 300 fpm climb capability.

The high=lift system on the reference aircraft is comprised of 95-percent span leading-
edge slats and 75-percent span, double=slotted trailing-edge flaps. The leading-edge

slats are formed from, and when retrccted become, the wing leading-edge from the
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Figure 5-8. Reference Aircraft Altitude = Mach
Number Flight Envelope

3-percent chord position on the lower surface to the 14-percent chord position on the
upper surface, The trailing-edge flaps are ¢ 30-percent chord design with @ maximum

chordwise extension of 7 percent, The lift and drag characteristics of the high lift

system are summarized in Table 5.4.

TABLE 5.4, HIGH-LIFT SYSTEM DATA

Double-Slotted Flap with Leading-Edge Slat

Deflection CL CL CD
Angle, deg max TO TO
Takeoft 20 2,37 1,642 0.1564

Landing 40 3.02 1.786 0.2223
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The field length over a 50-ft obstacle with all engines operating was computed for a

93°F hot day at sea level. The data used in the calculations and the resulting takeoff

performance are presented in Table 5.5.

TABLE 5.5. TAKEOFF DISTANCE DETERMINATION

Maximum Takeoff Lift Coefficient

Takeoff Lift Coefficient at 120% Stall Speed

Takeoff Weight

Wing Area

Takeoff Speed

Ground Rell Distance

Distance to Climb to 50 Ft

Normal Takeoff Distance

Engine-Out Climb Gradient

12,630 ft

2,37

1.64

1,556,491 lb

2

154 kts

8,970 ft

1,030 ft

10,000 ft

0.01959

Derivation of the landing performance is presented in Table 5.4, The landing weiéht
of 1,519,546 b corresponds to the aircraft ramp weight less the ground maneuvering
and takeoff fuel and the enroute climb fuel, The landing sequences is based on a normal
3-deg glide slope at 1,3 times the stall speed, and o touchdown speed equal to 1.1

times the stall speed, Threesecondswere allotted for free roll after touchdown, followed

by full braking and spoiler deployment, Reverse thrust was not used,
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TABLE 5.6, LANDING DISTANCE DETERMINATION

Maximum Landing Lift Coefficienf 3.02

Landing Lift Coefficient at 130% Stall Speed 1.79

Landing Weight 1,519,546 1b
Landing Approach Speed 140 kts
’ll'ouchdown Speed 119 kts

Distance from 50-ft Obstacle Height to Touchdown 1,730 ft

Ground Roll Distance , 3,350 ft

Total Distance . : 5,080 ft

The flight control systems were found to be adequate for the established design criteria.
The canard surface size was verified to be sufficient for both standard critical cases of
stall out of ground effect and of nose=wheel |iftoff ot 80 percent of stall speed for the
most forward center-of-gravity condition, A check of the basic static longitudinal
stability confirmed that the aircraft design was consistent with conventional aerodynamic
practice of having the aircraft center of gravity forward of the neutral stability point for
the tail-off configuration,
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5.2.2 Propulsion System

5.2.2.1 Engine

Part of the parametric study to define the optimum reference aircraft included variations
of engine bypass ratio and TIT, As a result of that study, a turbofan engine was selected
with a bypass ratio of 8.4 and turbine inlet temperatures on JP fuel of 1873°F for takeoff
and 1673°F for cruise. Further definition of the nuclear-powered gas turbine engine for
the reference aircraft was based on the Pratt & Whitney Aircrqffsfudy engine, the

STF 477 (Ref, 11). The STF 477 is an advanced technology turbofan engine with low
energy consumption characteristics envisioned for the late 1990s, The performance and
installation characteristics of the STF 477 are, however, regarded as goals and can be
achieved only after an intensive research and development program is undertaken to
bring the advanced propulsion technology to the state required for incorporation into

development powerplants.

+  The STF 477 basic cycle bypass ratio was retained, but the installation geometry and

scaling characteristics were extrapolated to approximately 84,800 b of rated thrust to

meet the requirements of the reference aircraft, A table of the baseline engine
performance and installation parameters is shown on Table 5.7,  The baseline engine
was installed in a separate exhaust/shert duct nacelle for the reasons discussed in
Section 3.2.3.2.The pressure losses assumed for the inlet and exhaust duct are typical
for large bypass engines of this type. The nacelle drag value shown on Figure 5-91sthe
sum of several drag components, One of the drag components is surface friction drag,
both freestream over the fan cowl and exhaust efflux scrubbing over the gas generator
cowl. Another component is the pressure drag forces of the nacelle forebody and after-

body due to the momentum spillage of the inlet and to the afterbody boat-tail effects,

An odditional increment accounted as nacelle drag is the momentum penalty of the
fan air bled for nacelle compartment cooling. The advir@nmcnt airbleed and
accessory power loads were extrapolated from existing C=3 and C-141 data as

represantative of the requirements for a military transport of this configuration.
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TABLE 5.7. CHARACTERISTICS OF THE BASELINE ENGINE
AND INSTALLATION

ENGINE

Rated Thrust, 1b

Bypass Ratio

Fan Pressure Ratio

Overall Pressure Ratio

Turbine Inlet Temperature, °F
Takeoff: (SLS) JP Fuel
Cruise: (31,000 ft, M =0.75)

JP Fuel

Nuclear

INSTALLATION (Per Engine) T Takeoff

Inlet Pressure Losses A'P/ F’2 . 0.01

Duct Pressure Losses

Fan AP/ Pe
Cm‘eA P/ Pe

Mid=stage Compressor Airbleed, 1b/sec '
Turbine Power Extraction, hp

Nacslle Drag from Figure 5-8, Ib




CORRECTED NACELLE DRAG -D /8 LB
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Figure 5-9. Nacelle Drag Characteristics for Baseline Engine .
Rated Thrust - 84,800 b,

amb = Pomb/ 174.7 psia

5.2.2.2 Nuclear Subsystem

- The reference aircraft required a nuclear subsystem tharmal power rating of 230 MW,
Using this power rating and the other six major input parameters (Iifetime, bumup,
coolant velocity, etc.) given in Section 3.2,3.1, the nuclear subsystem weight was

calculated using the COP-DS computer code, The resultant computer output listing

for this case is given in Table 5.8.  This resulting nuclear subsystem weight is based




TABLE 5.8. NuERA |l COP-DS DATA FOR REFERENCE
AIRCRAFT NUCLEAR SUBSYSTEM

Input Values

Reactor Power Level 230 MW
Average Atom Percent Burnup of Fuel - 11.4

Core Lifetime 10,000 hr
Reactor Outlet Temperature 1800 °F
Coolant Velocity 27 .8 ft/sec
Dose Rate Criterion 5 mr/hr
Impact Velocity 250 ft/sec

Power Plant Weight Summary (Ib)

Reactor Subassembly | 44,466

Reactor Shield 177,334
Heat Exchanger and Piping Shields 46,573
Auxiliary Equipment - 12,043
Containment Vessel v 99,508
Structure 4,000
Coolant 2,500
Miscellaneocus Components 5,000
Total Nuclear System Weight M, 424 .

Power Plant Geometry Summary (in.)

Containment Vessel Outer Diameter - 219.2
Containment Vessel Thickness 2.1
Reactor Prassure Vessel Length - 86.0
Reactor Pressure Vessel Inner Diameter 48,2
Active Fueled Core Diameter 27.7
Active Fueled Core Length A4
Total Core Length - : 45,7
Shield Quter Diameter, Primry Radial Direction 177.3
‘Shield Qutar Diameter, Transverse Radial Direction - ~ 150.1

- Shield Outer Length, Vemcol Diraction - : B V4 Y A
Volume of Core - - o 33,899 ind

~ Volume of Shielded Reactor Subassembly . 2,617,718 ind

- Envelope Volume of Containment Vessel o .5, SIS 785 ind
Volume of Auxiliary Equipment ' : 113,510 ind
Packing Froction : ' ‘ 0.484




TABLE 5.8. NUuERA Il COP-DS DATA FOR REFERENCE
AIRCRAFT NUCLEAR SUBSYSTEM (CONT,)

Nuclear Subassembly Weight Summary (Ib)

Core ' 9,203

Fuel (Uranium Nitride) , ~2,l93
Radial Reflector (Tungsten and Nickel) ' ' 9,287
Axial Reflector (Tungsten) _ 1,34_»5
Radial (Side) Shield {Tungsten) B 10,656
Axial (End) Shield (Columbium=1 Zirconium) - 4,141
Coolant (Lithium=7) . - Y- ” I
Pressure Vessel (Columbium=1 Zirconium}- S : 4,035
Control System 3,500
Insulation and Support Structure o -3,000

Nuclear Subassembly Geometry Summary (in.)

- Core Diameter (With Filler Strips) 30.7
Thickness of Core Support Barrel 0.3
Thicknass of Radial Reflactor ~ 6.1
Thickness of Axial Reflector 3.5
Thickness of Radial (Side) Shield 2.3
Thickness of Axial (End) Shield 5.9

“Thickness of Pressura Vessel 1,0
Thickness of Top Support Plate 2,0

~ Thickness of Bottom Support Plate - 0.5
Plenium Height = 13.4
Pressure Vessel Outer thmeter 50,2

-~ Pressure Vassel Length 86.0

Radiation Dose at 20 Feef from. Con Canrer Lme (mr/hr)

| Primoly Radhl Direction (Direct) =~ . ' .’ 4
‘Transverse Radial Direction (Dirsct) 450
Vertical Direction (Direct) L 490
Primary Radlnl Direction (Direct + Air Scat, + Secdry.) ~ - =~ §

v Reactor Shield Wcught Summﬂry (lb)
_ Inner Shield (Zurconium Hydrtdo) , ,

Primary Radial Direction N S - 37,293

. Transverse Radiol Direction . o ' - 20,518
Vertical Direction ' ' ' - 71,693
Total ' 129,473
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TABLE 5.8. NuERA |1 COP-DS DATA FOR REFERENCE

AIRCRAFT NUCLEAR SUBSYSTEM (CONT.,)

Quter Shield (Lithium Hydride)

Primary Radial Direction
Transverse Radial Direction
Vertical Direction

Total

Reactor Shield Geometry Summary (in.)
Thickness of Inner Shield

Primary Radial Direction
Transverse Radial Direction
Vertical Direction

Thickness of Quter Shield

Primary Radial Direction -
Transverse Radial Direction
Vertical Direction

Auxiliary Equipment Weight Summary (Ib)

Heat Exchangers
Piping
Pumps

Core We:ighf Surﬁmcry (Ib)

Fuel

Clad (Astar 811C)

Axial Reflector :

Top and Bottom Support Plates

Shim (Yttrium Hydride and Boron Carbide)
Structure

Filler Strips (Nickel)

Support Barrel

8,543
6,543
32,776
47,861

6,228
1,283
4,531

2,193
2,508
1,345
456
309
253
1,780
360

A




TABLE 5.8.  NUERA Il COP-DS DATA FOR REFERENCE
AIRCRAFT NUCLEAR SUBSYSTEM (CONT.)

A

Reactor Parametrics

Effective (Fueled) Core Dicmeter 27.7 in
Active (Fueled) Core Length 214 in
Mission Gas Length 11.8in
Number of Shim Rods é
(Delta)/K due to Burmup 0.108
(Delta K)/K Cold to Hot -0.022
Peak Power to Average Power, Flattened 1.05
Minimum Power to Average Power, Flattened 0.80
Critical Enrichment of Unzoned Reactor 0.66
Centerline Enrichment Required by Power Flattening 0.60
Qutermost Zone Enrichment 0.84
Reactor Coolant Delta Temperature 400°F
Centerline Fuel Hotspot Temperature 3450°F
Thickness of the Clad 0.020 in.,
Diameter of Fuel Pin Including Clading 0.295 in,
Number of Fuel Pins 3516
Volume Fraction of Fuel in Core 0.455
Volume Fraction of Clad in Core 0.169
Volume Fraction of Coolant in Core 0.204

Reflector provides control for cold=to-hot swing plus shutdown margin,
Shims provide control for bumup.

on the NUERA |l dose rate criteria of 5 mr per hr at 20 ft from the core center forward
and aft during operation and at 20 {t from the core center in any direction one-half
hour after shutdown of the reactor, With this criterla, the outer boundary of the shield

s an eiliptical cyiinder with ellipsoid shaped top and bottom, as shown in Figure 5-10.
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6.0 SENSITIVITY ANALYSES

Sensitivity of the selected reference aircraft to variations in performance requirements,

advanced levels of technology, alternate philosophies for nuclear operation and alternate
mission applicability were evoluated to determine where the greatest benefiis can be

obtained.

6.1 PERFORMANCE

The sensitivity of the reference aircraft ramp weight was assessed for variations in the
three mission performance requirements of cruise Mach number, emergency recovery

range, and takeoff distance. The results of these assessments are summarized in

Table 6,1,

TABLE 6.1. PERFORMANCE SENSITIVITY STUDY RESULTS

]

Mach Number 0.45 0.75* 0.85
A Ramp Weight -1,65% 0 4,60%

Emergency Range, n.m. 1000* 2000
A Ramp Weight 0 10.4%

R S ST
Y AT

S

Takeoff Distance, ft 8000 9000 10,000* 11,000 12,000**
A Ramp Weight 1.29% 0.45% 0. -0.45% -0.45%

R e e e Ve T
17 SRR Y

* Reference Aircraft Design Value
** Limited by Minimum Engine TIT of 1600°F

et s e
YOI

6.1.1 Cruise Mach Number

‘Two altemate cruise Mach numbers of 0,45 and 0.35 were considered for the refersnce

alrcraft, The 10,000-ft field length requirement was retained, but alternate cruise

altitudes were investigated for each Mach number. For the lower speed, on altitude of




26,000 ft was found to give the lightest w'eighr aircraft, The minimum weight aircraft
for the Mach 0.65 cruise speed was established by the approach speed limit, as indicated
on Figure 6-1,
At the higher speed, the reference aircraft altitude of 31,000-ft was found to give the
best results, As for the lower cruise Mach number, the approach speed limit established
the minimum weight aircraft on Figure6-2, The 36,000-ft altitude curve has also been
included on this figure in case there is interest in reducing the approach speed limit,
thereby driving the design altitude to the higher value to minimize aircraft weight.
. 1407
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Figure 6=1, Ramp Weight Determination for 0.65 Cruise Mach Number.
R BPR = 8.4, Altitude = 26,000 ft, TOD = 10,000 ft.
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¢ - Figure 6-2. Ramp Weight Determination for 0.85 Cruise Mach Number.
A BPR = 8.4, TOD = 10,000 ft.
As indicated by the summary curve in Figure 6-3, asmall welght savings of 1,45 percent :
f B
: can be obtained by reducing the cruise Mach number from 0,75 to 0,65, The effect of o
E g increasing the Mach number by the same increment to 0.85 produces a relatively lorger :
| y atively :
;_ weight penalty of 4.40 percent. y
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RAMP WT - 10° LB

0.75

MACH NUMBER

Figure 6-3." Effect of Cruise Mach Number on Reference Aircraft Weight.
BPR = 8.4, TOD = 10,000 ft,

6.1.2 Emergency Recovery Range

The requirement to carry enough JP fuel for an additional 1000 n.m, of emergency
recovery range resulted in a 10.4-percent increase of the reference aircraft ramp weight,
In recptimizing the aircraft for this additional range requirement, the only input
parameters to be varied were the wing aspect ratio and the engine TIT. The latter was
forced to change for the 10,000-ft field length requirement to be satisfied, As a result
of the reoptimization, the aspect ratio of the reference aircraft changed from 7.50 to
8.25 and the engine TIT increased from 1673°F to 1698°F,




6.1.3 Field Length

The effects of alternate field length requirements on the ramp weight of the reference

aircraft were assessed simultaneously with changes in engine bypass ratio - one of the

technology sensitivity studies. The results of the analysis are presented in Figures 6-4
to6-6, With the approach speed limitation imposed, less than a two-percent variation in

ramp weight was realized as the field length requirement was increased from 8000 ft to
12,000 ft, assuming the best engine bypass ratio and TIT. As an illustration, for an
8000-ft field length requirement, an engine bypass ratio of 12,7 and a 1700°F TIT give
the minimum ramp weight. For a 12,000-ft field length, the minimum weight occurred

for an engine bypass ratio of 9.0 and a TIT of 1600°F,

1.70
%8 10000
100 - FT
1,66t
8 1.62}
o
o 12000
z
3
21.58¢
[-"4
]054 i
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Figure 6-4. Effects on Ramp Weight of Engine Bypass Ratic and
Field Length, TIT = 1600 °F.
M =0.75, Altitude = 31,000 ft.
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Figure 6=5. Effect on Ramp Weight of Engine Bypass Ratio and
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6.2 TECHNOLOGY

Four technology areas, suggested by the technology assessment results in Appendix A,
were examined for their effect on the reference aircraft design. Alternate levels were
considered for engine bypass ratio, the percent of structural weight in composite
materials, and the TIT of the engine during nuclear cruise. Laminar flow control (LFC)
was applied to the aircraft wing and vertical surfaces, as an additional technology
feature. The results from these technology sensitivity studies are surmarizad in Table
6.2.

2.1 Engine Bypass Rat

The engine bypass ratio results were obtained by cross-plotting the data shown previously
in Figures 6-4 to =6, For this sensitivity, the field length was held constant at 10,000 ft,
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Figure 6=6. Effect on Ramp Weight of Engine Bypass Ratio
) and Fileld Length, TIT = 1700 °F. M =0.75,
Altitude = 31,000 ft.
F
TABLE 6.2, TECHNOLOGY SENSITIVITY STUDY RESULTS
Engine Bypass Ratio 5.8 8.4* 13.0 18.0
A Ramp Weight 1.61% 0 -0.29%  -0.29%
' Composite Material Level, % 0 20 40* 60
:: A Ramp Weight 13.51% - 4,98% 0 -4.21%
: Nuclear Cruise TIT, °F 1600* 1800
A Ramp Weight 0 -1.05%
Laminar Flow Control None* Wings & Verticals
A Ramp Weight 0 -3.61%

* Reference Aircraft Design Value
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6.2.2 Composite Materials

The reference aircraft design uses composite materials for 40 percent of the structural
weight. This level was arbitrarily chosen for this study, but in a detailed design effort,
the level of composites would be selected on the basis of minimizing the aircraft costs,
Such a costing exercise was outside the scope of this program, However, the effects of

alternate levels of composites on the aircraft weights were investigated,

In reoptimizing the reference aircraft for composite material levels of 0, 20, and 60
percent of the structure, the only other input parameters to be varied were the wing
aspect ratio and the engine TIT, The latter was forced to change for the 10,000-ft

field length requirement to be satisfied, Values for these parameters for each of the
composite levels are presented on Figﬁre 6=7, along with the percent variation in the
ramp weight of the reference aircraft,

Composite material levels greater than 40 percent .were not considered, Generally,

higher levels require that composite materials be used for non-optimum structures or for

minimum gage elements. The result is a considerable economic penalty for little or no

weight savings.

6,2.3 Nuclear Cruise TIT

Chemical-fueled engines operate at TiTs in excess of 2500°F to achieve good efficiency,
When modified for nuclear power, the engines experience considerable performance
degradation due to the low TIT of 1600°F dictated by material limitations of the engine
heat exchanger, Material improvements to permit higher TITs are not expected by the
year 2000 unless considerable research in this area is initiated in the near future, To
determine if a concentrated effort in material development is warranted, the potential
benefit from a 200°F improvement in engine TIT was investigated, with a corresponding

increase in reactor outlet temperature.,
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Figure 6-7. Composite Material Sensitivity Results,
M= (.75, Altitude = 31,000 ft,
W/Ss = 120 psf, TOD = 10,000 ft.
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Figure 6~8shows the parametric sizing data used to evaluate the effect of an 1800°F TIT
for the engine during nuclear cruise, Aircraft wing loading and aspect ratio and engine
design TIT were the input parameters; the latter was varied to achieve the 10,000-ft

field length requirement, The approach limitation established f!ne minimum ramp weight

for this sensitivity study.

As noted earlier in Table 6.2, only a 1.05 percent improvement in ramp weight was

realized with the higher nuclear cruise TIT for the engine. Considerably greater
improvements had been anticipated. Analysis of the data verified that reductions in
engine size occurred and that the engine efficiency had increased, os reflected by
smaller specific fuel consumption values, Further analysis revealed that these gains
were partially offset by increases in the nuclear subsystem weight. A simple explanation
for the increased nuclear subsystem weight is that the weight is proportional to the
product of reactor outlet temperature and operational lifetime. Since the reactor outlet
temperature increased by 200°F while the operational lifetime remained constont, the

weight of the subsystem was forced to increase.

6.2.4 Laminar Flow Control (LFC)

Several technology concepts were assessed in Appendix A as to the potential benefits
from their applicability, LFC was one of the more promising concepts due to the

possible gains in cruise lift-to-drag ratio and the resulting reduction in nuclear subsystem
weight. As a sensitivity study, LFC was applied to the reference aircraft, Extensive
use was mads of Lockheed's* recent LFC background in performing this analysis. The

- wing and three vertical stabilizers were laminarized, The canard surfoce was excluded

from laminarization bacause of its distent location relative to the other lominarized 7
surfaces, and the uncertain design problems of combining the canard's spanwise blowing

system with a LFC glove,

* R, F, Sturgeon et al, "Study of the Application of Advanced Technologies to Leminar
- Flow Control Systems for Subsonic Transports, " NASA CR-133949, Lockheed-Georgia
Company, 1976. (Ref. 13)
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Suction for the LFC system was supplied by two LFC engines ducted to gloves on the
wing and the vertical stabilizers, These angines were buried in *he oft portion of the
fillet ot the intersaction of the fuselage and wing lower surface,
The LFC gloves on the wing and fuseiage-maunted vertical stabilizer extended spanwise
for the total length and chordwise from the 3 to 7S-percent chord locations, The LFC
gloves on the wingtip-mounted vertical stabilizers covered the region batween the 15 -
i
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percent spanwise station and the tip on the inner surface and the entire outer surface

span. The chordwise distribution was the same as for the wing,

The additional weights of the gloves were based on: the total upper and lower surface
areas and the estimated glove thicknesses, Weights for the LFC engines and ducts, and
the LFC engine fuel requirements vere estimated according to the procedures outlined in

Ref, 13,

Parametric data are presented in Figure -9 for reoptimizing the 1eference aircraft with
LFC. Wing aspect ratio and engine TIT were varied to satisfy the 10,000-ft field length
requirement and to minimize the ramp weight. These data were generated at a wing

loading of 120 psf which corresponds to the approach speed limit for this configuration,

The aspect ratio for the minimum weight point was unchanged from the 7.50 value of the
reference aircraft, MHowever, the engine TIT did increase by approximately 100°F over
that of the reference circraft, Larger ramp-weight reductions than the 3,61 percent

value in Table 6.2 had been anticipated, Analysis of the data for the reoptimized aircraft
revealed that the weights of the LFC gloves and equipment cancelled much of the

benefit from its high cruise lift-to=drag ratic of 28.95. Also, in a chemical-fueled air-
craft much of the benefit from the application of LFC {s derived through a substantial
reduction in fuel weight and o reoptimization of the wing sized by fual volume

requirements, Neither a significant fuel weight recuction or a wing reoptimization is

realized by nuclear aircraft when LFC is applied.

6.3 NUCLEAR OPERATION

Guidelines for the nuclear subsystem in the reference aircraft were:
o A dose rate of 5 mr/hr at 20 ft in all directions from the reactor center,
o All JP fuel to be stored in the wing and not used as reactor shielding,

o The reactor to be inoperative during takecff, climb, and emergency range

cruise.,
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Figure 6-9. Ai?croft Sizing for Laminar Flow Control.
Wing and Vertical Laminarized.

8PR = 8.4, W/S= 120 psf, M=0.75
Altitude = 31,000 ft. '

These guidelines are what the name impliet, guidelines for the nuclear subsystem.
Depending upon the level of safety required and demonstrable, variations to these
guidelines may be in order, One portion of this study was devoted to assessing the effects
of alternate guidelines on the reference aircraft design. The results of that assessment

are listed in Table 4.3 and discussed subsequently.
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TABLE 6.3, NUCLEAR OPERATION SENSITIVITY STUDY RESULTS

"Distance to Dose Rate Applicability, ft 15 20*
A Ramp Weight +1.81% 0
Shaped Shield No * Yes
A Ramp Weight 0 -2.48%
Emergency JP Fuel Used for Shielding No * Yes
O Ramp Weight 0 -5.74%
Reactor Used for Takeoff & Emergency Cruise No * Yes
A Ramp Weight 0 -7 .88%
Combination of Preceding Three No* Yes
A Ramp Weight 0 -13.1%

* Referenice Aircraft Design

6.3.1 Dose Rate Applicability Distance

in the reference aircraft, a bulkhead was placed 20 ft forward of the reactor center,
At this distance, the dose rate had diminished to the guideline criterion of 5 me/hr,
The diameter-of the nucleor subsystem containment vessel measured 18,2 ft, This meant

that a 10.9-ft long saction existed in the fuselage between the bulkhead and the

confoinment vessel for reactor instrumentation and control systems, These systems
. require only 100 ft3 of space out of approximately 2500 ffs cvailable in the 10,9~
" lonig section. The effact of reducing this unused space by removing a 5-ft long portion

-~ of this fuselage section wos investigated.

By removing fhé 5-ft section, the dose rate criterion was in effect changed to being

S me/hr at 15 ft from the reactor center, This reduction in distance for dose rate
applicability required increased shielding weight with corresponding changes in other
nuclear subsystem components, as shown by comparing the data in the first two columns

of Toble 6.4, The increase in nuclear subsystem weight exceeded the savings in

fuselage weight, and produced the waight penalty indicated on the result summary of
Table 6.3,
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TABLE 6.4. WEIGHT SUMMARY FOR REACTOR
SHIELDING VARIATIONS

5 me/hr 5 mr/hr 5 me/hr
at 20 ft at 15 ft 5 mr/hr at 15 ft
forward forward ot 15 ft forward
and aft and oft forward with JP-4*

Dose Rate Criteria

Reactor Subassembly 44,4701b | 41,9701b | 41,9701ib | 41,9701b
Reactor Shield 177,330 191,580 170,190 137,200
Heat Exchanger and Piping Shields 44,570 50,050 50,050 50,050
Auxiliary Equipment 12,040 12,040 12,040 12,040
Containment Vessel 99,510 102,620 102,620 79,220
Structure 4,000 4,000 4,000 4,000
Coolant 2,500 2,500 2,500 2,500
Miscellaneous Components 5,000 5,000 5,000 5,000
Additional JP Tankage 9,320
Total Nucleer System Weight 391,420 b | 409,760 1b | 388,370 b | 341,300 Ib

* 95,000 lb of JP-4

6.3.2 Shield Shaping

Since there are no manned positions aft of the reactor in the reference aircraft, a reduc-
tion in the aft shield thickness was investigated. By reducing the aft shield thickness to
the values of the lateral shield thickness, a nuclear subsystem weight reduction of
21,390 Ib was realized, The weight breakdown for this modification is shown in the
third column of Table é.4. This approach is conservative, since the same after-shut-
down criterion is applicable and the scattering sources due to aft radiation leakage are
much lower, The higher (500 mr/hr) dose rates from the sides, top, bottom and aft
directions during operation were set to limit the air-reflected dose rate to approximately

1 me/hr while maintaining the 5 me/hr shutdown dose rate,

Actually, if not for the after-shutdown limit of 5 me/hr in all directions after 30 min,
the aft direction could be shielded less than the sides and still maintain about 1 mr/he in

scattered dose rate at the crew locations, Radiation in the aft direction would require

ot least two air scattering events to reach crew. locations, rather than a single air
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scatter from the lateral direcﬁoﬁs,and the crew dose rate from double air scatter would
be negligible. Scattering from the bare surface metal of the aircraft wing and fuselage
is slight. However, the portion of the wing containing JP-4 fuel is about 10-ft thick
and has an appreciable albedo (radiation reflection coefficient) of 0.1, Assuming
geometric attenuation inversely proportional to the square of the distance from the wing
to a detector point, and very conservatively assuming the entire fuelcontaining wing
area is exposed to the same flux as the closest region, the reflected dose rate from the

wing would be 0,22 mr/hr. This is negligible,

Only the inboard engines are near enough to the fuselage (about 25 ft) to produce any
significant scatter source, Proceeding as with the wing region and noting that the
engines are 50 ft from the reactor, the dose rate at possible crew locations in the
aircraft is negligible since the engines have much less surface area than the fuel-

containing portion of the wing.

The wing support structure location directly above the fuselage is most favorable as @
scatter source from geometric considerations, However, since impingent radiation must
traverse a longest path-length slant trajectory through the primary shield, the direct
radiation level at the wing support locations is much less than 5 mr/hr, Hence the

support structure can also be ignored as a scatter source.

With the reduction in nuclear subsystem weight for the shaped shield, o weight savings

of 2,48 percent was realized, as noted in Table 6.3 for the reference aircraft.

4.3.3 Use of JP Fuel for Shielding

,;. Some chemical, JP-4, fuel is carried for use during takeoff, climb, descent and landing
- and to provide a chemically-fueled emergency cruise capability if the reactor should

have to be prematurely shut down in flight, Because of its availability and its

WL
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characteristics, consideration has been given to the use of this fuel as shielding, thereby

reducing the weight of the reference shield material .,

e kg
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The use of JP fuel as shielding material impacts the design and weight of the primary
shield and containment vessel diameter, The basic NUERA Il system did not use JP
shielding because of its design guidelines, however, a brief analysis of the use of JP
fuel as a shield was included in Ref, 3, These data were used to determine the JP fuel
shield geometry and the resulting primary shield weight reduction for this study. Some
of the pertinent considerations of the JP fuel shielding analysis given in Ref, 3 are

repeated herein for completeness,

The basic shielding characteristics of JP-4 fuel for neutrons and gammas are shown in
Figure6-10.1t is apparent that JP-4 is a relatively good neutron shield material because
of its hydrogen content. Based on density and removal cross section, it is approximately
two-thirds as effective as lithium hydride (LiH) on a linear basis. Hence, any shield
concept employing fuel outside the containment sphere would especially relieve the
neutron shield requirements of the primary shield around the reactor, Such a tradeoff
would ultimately be limited by the capture and activation sources generated in the
containment sphere material, which would be important because of the increased neutron

leakage incident on this region,

In the reference aircraft, 95,000 Ib of JP fuel are available for use as shielding, This
fuel must be available for use when needed, and therefore, must be stored external to °
the containment vessel , For the purposes of this study, it was assumed to be stored in o
constant thickness tank surrounding the spherical containment vessel . The shielding
effect of the fuel allows the LiH thickness to be reduced and therefore the containment
vessel diameter to be reduced. The smaller containment vessel diameter in turn allows
the inside diameter of the fuel tank to be reduced which increases the thickness
occupied by the 95,000 Ib of fuel, Through an iterative process, the weight estimates
shown in the fourth column of Table 6.4 were derived. They include a reduction of
lithium hydride thickness by 15.4 in. in all directions and a fuel thickness of 22 Sin,

in all directions.

The data in Table &.4 show that the use of 95,000 Ib of JP fuel as shielding allows a

reduction of 47,070 |b in nuclear system weight, The net effect of this savings was to
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reduce the ramp weight of the reference aircraft by 5,74 percent, as noted in Table

6.3.

The significant weight scvings by thinning the LiH region, made possible by using the
JP-4 recovery fuel as an auxiliary radiation shield, is not without potential problems
which must be considered. It must be assured that the quality of the fuel is not reduced
because of radiation damage to an extent such that the fuel would be unsatisfactory
when needed. Another consideration is that of increased heating rate and/or radiation
damage to the containment vessel because of effectively moving some of the shield
material to a location outside of the containment vessel . Another similar effect that
must be considered is that the containment vessel becomes a source. of increased gamma
radiation through its exposure to a higher neutron flux. All of these potential problems
were examined for the case under study, and it was determined that the substitution of
JP fuel for a portion of the lithium hydride shield would be acceptable., The results
of the examinations aie summarized below,

The shielding changes summarized in Toble 6.4 are the result of substituting JP fuel
for a portion of the LiH on the basis of achieving the sume neutron attenuation. This is
conservative because the thickness of fuel also provides greater gamma attenuation then

does the thickness of the LiH removed,

The flux level incident on the containment vessel in the reference aircroft shield
configuration is at most 490 mr/hr, This is increased to 89 R/hr after the removal of
15.4=inches of LiH which is allowable when 95,000 Ib of fuel are used as shielding.
If it is conservatively assumed that all of the fuel would see this dose rate for the total
10,000 full sower hours, the anergy absorbed in the fuel would be on the order of

" 9x l07 ergs/gm. Tests* have shown that degradation of fuel performance, thermal
stability, or sludging does not occur until exposures of approximately 2 x 109 ergs/gm.
Itr is therefore clear that degradation of the fuel is not a problem In this case. However,

prudence would indicate that good operating procedures would be to transier fuel aftar

#J.F. Kircher and R, E, Bowman, “Effects of Radiation on Materials and Components, "
Reinhold Publishing Corp., 1964, (Ref, 14)
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each flight from the shield tank to the tanks used for takeoff and landing. This would
help to insure that no unusual fuel degradation would occur if unexpectedly high
focalized radiation streaming should occur, Further, at this energy deposition rate, no

significant heating of the fuel will occur.

The after-shutdown dose rate 20-ft from the reactor center in the lateral directions was
determined to be 3.7 mr/hr for the NUERA 1l base case, 0.04 mr/hr of which came from
activation of the containment vessel. The increased neutron flux level arising from
removal of 15,4=in. of lithium hydride results in arn increase of the containment source
to 7.2 mr/he, The 22,5-in, thick layer of JP-4 would attenuate the radiation source by
a factor of 4.3 to a level of 2,5 mr/hr which is acceptable, [t does mean, however,
that any JP-4 used from the shield tank should be replaced before maintenance is

accomplished,

4.3.4 Alternate Reactor Utilization

The guideline to have the reactor inoperative during ground proximity operations evolved
more than a decade ago as a safety measure consistent with the existing technology
developme;\f. At that time, there was no accepted method for containing the radio-
active slements of a hot reactor in the event of an aircraft crash, Since more than two-
thirds of large aircraft flight-related accidents occur during taxi, takeoffs and landings,

the safest approach was to have the reactor inoperative for these phases of flight,

In recent years, NASA* has demonstrated the feasibility of a spherical metal shell to
contain the reactor system elements during a crash, While this concept requires
additional davelopment, it appears the guideline on reactor operation can be relaxed,
Such an approach was adopted for this sensitivity study, The reactor was assumed to be
fully operational during all normal flight phases with chemical fuel augmentation

available for the high thrust phases of takeoff and climb, During the emergency cruise

“R, L. Puthoff, "A 1055 Ft/Sec |mpact Test of a Two=Foot Dicmeter Model Nuclear
Reactor Containment System Without Fracture," NASA TM X-68103, June 1972,
(Ref, 15)
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phase, the reactor was assumed to be at half power, and chemical fuel augmentation

supplied the additional thrust requirements,

The reference aircraft design was reoptimized for this altemate reactor utilization philos-
ophy, thereby achieving a 7.88 percent reduction in ramp weight, as shown in Table 4.3,
In the reoptimization, the reference aircraft aspect ratio was reduced from 7.50 to 6.55.
The engine TIT required for the 10,000~ft field length dropped from 1673°F to 1638°F ,

while the wing loading of 120 psf remained constant due to the approach speed

limitation.

6.3.5 Alternate Operational Philosophy

The preceding three nuclear system guidelines, which were beneficial in reducing
aircraft weight, were applied jointly to determine the total effect of a more liberal
nuclear operating philosophy . In summary, the alternate guidelines permitted special
shaping of the shielding, use of emergency range JP fuel for shielding, and the reactor at

full power during all nomal flight operations and at half power for emergency cruise.

Figure 6-11 contains the parametric data from which the optimum alternate reference

aircraft was selected, The alternate aircraft has a 13,1 percent lower ramp weight than

the reference aircraft, This total savings is less than the sum of the three options

considered individually, as noted in Table 6.3, because of the compounding effects,
Less emergency range JP fuel was required, and hence the benefits from using the JP
fuel for shielding were smaller, Also, the reactor system was smaller so that less savings

were realized for shaping the shield,

Pertinent design features of the alternate aircraft are summarized in Table 6.5 ond ¢
weight statement is presented in Table 4.6, In external appearance, the oitemnate
atreraft is very similar to the reference aircraft shown in Figure 5-5 with only slight
differences in the wing planform. The flight envelope for the alternate aircraft is

presented on Figure 6-12,
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TABLE 6.5. ALTERNATE REFERENCE AIRCRAFT

DESIGN CHARACTERISTICS

Cruise Mach Number
Cruise Altitude

Wing Sweep Angle
Wing Loading

Aspect Ratio

/0

Cruise Lift Coefficient
'Fieid Length

Propulsion
Reactor Size
No. Engines
Engine Thrust, SLSD
Engine Design JP TIT

0.75
31,000 fr
30 deg
120 psf
6.40
21,38
0.508

10,000 ft

218 MW
4

74,208 Ib
1629°F




TABLE 6.6, ALTERNATE REFERENCE AIRCRAFT WEIGHT SUMMARY
b B

.
. Wing 105,973

3 Horizontal ¢,497
E Verticals 10,616
Fuselage 107,614
Landing Gear 59,050
Nacelle and Pylon 20,343

_ Propulsion

Engines Installed 70,590
Nuclear Subsystem 344,819
Engine HX & Ducts 114,097

. Auxiliary Cooling 12,355

*' Fuel System o 1,939
Systems and Equipment 45,822

_ Operating Weight Empty : ) ,718
Payload | - 400,000

PRl ; 51,40

Romp Weight 1,353,120

i




40 1 1  § 1
35 ™ _ -
30+ i
DESIGN POINT —
r'_- 25 = -
™
e
, 0P -
[N )
Q
2 15t ;
art
g
1o 1600%F TIT - .
NUGCLEAR CRUISE
Sk -
1629°F - CHEMICAL CRUISE
0 1 \ [
0.3 0.4 0.5 0.6 0.7 0.8

MACH NUMBER

4

Figure 6=12. Alternate Aircraft Altitude - Mach
Number Flight Envelope

6.4 ALTERNATE MISSIONS

~The availabla volume inside the fuselage of the reference aircraft was configured for

containerized or polléﬁzed cargo and for outsized and mobile equipment, The inrerior

could just as easily have been configured for personnel accommodatians, computers,

- communications systems, and other specialized equipment required for a variety of

cltemate missions. Extensive reconfiguration of the fuselage interior for alternate

missions was not undertaken in this study due 1o a lack of data on mission requirements .

However, this does not preclude the use of the reference aircraft for other applications .
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Prime alternate missions, which cculd readily be accomplished with appropriate versions

of the reference aircraft include:

o Airborne Weapons Launcher
o Tanker

o Airborne Command Post

o Airborne Warning and Control
o Sea Lane Control

o Anti-Submarine Warfare

o Airbome Battle Platform

Figure 6-13 shows a possible arrangement concept of a delivery system for an airborne
weapons launcher mission, This system is suitable for either the Air Force Air Launched
Cruise Missile (ALCM) or the Navy Sea Launched Cruise Missile (SLCM). Both are
considered to be long range cruise missiles with their 1500 to 2000 n.m, range capability,
In size, these missiles weigh approximately 3000-1b each, and are about 21-ft long and

2-ft in diameter,

The delivery system consists of mechanizeq storage racks for transporting the missiles aft
to a delivery elevator and bomb=-bay door, Yhe length of the racks are dependent upon
the number of missiles to be carried. Depending upon the mission definition, a portion
of the fuselage forward of the racks could be configured for personnel if a long time on

station is envisioned prior to missile launch,

In a tanker mission role, modular tanks for carrying JP fuel could be positioned in the
cargo compartment, similar to loading containerized cargo., Due to the heavier fuel
density relative to that of the containerized sargo, the height of the fuel tanks would
be about one=fifth that of the coutainers to achieve o uniform payload distribution over
the entire floor area, Thus, there would be plenty of space for inter-connacting the

tanks in a relatively short seriod of time. Booms for refueling other aircraft would be
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positioned in the aft fuselage behind the reactor and at each wingtip. More than

adequate space exists at all three locations for a boom operator.

The reference aircraft is capable of serving as a joint military/civil airlift transport.
No changes would be made to the reference design unless some compromises are made on

military and civil raquirements, Due to the more stringent military design specifications,

the reference aircroft would suffer weight penalties relative to an aircraft designed for
the civil market, For example, the heavy floor structure required by the military for
wheeled and tracked vehicles would be eliminated in a commercial transport, The
commercial approach might conceivably consist of just an integral container-rail system

without any floor.




7.0 ECONOMIC ANALYSES

Costs of the reference aircraft were estimated following accepted military and civil
practices. In both cases, the breakdown of the cost into its various elements is in such
detail that the portions of the total life-cycle cost allocated to research, development,
production and operation are readily discernible. All of these cost estimates are in
constant January 1975 dollars, without allowance for any future inflation or escalation,
Also included ate the cost sensitivities to variations in fuel price and nuclear propulsion

research and development,

7.1 MILITARY COSTING

Twenty-year life~cycle costs (LCC) of the reference aircraft in military service were
estimated using a previously developed methodology* which incorporates the intent of
the pertinent Air Force regulations and guidelines .**Figure 7-1 gives a breakdown of

the various elements that contribute to military life-cycle costs. As illustrated in the

figure, the two major categories are the total acquisition cost and the system operation

and support cost. Following the breakdown further, the aequisition cost consists of the
production program cost and the total research, development, testing and evaluation
(RDT&E) cost.

7.1.1 RDT&E Costs

Table 7.1 summarizes the cost estimates presented in Appendix E for the prototype

validation and full=scale development phases of the RDT&E progrom. The validation

¥ TAdvanced STOL Tronsport (Medium) Study, Cost and Schedule Data," Volume VII,
Technical Report ASD/XR 72-22, Lockhead-Georgic Company, 1972, (Ref. 16)

** "Cost Analysis, USAF Cost and Planning Factors, " AFR 173-10, Department of the
Air Force, 1975, (Ref. 17)
“Program Management, " AFR 800-2, Department of the Air Force. (Ref, 18)
“Work Breakdown Structures for Defense Material tems," MIL-STD 881A. (Ref. 19)
“Qperating and Support Cost Estimates, Aircraft Systems, " Defsnse Systems
Acquisition Review Council, May 1974, (Ref. 20)




NYWYIY--150D $Od
¥3D1430-~ 150D SOd

LNIVI4N ‘SN QI -~ AVd NIty

INN/L4N’QIW -~ AV4 ¥ID1IIO
AV3-NON WTRO TvDIgIw
1¥04dNS DSIW {IIA WY¥OO¥d
AVd NVITIAID TvDIQIw

ONINIVEL ¥ 2¥0ddNS TINNOSYI4

IDNVNIINIVW 10439

AVd N3WYIVY
AVd £3Did40
1¥04dNS DSIW
Avd HIVITIALD

1¥OddNS ONLIVYIHO ISV

AVd NIWyty

AVd ¥ID140

IVHIIVW 13044NS TV¥INIO
IVIIILYW 104dNS WILSAS
1IN NOIVIAY

14OddNS I5IW 144

AVd NVITIALD 244

siuswaly 4s0) 9j24)-a317

3DV 2OWWO)D
NOILY 100w
NOIIvYALIDY 318

NONZNGONE 37110
PO
19Ov
INIWJINDI ONINTvE)
SOINOIAY
NOISINGONS
INVNINY

$3WV4S NOTIDINGONS
INIWGIND3 ONIrlvay
vivg
oV

FLIOFY 439

INIWHSISUNIIY 13vEINty 1531
IO
JIVYNIGEOINS
SOINOIAY
NOISINIONd
IWVY Ity

AVAMYALS

"i-£ 210614

vive
orirsival
v
1304408
R0,
Nvrageoens
SHMNOIAY
NOISNIIBNG
Iwwvy sxly
AwmMwANM
INIWS011231 ONIEENIIS
neg0y
v
Oratralval
SMINIAY
NOISINS 2
viws pily
Slavds 1SN
%1 2110
151 1M
ONII%ZIL B AROD YD
153 ey
SHNAMOV
S1S11 QranOe9D
1521 NOSWIYDEG
S1$1: DY)
1531 D1pvis
TIHNNL QMM
OIS | AXDD YD
DNIINNL DMve
DONIIIIFIDI) SWIISAS
IHIWANDA Onlrtvag
DV
SMNOIAY
- OSNG0S
e sty

viw}
Drareaieng
;i 4

0N

L R:iTT o]
NwrgOoNy
tpli s LA
NOISH g
Ve Tty

AvSvAYy

IHINGONIA MY D IBINDTY

o
"y
DrarIIVNg
ToArDIrY
NOY My
Wvesaty

“lrv et
sy
S04 1y
SHVEI I
L% OnTED
SIS OIS ANANEe
Visgrang Orsim

155

DS ) A2DIDHYD
DI e
DHIUITINDIE) WEIIAS
INIRUND) DNirstvag

D

SINOIAY
OISO
ey

SIYVIS ¢ IOV NOWWOD NOIINAO0¥E ONIINIIN N . .
GOW Al SSY 1D VIO INIWLONIALID "NDISIA ONININDII-NON  INIWIOTIAID "MDISIT ONKBNITE 10N

SIIVS INIWHSINT 1438 oz.zuz_ozwuw.ohwﬂmwﬂ ISVi4 114IWI0VIAI0 ‘ 3Swiq HOILVGTIVA
! TIvI$ Nng 14A101084
NOLDNGONE DNIEND I -NON
WYID0¥ NOIIINGOTS _ _ YWVSOORs 171G3 V101
150D NOILIZINDIVY IViO]

INIWITI WYYOO¥d A¥YWINS

14OddNS T NOILYYIIO WILSAS

i

150D FDAD 331 IVIOL




23 st L s B N e B o 8 e s et pon Sl gy T Gria s a3 M sl A o
B e A S e e e S i O o s

. Sy

o il

.

TABLE 7.1, SUMMARY OF MILITARY RDT&E PROGRAM COSTS

Prototype
Validation
(2 Aircraft)

Million §

Full-Scale
Development

4 Aircraft)

Million §

Conceptud Studies
Non-Recurring Design & Development
Aircraft
Propuision®
Nuclear Subsystem
Avionics*
System Engr. & Management
Basic Tooling
System Test
Test Spares
Total Non=-Recurring R&D

Recurring Development
Airframe
Propulsion
Nuclear Subsystem
Avionics
ECO's

Total Flyaway

Unit Flyaway

Support
Total Recurring Development
Total

Total RDT&E

1.2

182.6
0.0
1372.5
0.0
9.1
190.0
75.9
26.6

342.7
29.4
78.9

1.0
13.7

232.8
2.4

1857.9

465.7

468.1
2326.0

3.7

411.9
0.0
877.5
0.0
61.8
544.6
474.0
110.2

575.4
54.2
157.8
2.0
32.4

205.5
70.2

2483.7

822.0

892.2
3375.9
5701.9

* (ncluded with Vendor Cost of Item Listed under Recurring Costs




phase is intended to prove the operational capability and feasibility of an aircraft. For

costing purposes, it encompassed the design, development, and limited testing of two

prototype aircraft.,

Sometime after completion of the prototype validation phase, a decision is made to begin

the follow-on,full-scale development phase which entails an RDT&E program of design,

it M N, s 2 s,
N e cac e — o

development, and fabrication of four flight-test aircraft, including propulsion and all

the mission subsystems. Static and fatigue test articles are included along with Category

| and |l test programs in estimating the costs. In addition, the test cost includes

allowances for the many subsystem qualification, reliability and maintainability checks

that must be performed.

The non-recurring costs associated with the R&D program for the nuclear subsystem were
estimated to be 1.75 billion dollars with an additional 0.5 billion dollars required for
facilities. Of all the elements in the total RDTAE cost of 5.7019 billion doilars, the

40 percent represented by the nuclear subsystem non-recurring cost of 2.25 billion
dollars probably has the grectest uncertainty of any. The reasons are severalfold. Firm

definition of the specific development program which will be necessary requires exten-

sive study and agreements by all governmen® agencies involved. It also requiras more
detailed propulsion systems and nuclear subsystem design so that the specific R&D efforts
needed can be better quontified. Further, the cost is very dependent upon the snecific

4

type of reactor which is chosen for development and the specific progrum requirements

imposed during the development.

A nominal R&D program duration of fifteen years was assumed for the costing anclysis as
representative, based on the experienées of the Aircraft Nuclear Propulsion (ANP) and

the NERVA nuclear rocket programs. Significant changes to the schadyie would

probably increase the costs,

As a basis of comparison, the nuclear system R&D costs for the ANP and NERVA

programs were reviewed. Both of these programs were terminated belore the systems
were proven. This consideration would indicate that a completed development program
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would incur greater costs. Of course, the dollar inflation over the intervening years
would also increose the magnitude of costs today. However, there are additional
factors which would tend to lower the costs. The reactor design guidelines today are
considerably simpler and the technology base is improved significantly. Both the ANP
and NERVA programs were redirected several times; the Government Accounting Office
documented seven basic reorienfoti§n$ of the ANP program during a ten year period.

The cost estimates for this study are based on the assumption of no study redirections.

Total costs of 1.04 billion dollars were incurred between 1944 and 1961 on the ANP

- program with an estimated 1.0 billion additional dollars needed for completion. Batween

1955 and 1972, a total of 1 .4 billion dollars were expended on the NERVA program.
When these costs are adjusted for estimated effects of redirection, completion, inflation,
and different scope,‘ the total estimate of 2.25 billion dollars for this study appears to
be reasonable. Significant cost increases could accrue from extensive program
redirections or from the selection of a reactor without a firm technology base .
Conversely, the R&D costs associated with the nuclear subsystem development for air-
craft propulsion could be reduced by sharing the basic reactor development for another

application, such as a surface effects ship.

In the non-recurring cost category, no allocation was made for either engines or avionics.
Both of these items were assumed to be purchased from the ma-ufacturer with the R&D
cost included in the purchase price. Thus, the total costs of each of these items are

listed in the recurring cost category . 7

7.1.2 Production Costs

The value and versatility of the computer model used to cost the production aircraft is
the result of the model logic. The various aircraft subsystams were costed separately
ond then combined to obtair: the cost of the total aircraft. The flexibility of the model,
which permits ready addition of new subsysfems and c.curate costing of :he individual
subsystems, provides a large improvement over parametric models -vhich use aircraft

physical and performance data to derive costs.

155
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Production costs generated by the model for the reference aircraft are presented in Table

7.2,  Labor and material rates were derived for each of the subsystems listed through

| i cE

the "Total Empty Manufacturing Cost" category in the table. (Actual values for these

subsystems are tabulated in Appendix E.) Learning curve slopes of 75 and 89 percent

for labor and material, respectively, were used to develop the costs for 250 production

e
Ao TR e i i

units, The values shown in the table represent the average unit costs for this fleet size.

G Las e g oot

Cost of the nuclear subsystem was estimated using a procedure similar to that for the

S
R

aircraft. Specific materials required for each of the major components of the subsystem
were discussed with suppliers of raw materials to establish a basic material cost per
.pound. Whenever a choice of material grades was available for a particular component,
E such as shielding and the working fluid, the material with the higher purity level,
usually designated for nuclear service, was selected. Manufacturing costs for each
component were determined based on the type of material and the ease or difficulty of

fabrication, and were added to the raw material cost. The manufacturing cost estimate

was tempered by the experience gained during the manufacture of similar type items for

the reactors tested during the NERVA program and components fabricated for the Fast
Flux Test Facility.

4

Each of the major components of the nuclear subsystem and the associated costs are

Ly e oty s e, s "

|- | listed in Table 7.3.  An uncertainty factor of 1.5 was applied to account for the

- ‘rumerous small components which were not individually included. Assembly of all the
components inside the containment vessel and an engineering checkout of the subsystem
was estimated to be an additional 5 million dollars. With fuel priced ot 50.45 per

million Btu, the total cast of the initial nuclear subsystem increased to 35.4 million

dollars with the addition of fue! for 10,000 hours of operation. -

Production costs for the first six nuclear subsystems were assumed to be constant,

Betwaen the sixth and twenty=fourth units, o leaming curve slope of 85 percent for
reducing the uiit production cost was judged reasonable based on the experience with
other nuclear systems. After the rwenty-fourth unit, the production costs were assumed

to remain constant. The leaming curve effect was takon info account in determining
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TABLE 7.2, MILITARY PRODUCTION COST

[ e e T ST

Wing

Tail

Body

Landing Geur
Flight Controls
Nacelles & Pylons
Engine Installation
Fuel System

Lube System
Instruments
Hydraulics
Electrical
Electronics Racks
Fumishings

Air Conditioning
APU

Final Assembly
Production Flight
System Integration

Total Empty Mfg. Cost

Sustaining Engiheering
Prod. Tooling Maint.
Quality Assurance
Alrframe Fee

Airframe Cost

Engine Cost with Fee and Warranty
Avionics Cost

Nuclear Subsystem

Nuclear Secondary Systems

Engine Heat Exchangers
Equipment GFE/CFE

Total Support

Total Production Spares

Total Recurring A/P Unit Cost

Thousand § Per A/C

10,860
1,340
7,230
1,834

913
3,291
125
225
2
415
239
263
157
384
304
180

3,241
1,576
1,883

34,462

53,697
9,694

22,229
4,285
3,214
2,757
3,073

17,813

117,262
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TABLE 7.3,

NUCLEAR SUBSYSTEM COST SUMMARY

Component

Material

Weight (Ib)

Cost (10° §)

Containment Vessel
Reflector and Shields
Inner Shield

Outer Shield

Primary Fluid
Pressure Vessel

Pipe

Support Plates
Primary Pumps

Intermediate HX

Haynes-188

Nickel and Tungston
Zirconium Hydride
Lithium Hydride

Lithium - 7

Columbium 1% Zirconium
Columbium 1% Zirconium
Columbium 1% Zirconium
Columbium 1% Zirconium

Columbium 1% Zirconium

99,507
21,286
129,472
47,861
644
4,085
1,283
3,000
4,531

6,228

1.9
1.1
1.7
1.1

1.4

Total Cost for Major Components

Uncertainty Foctor

Total Cost for Nuclear Subsystem Ccmponents

Assembly and Engineering Checkout

Assembled Nuclear Subsystem Cost

Fuel (at $0.65 per million Btu)

Total

an O
o W

[ o8]
(¢ o
- L]
— O
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the nuclear subsystem cost in Table 7.2 for the reference aircraft. The value shown

represents the average price for the total fleet of 250 aircraft without nuclear fuel .




A similar approach was followed to derive the costs for the nuclear ducting, auxiliary
cooling, and instrumentation. Various components of this secondary system are listed in
Table 7.4 .along with the estimated costs. The nuclear subsystem leaming curve
effect was also applied to the nuclear secondary system and is reflected in the value for

the secondary system in Table 7.2,

TABLE 7.4. SECONDARY SYSTEM COST SUMMARY

Component Material Weight (Ib) Cost (106 $)
Hot Duct
P:ve, Hangers & Valves Haynes-188 20,936 1.50
Insulation Alumina Silica 16,160 0.20
Working Fluid NaK 78% 6,978 0.05
4 Cold Duct
’.' :f Pipe, Hangers & Valves Haynes-188 2,743 0.70
Insulation Alumina Silica 11,189 0.13
. Working Fluid NaK 78% 7,611 0.06
E Pumps and Motors Haynes-188 7,176 0.75
. ﬁ .
e Intermediate Heat Exchanger Haynes-188 4,909 0.90
Pipe and Insulation Haynes-188 . 884 0.03
Insfrumentation & Control - 2,000 1.00
Total Secondary System Cost ' 5.32




7.1.3 Acquisition Costs

The total military acquisition cost for a fleet of 250 reference aircraft was estimated to

be 34,797 billion dollars. The derivation of this value is presented in Tabie 7.5.

TABLE 7.5. MILITARY ACQUISITION COST DERIVATION

Military Recurring Cost
Refurbish Test Aircraft
Initial Personnel Training

Modification & Update Kits
Total Recurring Production Cost
Total Non=Recurring Production Cost
Total Production Cost

Total RDT&E

Total Acquisition Cost

Unit Acquisition Cost

28,844
20

5

2
28,871
224
29,095
5,702

34,797

139

The military recurring cost shown is the product of the unit production price of 117
million dollars from Table 7.2 and o fleet size of 246 aircrait, Four additional

aircraft wore produced for the RDT&E program and are accountad for therein, However,




some refurbishment of these four aircraft is required which will also involve limited

personnel iraining and modification kits.
The total production cost includes 224 million dollars for non-recurring costs expended
for tooling and production engineering, The RDT&E cost was previously shown in

Table 7.1,

7.1.4 System Operation and Support Costs

The Air Force has designed a Budget Annual Cost Estimating (BACE) Model to provide a
standard approach for developing individual aircraft annual operating cost estimates for
planning studies. Basically, the model computes the annual operating functions which
are closely identified to a squadron or which can be allocated to individual squadrons of
aircraft, The cost zlements and equations of this Air Force modél are part of Lockheed's
military costing model, which was used to determine the annual ond 20-year life-cycle

operating and support costs,

The manpower required to perform the operation and support of the aircraft system is
presented in Table 7,4, The values shown are for ¢ crew ratio of 2.25 and for aircroft
annual utilization rates of 1080 hr in peacetime and 2160 hr in wartime

Estimates of the sysfeni operation and ;upporr costs are summorized in Toble 7.7; further
breakdowns of the summarized cost elements are included in Appendix E. The first
column of cost data in the table is for 20-year operation of the fleet, the next two are
for annual operation of a squadron and the flest, and the last is for hourly operation of
a single aircraft. Generally, Air Force data ond recommendations {Ref. 17) were the
source of cést factors and unit element values used in the cost estimates. Since nuclear
progulsion systems are not addressed in Ref. 17, special approaches were dictated to

evaluate the cost alements affected by nuclear power.

Replenishment spares, the first element of the primary program listing in the table, is

one of the items requiring o separote avaiuation. For a comparably-sized JP-fueied
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TABLE 7.6. PERSONNEL REQUIREMENTS FOR SQUADRON
OPERATION AND SUPPORT

Type of Personnel: Officers Airmen Civilians Total
Flight Crew 144 36 ‘ 0 180
Maintenance 23 1010 128 1161
Security 0 35 0 55
Wing Base Staff 8 ? 0 17
.Primcry Program Element 175 1110 128 1413 |
Base Operating Support 4 ’.81' 38 223
Medical Support 5 16 C 4 25
Total 184 1307 170 1661
16 Aircraft/Squadron 15,625 Squadrons

aircraft, a value of $362 per flight hour would be recommended. An additional $1079
per flight hour was included for nuclear subsystem replenishment. This extra cost is
incurred by the removal, refueling, and refurbishment of the nuclear subsystem after
each 10,000 hours of nuclear operation, Cartain components of the auclear subsystem,
besides the fuel elements, will require replacement at the time of refueling because of
unavoidable destructive disassembly, component wear-out, or end of component design

life. Only through extensive design studies could the particular components requiring

162
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TABLE7.7.

MILITARY OPERATING COSTS

20-Year Annual Annual Hourly
Fleet Squadron Fleet Aircraft

Operation Operation Operation Operation

Million $ Miltion $ Million $§ $/Hr
Replenishment Spares 7,782 24.90 389 1,441
Class IV Mod & Spares 2,636 8.4 132 488
Common AGE & Spares 613 1.96 31 113
Misc . Support 25 0.08 ] 5
Aviation Fuel 3,259 10.43 163 604
System Support Material 1,706 5.46 85 316
General Support Material 567 1.81 28 105
Civilian Pay 625 2.00 31 116
Officer Pay 1,178 3.77 59 218
Airmen Pay 3,274 10.48 164 606
Maintenance Pay 3,759 12,03 188 694
Total Primary Program 25,424 81.36 1,271 4,708
Base Operating Support 914 2.93 44 169
Depot Maintenance 9,540 30.53 477 1,767
Personnal Support & Training 780 2.50 39 144
Total Operating Cost 36,658 117.32 1,833 4,788

replacement be identified. Consistent with the intent of this study, a very cursory

anaiysis indicated that 50 percent of the non-fuel nuclear subsystem cost would be

reincurred at each refueling cycle for refurbishment laber and material .
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Refueling will not occur until well after the 24th nuclear subsystem has been produced,
beyond which the production cost of the system without fuel will have been reduced
through the effect of the learning curve from the initial 30.5 million dollars shown in
Table 7.3 to a constant 22.04 million dollars. The $1079 per flight hour for
replenishment spares is 50 percent of the constant production cost prorated over a
10,000-hr nuclear design lifetime. For this cost estimation, the average mission was
assumed to be one day in duration and cover 10,500 n.m. During this mission, JP fuel
will be used for one-half hour for the takeoff, climb, and landing phases of flight and
nuclear power will operaie for 23.5 hours of cruise time. This gives 24 flight hours for

every 23.5 hours of nuclear operation.

A total of 45 .66 maintenance manhours per flight hour was used in calculating other
maintenance elements, Of this total, 3.16 hours are for maintenance of the engine heat
exchanger and the secondary nuclear system components, all of which are external to

the nuclear containment vessel. Due to its very high design reliability, no maintenance
is envisioned for the nuclear subsystem except at refueling, and that has been included

in replenishment spares, Maintenance material costs of $75 per flight hour were included

for the engine heat exchanger and secondary nuclear system components,

The aviation fuel element includes the cost of both the nuclear fuel at 30.65 per inillion
Btu and the JP fuel at $0.40 per gal. For the assumed one-day mission range of 10,500
n.m, , JP fuel is used for the first 189 n.m. as the aircraft takes off and climbs to its

31,000-ft cruise altitude.

The total 20-year life-cycle cost to the military for the fleet of 250 aircraft is 71,455
million dollars. This value was obtained by combining the 20-year fleet operating cost
of 3¢,658 million dollars from Table7.7 with the total acquisition cost of 34,797 million

dollars from Table 7.5,

7.2 CIVIL COSTING

Measures of the costs of aircraft operating in the commercial environment differ somewhat

164
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from those used by the military. In the area of acquisition costs}f.‘zjfr‘;:‘s}?bf‘fhe differences
are of a bookkeeping nature. However, altemate philosophies are pursued in the areas
of operating and life cycle costs. Some of the differences between the military and civil
costing approaches are pointed out by comparison during the derivation of the civil

acquisition, direct operating and life-cycle costs.

7.2.1 Acquisition Costs

Civil R&D costs for the reference aircraft of Section 5.2 and the alterate reference
aircraft of Section 6.3 were generated using a Lockheed costing model which has shown
excellent correlation with recent large civil aircraft programs, such as the L-1011. The
major elements contributing to the totel civil R&D cost of approximately 5.5 billion
dollars for the reference aircraft are presented in Table 7.8. No costs are listed for

avionics and engine R&D since they are included in the production costs for these systems.

TABLE 7.8. CIVIL R&D COSTS

Million $
Develop Tech Data 38.9
Design Engineering 1309.1
Development Tooling 1225.2
Development Test Article 293.0
Flight Test 150.7
Special Support Equipment 15.7
Development Spares 193.6
Engine Development* 0.0
Avionics Development® 0.0
Reactor Development 2250.0
Total R&D 5496.2
Unit R&D for 250 Aircraft 21.9

* Included in Cost of Vendor |tem Purchased During Production
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The reactor dévelopment cost of 2,25 billion dollars is the same value which was used
for the total military reactor R&D. To account for the high level of composite material
usage, the design engineering and development tooling values include increases of 34

and 76 percent, respectively, over the values for an all-afuminum aircraft,

A comparison of the military RDT&E costs in Table 7.1 with the civil R&D costs shows
the final values to be quite similar. The greater number of breakdowns in the levels of
military costs are the result of the militaiy approach of dividing the R&D program into

prototype and full-scale developrient phases.

Civil production cost elements are identical to those shown previously in Table 7.2

for the military with the exception of the last three elements. Rather than repeat the
major portion of that prior table, the simpler opproach illustrated in Table 7.9 was
adopted for presenting the derivation of the civil acquisition cost for the reference
aircraft, The 117.3 million dollar unit production cost of the military aircraft is the
initial value listed. By deducting the values of the last three military-oriented cost
elements in Table 7.2, the civil production cost was reached, With the addition of

the unit civil R&D cost, the unit civil flyaway cost of 115,6 million dollars was obtained.

TABLE7.9. CIVIL ACQUISITION COST DERIVATION

Million §
Unit Military Production Cost from Table 7.5. 117.3
Less Military~Oriented ltems 23.6
Equipment GFE/CFE 2,757
Total Support 3.073
Total Production Spares 17.721
Adjusted Unit Cost 93.7
Plus Unit Civil R&D frem Table 7.8, 21,9
Unit Civil Flyaway Cost : 115.6
Total Acquisition Cost for 250 Aircraft 28,900 :
|
i
166 :




A similar approach was followed for the alternate reference aircraft, With a total civil

R&D cost of approximately 5,14 billion dollars and a unit flyaway cost of 106.4 million

dollars, the comparative cost benefits from adopting the alternate nuclear design
philosophy are readily apparent in the 7.9 percent savings. Detailed cost breakdowns

for this alternate aircraft are included in Appendix E.

7.2.2 Direct Operating and Life-Cycle Costs

Direct operating cost (DOC) data for the reference and altemate aircraft were estimated
using the revised 1967 Air Transport Association (ATA)* methodology updated to January
1975 dollars. Several modifications and additions to the methodology were developed to

handle the various features and ramifications of the nuclear propulsion system.

No changes were made to those equations in the methodology which cost hull insurance,

i fprine - i,

airframe maintenance material, engine maintenance materials, maintenance burden, and

fan o o

fuel costs since these equations are dependent on updated input values or other derived

costs which were scalated to 1975 dollars. An escalation factor of 1,594, which

allowed six percent per year inflation for the eight years between 1967 and 1975, was
applied to the crew cost and additional crew cost equations. The maintenance labor
rate was escalated from $4.00 per hour to $6.50 per hour, theraby escalating both the
aitframe and engine maintenance labor costs. The average annual utilization was

assumed to be 3000 hours., A 20-year peried and a residual value of zerc were used for

S T U NP
e Ay s

depreciation. This depreciation period is consistent with the 20~years used for *he life-

cycle costs (LCC).

Values are compared in Table 7,10 for the various elements which contribute to the

direct operating cost of the twe aircrut on a trans-oceanic flight of 3500 n.m, Costs

for both the JP fuel and the nuclear energy uied on the trip are included in the fuel and

oil element. The two nuclear system elemants cover all of the nuclear propulsion

e e

* TStandard Method of Estimating Direct Operating Costs of Turbine Poweiad Transport
Aircraft," Air Transport Association, 1967, (Ref. 21)
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TABLE 7.10. TYPICAL OPERATING COST BREAKDOWNS
FOR 3500 N.M, TRIP

Dollar Cost for
Element Reference Aircraft Alternate Aircraft
Crew 3,777 3,640
Fuel and Qil 6,570 5,618
Insurance 6,528 6,005
Aircraft Labor 1,235 1,106
Aircraft Material 3,310 3,053
Engine Labor 684 . 615
Engine Matericl 2,162 1,928
Nuclear System Labor 342 308
Nuclear System Material 609 588
Maintenance Burden 3,454 3,099
Depreciation (Includes Spares) 26,604 24,844
Total 55,275 50,804
DOC, £/ATNM 7.90 7.26
Unit 20-Year LCC, Million $ 392 3640

components external to the containment vessel. As in the military costing, nuclear

subsystem refueling and refurbishment costs are included as spares and were depreciated.
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The effect of variations in average trip distance on the direct operating costs and the

unit 20~year life=cycle costs for both aircraft are illustrated in Figure 7-2 with the

alternate aircraft enjoying an eight percent relative cost benefit. Two factors are

responsible for the higher costs at the shorter ranges. The first is that the retio of JP

fuel to nuclear energy for the trip is greater for shorter ranges. Since the cost of JP fuel

per unit of energy exceeds the cost of nuclear power, increasing cost penalties are

incurred at shorter ranges. For the longer ranges, this ratio is almost constant.
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Figure 7-2. Effect of Trip Distonce on Operational Costs

The second factor contributing to the higher costs is the difference between cruise speed

and block speed. This reflects the portion of the mission which is flown at less than

cruise speed, an indication of short range mission inefficiency. For long range missions,

this difference becomes negligible.
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The military and civil LCC are not comparable because of the differences in various
standard operational parameters and in the approaches as to which items are included in
the cost. For example, the annual utilization rate for the military is 1080 hours per
year while the commercial value is 3000 or higher. Further, these military costs include

an estimate of indirect operating costs but the commercial costs do not .,
7.3 COST SENSITIVITIES

Studies were performed to assess the sensitivities of the costs of the reference aircraft to
increasing fuel costs and to variations of the nuclear R&D cost. Figure 7-3 shows the
efiacts of increasing the fuel costs by 50 and 100 percent over the baseline costs of
50.40 per gal for the JP fuel and $0.65 per million Btu for the nuclear energy. An
average increase of 10 percent was experienced by the direct operating and life-cycle

costs for a 100-percent increase in fuel costs.
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Figure 7-3. Fuel Cost Sensitivity Results
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With a fair degree of certainty, it can be said that the development cost for a nuclear
system will be large. The uncertainty arises in attempting to establish how large. For
this study, the nuclear R&D cost was estimated to be 2,25 billion dollars. The effect of
50-percent variations in this estimate, as shown in Figure 7-4, was to produce only a
two percent variation in life cycle costs. Thus, while it can be surmised that the

development cost will be large, it can be concluded that its effect will not be signifi-

cont relative to the total aircraft system operation,

500 ; T Y .

B PERCENTAGE CHANGE
IN NUCLEAR RESEARCH
AND DEVELOPMENT

—, +50
- "Oﬁ

=50

¥

UNIT LIFE-CYCLE COsT - 10° §
///
§

300 . 1 A \
2 4 6 8 10 12

RANGE - 1000 N.M,

Figure 7-4. Nuclear Research and Development Sensitivity Results
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8.0 COMPARISON WITH JP-FUELED AIRCRAFT

Any attempt to compare nuclear-powered and JP-fueled aircraft is difficult and
frustrating because optimum utilization of either aircraft is realiznd for radically
different missions. The JP aircraft is best at intercontinental ranges while the nuslear
aircraft excels over global distances. Rather than develop the two aircraft coneepts for
mission ranges which would be unsuitablie for both or prejudiced in favor of one, another
approach was selected. This approach recognizes that the nuclear-powered reference
aircraft design has been developed and costed for a particular mission payload. Instead
of trying to compare the reference aircraft with a JP-fueled aircraft with an arbitrary
range capability, the approach was to detemine what must be the design range of a

JP-fueled aircraft that has the same payload and either the same gross weight or the

_same lifescycle cost as the reference aircraft.

Several JP-fueled aircroft designs were developed as part of this determina.ion. The
mission specifications and the economic guidelines for these designs were the same as
those imbﬁfﬂpd.é‘ﬁu}hg;miélﬂear aircraft, Further, the JP and nuclear aircraft have squiva-
lent technology levels, identical cruise spaeds, and common values for many other

characteristics to givé ‘as fair @ comparison as possible.

8.1 JP-FUELED AIRCRAFT SIZING:

A conventional configuration, similar to that investigated for the application of nuclear
power, was selected for sizing the JP-fueled aircraft. The 20-deg wing sweep angle
of the conventional nuclear configuration was retained for the JP aircraft. This
configuration has a T-tail empennage mounted on the oft fuselage, the fuel is carried

in the wing, and all of the cargo is loaded in the fuselage. The fuselage cross~-section
is identical to that of the nuclecr aircraft. It will accommodate ou'sized equipment
and/or three rows abreast of containerized cargo. The tusalage length of 238 ft ts

shorter than for the conventional nuclear aircraft by the 22 ft required for the reactor,

173

?2




Five range values of 3500, 5500, 7500, 10,000, and 12,000 n.m. were chosen for
developing JP aircraft design data from which the cross~over ranges for equal weights
and costs could be determined, The initial parametric sizing effort was directed
toward identifying the optimum initial cruise altitude and engine bypass ratio values.,
The results in Figure 8-1 for this initial effort are for the 7500 n.m. range. The

minimum ramp weight was established by the 140-kt approach speed limit and its
150
140 ¢
1301 18

120

W/S - LB/FT2

110

v

31

27 8.4

100 ALTITUDE - 1000 FT

: l.42r

1038 o

"RAMP WT - 10° L8
®
Y

1,30 L

Figure 8-1. Cruise Altitude and Engine Bypass Ratio Optimization for
JP-Fueled Aircraft, Range = 7500 n.m. TOD = 10,000 ft.
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equivalent wing loading of 129 psf. As illustrated on the figure, the minimum weight
was for an initial cruise altitude of 33,000 ft and an engine bypass ratio of
approximately 13, These two parametric values were held constant in generating the

matrix of design point data in Figures 8-2 to 8-6 for the five mission ranges. The
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Figure 8-3. JP-Fueled Aircraft Optimization for 5500 N .M. Range
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minimum weight aircraft for each range was defined by the 10,000-ft field length
curve, Dato for the optimum design point for each range were combined on Figure
8«7. Superimposed on this figure are the ramp weights of the reference and altemate
_nuclear aircraft. The intersection points define the design ranges of 9200 and 7850

TOD =10,000 FT

-

"

2

Figure 8-6. JP-Fueled Aircraft Optimization for 12,000 n.m. Range

n.m. for JP aircraft with the same ramp weights as the two nuclear aircraft,
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Figure 8=7. Nuclear and JP=Fueled Aircraft Cross=Over Ranges for
~ Equal Ramp Weights

‘The 9200 n.m . range aircraft is illustrated in Figure 8-8. A weight summary for the
-aircraft is included in Table 8.1, the design features are |isted in Table 8.2, and o
~ cost breakdown is presented in Table 8.3. The wing loading is less than the maximum

aliowed by the 140-kt approach speed limit. Also, rh_e cruise lift coefficient value
of 0.573 falls well below the maximum design value of 0.706 for a 20-deg wing
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Figure 8-8. Equivalent‘ Weight JP=Fueled Aircroft
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. TABLE 8.1. WEIGHT SUMMARY FOR 9200 N.M.,
RANGE JP AIRCRAFT

————

Wing 180, 969

3 Horizontal 9,417
r Vertical 8,760
Fuselage 78,794
- Landing Gear 53,892

Nacelles and Pylons 19,628
Propulsion 72,587

Systems and Equipment 51,357
Cperating Weight __ 475,404
Payload | | 400,000

Fuel 681,087

Romp Weight 1,556,491
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TABLE 8.2, DESIGN CHARACTERISTICS OF 9200 N.M.
RANGE JP AIRCRAFT

Cruise Mach Number
Cruise Altitude

Wing Sweep Angle
Wing Loading

Aspect Ratio

VD

Cruise Lift Coefficient

Field Length

No. Engines

Engine Thrust, SLSD
Engine Bypass Ratio
Wing Area
Horizontal Area -

Vertical Area

0.75
33,000 ft
20 deg
123.5 psf
10.5
23.76
0.573
10,000 ft

4
88,284 b
13

12,323 02

2,307 #2
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TABLE 8.3. PRODUCTION COST BREAKDOWN FOR
9200 N.M, RANGE JP AIRCRAFT

Thousand § Per Aircraft

Wing | 13,319
Tail 1,910
Body 5,440
Loanding Gear 1,498
Flight Controls 1,005
Nacelles 2,711
Engine Installation 610
Instruments 192
Hydraulics 263
Electrical 264
Electronics Racks 157
Fumishings 370
Air Conditioning 237
APU 180
Final Assembly 1,400
Production Flight 481
System Integration 860

Totel Empty Manufacturing Cost 31,097
Sustaining Engineering v 2,314
Production Tooling , 3,246
Quality Assurance ' 3,324
Airframe Fee : - - 8,297

Airframe Cost ' _ . 48,280
Engine Cost ' _ - 10,032
Avionics ' - 500
Research & Development : S 12,993 ' ,

Total Flyaway Cost 71,805

sweep. The excellent performance of the alreraft is due in part to its high aspect

- ratio value of 10.5,

- Mission capabilities of the equivalent woight JP-fuelad qlrcro&.aro summarized on
Figures 8-9 and 8-10. With decreases in mission payload, the aircraft range is not -
restricted by fuel volume limitations as it increases to the moximum, or ferry, range

‘of 13,600 n.m. Station-keeping characteristics of the aircraft are presented in
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Figure 8-?. Payload-Range Characteristics of
Equivalent Weight JP-Fueled Aircraft

Figure 8-10 for variations in mission radius and payload, Flight to and from the
mission station was at the cruise speed of 436 ks, while the maximum endurance

speed for station-keeping was 125 kis,

Throughout this study, every effort has been made to include those technologies, design
features and costs projected to be characteristic of the 2000 time pericd. The one

"noticeable exception is that of fuel price. Both the JP fual price of $0.40 per gal ond

the nuclear energy cost of $0.45 per million Btu represant todoy's values. With
decréasing fuel availability in the future, fuel prices will increase over and above tho

increment due to inflation. Recognizing this future trend, the effects of increasing

~ To find the design range of a cost equivalent JP alreraft , civil Iife-tycle costs were

computed and plotted in Figure 8-11 for the optimum aircraft for sach of the range -

values. Similar cost data for te wo nuclear aircraft were superimposed on the figure
to estéblish the design ranges for the equal-cost JP aircraft. The cost cross-over | ,
ranges of 11,950 and 11,100 n.m, relative to the reference and aiternaty reference . |

nuclear aircraft, respectively, are somewhat greom than those detetmmad for equal

ramp weights,
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© the fuel prices were investigoted. As shown by the results on Figure 812, the range .
; ~ for equal life-cycle costs drops to 6100 n.m. relative to the reference nucleor gircroft
~ for a 300-percent fuel price increase. Similor data on Figure 8-13 for the alternate
" | nucleor aircraft show a cross-over range of 700 n.m. for the 300-percent fuel price -
~increase. Thus, the prospects for airbome nuclear power will ke considerably
, ‘g ' ~ enhanced in the future. ' "

8.2 AIRCRAFT COMPARISON

_ Both the nuclear-powered and the JP-fuelad aircraft were designed for the scme mission
of carrving 400,000 lb of cargo at a cruise Mach number of 0.73. The JP aireratt was
designed for o range of 9200 n.m. to achieve a remp weight identical to that of the

 nuclear aircraft; the range of the nuclear aircrait is limited only by crew endurance.
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The JP oircroft begins cruise at an altitude of 33, 000 ft and slowly increases it cruise
altitude o3 fuel is bumed to min&mwe fuel consumption. The nuclear aircraft moimaim |
a constant cruise altimde of 31, 000 ft for optimum performance. Since the true airspeed |
slighﬂy greater for the nucleor aircraft, its producﬁmy will be slightly grectec than

thqt of the JP circroft for the same mission range.

‘Overall dimensions of the two aircraft are similar, as noted in Table 5.4, with the
chemical-fueled aireraft requiring slightly more terminal area - the product of wing -
span and cverall length. The differences in fuselage lengths and overall lengths for the

two aircraft reflect the eifect of the space occupied by the ceactor. Characteristic
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Figure 8«13, Sensitivity of Cross=Over Range to
Fuel Price for Alternate Nuclear Aircraft

layout features of the two configurations are responsible for considerable differences in

the empennage moment arms and resulting surface areas.

The wing areas are approximately the same for the two aircraft. However, the beneficial
drag reduction achieved through the higher aspect ratic value for the JP aircraft Is
partially offset by the higher wing weight, as shown in Table 8.5,  Contributing to the
JP aircraft wing weight, is the additional structural weight required by downbending

criticality of the wing due to the fuel load during taxi.
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TABLE 8.4. AIRCRAFT GEOMETRY COMPARISON

Wing
Span, ft
Sweaep, deg
Areq, ft2

Aspect Ratio
Overall Length, ft
Moxlimum Height, ft
Fuselage Length, ft
Fuselage Equivalent Diameter, ft
Carge Compartment Size, ft

Empennage Areas, ffz
Horizontal

Vertical

Nuclear

Chemical

308
30
12,630
7.5

275

75

260

27

1194
3698

360

20
12,323
10.5

260

238

27

25 x 13.5 x 164,

1759
2307
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TABLE 8.5, AIRCRAFT WEIGHTS COMPARISON

Nuclear Chemical
\
Structure \
Wing 147,969 180, 969
Horizontal Tail 7,180 9,417
Vertical Tail 12,187 8,760
Fuselage 104,708 78,794
Landing Gear 65,989 53,892
Nacelle and Pylon 23,821 19,628
Propulsion
Engine Installation 81,042 65,530
Fuel System 3,137 7,057
Nuclear Subsystem 391,260 -
Engine HX, Ducting and
Auxiliary Cooling 135,689 -
Systems and Equipment 48,898 51,357
Operating Weight Empty 1,021,881 475,404
Payload 400,000 400,000
Fuel 134,610 481,087
Ramp 1,556,491 1,556,491
191
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Empennage weight differences are caused by the variances in surface areas. The greater

fuselage weight for the nuclear aircraft includes the structure for attaching and housing

g the reactor, Additional landing gear weight for the nuclear aircraft is necessitated by
its higher landing weight. The inefficiencies and additional size of the engine due to
; 5 the installation of the heat exchanger resulted in higher engine weights for the nuclear
. ‘
3 aircraft. The weights of the fuel system and of the systems and equipment are higher for
the chemical-fueled aircraft because of the larger quantity of JP fuel carried.
A comparison of the performance characteristics listed in Table 8.6 shows that the chemical~
. TABLE 8.6. AIRCRAFT PERFORMANCE COMPARISON
i
Nuclear Chemical
{. : Cruise Mach Number 0.75 0.75
Cruise Altitude, ft 31,000 33,000
Cruise Lift/Drag Ratio ' 22,59 23.76
i Wing Loading, psf 120.0 123.5
1 No. Engines ' 7 4 1 4
Engine Thrust, Uninstalled, 1b 84,823 88,284
Engine Bypass Ratio 8.4 13.0
Takeoff Fisld Length, ft | 10,000 10,000
3 . | Landing Approach Speed, kts 140 137
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fueled aircraft enjoys a 5 percent better cruise lift-to-drag ratio as a result of its higher
wing aspect ratio and wing loading. The difference in engine thrust levels is basically

due to the different cruise altitudes and engine bypass ratios.

Costs for the two aircraft are compared in Table 8.7.The higher unit engine cost for the
chemical-fueled aircraft is a direct function of its higher thrust rating. The difference
in the airframe prices is due largely to the additional fuselage length for housing the
reactor and the structure for attaching it. The resulting 61 percent greater cost of the
nuclear aircraft is partially offset by its cheaper unit energy cost for operation. For this
particular comparison, the direct operating and life-cycle costs of the nuclear aircraft

exceed those of the chemical aircraft by 23 percent.

TABLE 8.7. AIRCRAFT COST COMPARISON*

Nuclear Chemical
Unit Cost, Million § -
Engine 2 ..4 - 2.5
Reactor Subsystem 22,2 ' -
Airfrome 53.7 - 48.3
Alrcraft 115.48 71.8
20-Year Life-Cycle : 375 304
DOC, 4/ATNM 740 | 58
Fleet 20-Year Life-Cycle : o :
Costs_, Biltion § 3.8 76.0

* 9200 n.m. range
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7.0 CONCLUSIONS

Parametric studies were performed for several aircraft configurations to determine the

S minimum ramp weight concept with the application of nuclear power. Similarly,
several nuclear propulsion cycles were analyzed to ascertain the minimum weight and
minimum development risk concepts. Using the selected configuration and cycle, an
optimum aircraft was developed for a reference mission to carry a 400,000-b payload
on nuclear power and to have an emergency chemical fuel recovery range of 1000 n.m.
. A competitive chemical-fueled aircraft was also designed for the reference mission
payloau . Conclusions reached as a result of these parametric studies, design efforts,

and the subsequent comparison are as follows:

- 1. The conard configuration exhibited smaller ramp weights than either the

2 “i spanloader or conventional configurations for the 400,000 and 600,000-b

: 4 payload cases under consideration. For the larger payload, the canard
aircraft was one percent lighter than the spanloader aircraft and 4,3 percent
1 lighter than the conventional aircraft. For the smaller payload, the cenard
was 4.8 and 9.8 percent lighter than the conventional and spanloader

aircraft, respectively.

2,  The canard configuration has the potential for achieving greater benefits
from alternate nuclear design approaches than do the other two configurations.

This is the result of the reactor placement in the aft end of the fuselage of
the canard with cargo and pérsonnel adjacent to only one side of the
reactor. In the conventional aircraft, cargo and personnel are in close
proximity to the reactor on two of its sides. The spanloader configuration .
has cargo and personnel on three sides of the reactor. As the reactor system
becomes less isolated, more stringent shielding design is necessitated, with
attendant weight penalties. The canard configuration has the most isolated
reactor placement and hence, is able to benefit substantially from special |

shaped shielding concepts,
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Adoption of the alternate nuclear operation and design philosophy offers the
greatest potential for reducing aircraft weight and cost. For the reference

mission canard aircraft, a 13.1-percent reduction in ramp weight was

achieved by applying this alternate philosophy to the aircraft design. The
first feature of this philosophy is to shape the shield to satisfy standard dose
rate limitation criteria in all directions normally occupied by personnel but

to relax the criteria in those directions which are inaccessible. The second

feature is to use the emergency range chemical fuel for shielding, thereby

permitting a reduction in the amount of regular shield material. The third
feature is to operate the reactor during all flight phases, using halif reactor
power for emergency cruise and full reactor power for takeoff and climb.

Chemical fuel is used during these power critical phases to augment the

reactor and provide the additional thrust required.

Safety is not compromised by adopting this alternate philosophy. In effect,
this alternate philosophy yields o better engineering solution for a design

than is possible with the previous approach.

Studies to assess the sensitivity of the reference canard design to several
alterate technology applications revealed that the use of éomp‘ostte

~ materials was most beneficial in reducing aircraft ramp weight, For 20, 40
and 60 percent of the aircraft structure in composite materials, the romp
waight of an all aluminum aircraft was reduced by 8.53, 13.51 and 17.72
percent, respectively. : o '

In addition to composite materials, the altemate technologies considered
included laminar flow control (LFC), higher bypass ratio engines, and @ |
higher engine turbine fnlqt temperature (TIT) for nuclear cruise, With LFC
on tha-wing and vertical surfaces, al .6l-percent reduction in ramp w_ﬁght
was achievad. Less than o two percent variation in ramp weight was evident
for engine bypass ratios between 5.8 and 18.0. Increasing the engine TIT
during nuclear cruise by 200°F, also had little effact on ramp -welght, o

yielding an improvement of about ane percent
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All of these advanced technology applications will require additional
development and production costs, the extent of which could not be assessed
within the scope of this study. Based on the experience gained from previous
studies concerned with the application of these four advanced technologies,
it appears that composite materials is the only one that offers sufficient

benefits to offset the expected additional cost.

3.  Studies on the sensitivity of the reference aircroft design to variations in the
mission parameters of cruise Mach number, takeoff distance and emergency
range revealed that the increased emergency range imposed the greatest
penalty. The aircraft ramp weight was increased by 10.4 percent when the
emergency range was doubled to 2000 n.m. Variations in takeoff distance
between 8000 and 12,000 ft have little effect with less than a 1.75 percent
change in romp weight. Decreasing the cruise Mach number from the
reference value of 0.75 to 0.65, saved a marginal 1,485 percent in ramp
weight. Increasing the cruise Mach number to 0.85 had a somewhat greater

effect with a 4 .6-percent weight penalty.

é.  Of the various nuclear propulsion cycles analyzed, only the non-recuperated
closed Brayton cycle with o dual-mode engine was found to be lighter in
weight than the base case open Brayton cycle. However, the difference in
weight was judged to be more than balanced by the greater background and
design certainty associated with the open Brayton eycle. Until further
development work is completed for other cycle concepts, iHe open Brayton

- cyele should serve as the basic nuclear propulsion cycle. -

7. Nuclear power gives the lighter ramp weight and lower life-cycle cost air-
' craft for global range missions while chemical JP fuel appears to be better
for Intercontinental mission canges. For mission ranges less than 9200 n.m. ,

the JP-fuelad aircraft has o lighter ramp weight than the reference nuclear

aircraft, The converse is true for mission rcngeS exceeding 9200 n.m. If
the altemate nuclear operation and design philosophy is adopted, the cross=

over range value is reduced to 7850 n.m. In terms of lifa-cycle costs, the

e L e sy
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cross-over ranges are 11,950 and 11,100 n.m. relative to the reference and
alternate nuclear aircraft, respectively. However, for a 300-percent fuel
price increase because of energy shortages, these cross-over ranges are
reduced to 6100 and 4700 n.m., respectively. Thus, the prospects for air-
borne nuclear propulsion to long range missions will be considerably enhanced

in the future.

The nuclear R&D cost was estimated to be 2.25 billion dollars. Due to the
uncertainty associated with this estimate, 50-percent variations of this
estimate wers investigated and were found to produce only a two percent
change in life=cycle cost. Thus, while it can be surmised that the nuclear
development will be large, it can be concluded that it will have a small

effect on the total aircraft systems operation.
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other attractive characteristics of this cycle, as outlined previously in Section 4.4, -

-'give further impetus to tHe_recommen_darion_to study this cycle in more detail.

10.0 RECOMMENDATIONS

Before a nuclear-powered aircraft can become a reality, considerable research and
development effort will be required. -System studies are needed to define the design
requirements for the aircraft and to determine the optimum configuration characteristics.
Technology development programs must be continued, and in some cases initiated, to
advance the state of the art in the areas of propulsion, aerodynamics and flight controls,
structures and materials, and noise reduction. Several study recommendations in these
areas must be pursued within the immediate future if nuclear aircraft are to become

operational by the year 2000,
10.1 NUCLEAR PROPULSION SYSTEM

The total nuclear propulsion system is the pacing technology area in the development of
a nuclear aircraft, While all elements of the total propulsion system require further
development, some need more than others. To aid in the discussion of recommended
development programs, the total propulsion system is considered to be compos\ed of the
engine, the heat transfer system, and the nuclear subsystem which includes the reactor,
shielding and containment structure. Before discussing 2ach of these three major sub=-
areas, one recommendation will be mude concerning the total system. In the propulsion
cycle analyses of this é—'fudy, the non-recuperated closed Brayton cycle with dual-mode
engines was found to be the lightest weight cycle. However, It was not selected for
use on the reference aircraft because of the minimal investigations and data base of

this cycle.

It is recommended that future studies be initiated to confirm, and quantify with more.

" certainty, the characteristics of the non-recuperated closed Brayton cycle with dual-

mode enginas. The investigations of this study have been sufficient to show thet such o

propulsion system is potentially very attractive from weight considerations. Several

RS s it i
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10.1.1 Nuclear Sutsystem

Two basic types of nuclear reactors are prime candidates for nuclear aircraft propulsion
systems. One type is a liquid-metal-cooled fast reactor as typified by the NuERA Il
concept. The other prime concept® is a gas-cooled, graphite-moderated, epi-thermal
reactor based on the proven technology of the nuclear rocket reactors. The liquid-
metal-cooled NUERA nuclear subsystem was used in this study because of its extensive
parametric data base for aircraft application. Such a date base is non-existent for the
gas-cooled reactor, Therefore, it is recommended that a similar porametric data base

be established for the gus-cooled reuctor.

[t is further recommended that both types of reactors then be included in a total systems

integration study of a nuciear powered aircraft to select the more promising concept.

" Ragardless of which type reactor is selected, there will remain a substantial technology

undertaking to develop and demonstrate both the components for and a flight-weight

_system with the power, life, temperatures and safety needed for aircraft application.

10.1.2 ' Engines

Due to mbterfét“ziinihiions of the nuclear heat exchanger in the engine, design

: femp_erqtures}odd: pressures of the nucleor gas turbine were considerably low@r than
those predicted for advanced chemical-fueled gas turbines. Consequently, it became.
-_ necessaff in‘}hia.,‘vsfudy to “redesign” an advanced engine to achieve o more opﬂmum
N matéﬁ'b;fween':;:r‘utse and takeoff performance. |t would have been more satisfactory
- to hove had a pci'amamc dota set for an advanced engine preliminary design somewhat
~ consistent with. "he requirements of a nuclear uircrcft Idecily, this preliminary engine_
| duign ceuld exhibit technology levels similar to those of the Pratt & Whitney STF 477

ongine, bu,f with combustor pressure losses und temperatures that are compatible with |
nuclear power applications. It is recommended that such a data set be developed by

. ¥ R. E. Thompson, “Lightweight Nuclear Powerplant Applications of c'Very High

Temperature Reactor (VHTR), " Westinghouse Advanced Energy Sysnms Division,
Paper 759164, lOth IECEC, 1975. (Ref. 22)
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an engine manufacturer for parametric variations of bypass ratio, fan pressure ratio,
turbine inlet temperature, etc. It is further recommended that the engine data set be

used in a total aircraft system integration study .

Another area recommended for investigation is the design and integration of the engine
heat exchanger in the open Brayton cycle to insure that the optimum tradeoff of exit
temperature and heat exchanger design is maintained. The proper design and integration
of the heat exchanger into the gas generator can have a large impact on the engine
performance, on the external drag of the engine/nacelle installation, and on the total

weight of the propulsion system.

10.1.3 Heat Trensfer System

The heat transfer system is an integral part of the total propulsion system, with a strong
mutual interdependence between it and the nuclear subsystem. Eventually, a decision
will be reached on a gos-cooled versus a liquid-metal-cooled reactor. That decision

cannot be made without taking into account the heat transfer system .

Technology developments are required for both gas and liquid metal heat transfer

systems before any decision can be made. A review of the cuirent status and of the
technology tasks envisioned for both systems are discussed in Reference 23.* Both 7
systems require technology development and demonstration in a flight-weight design at the

temperatures, pressures and lifetime for aircraft application. It is recommended that

- sufficient material development and system fabrication be undertaken to demonstrate
~ ‘concept feasibility for both gases and liquid metals to permit one typa of heat transfer

media and reactor to be selected.

- 77, C. Muehlbauer, “Nuclear Power for Aircraft, " LG74ER0068, Lockheed-Georgia

Company, May 1974. (Ref. 23)
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10.2 AERODYNAMICS AND FLIGHT CONTROLS

Considerable analytical and experimental efforts are needed to complete the establish-
ment of a data base for supercritical airfoils, which were assumed to be standard state-
of-the-art technology for the reference circraft, Similar efforts are recommended for
the relatively large wingtip-mounted vertical surfaces and for the free floating canard
with spanwise blowing. For both control surfaces, limited data were extrapolated
considerably for application on the reference aircraft. Verification of the estimated
performance characteristics through wind-tunnel testing is essential to assure concept

feasibility .

'One petential problem area requiring further study is the influence of the canard surface
on both the wing and the engines. There is o possibility that the canard tip vortices
may impinge on one or more engines with unacceptable performance degradation.
Extensive analyses and testing will be required to determine the extent of the problem
and to eliminate it, if one exists. Similar studies are recommended concerning possible
interference effects of the canard on the wing lift distribution.

Studies are recommended to define the overall raquirements for load alleviation, active
controls, ond high lift systems. Wind=tunnel tests of the complete configuration,
including the control surfaces, in both h‘igh end low-speed regimes will be required to

confirm the aircraft performanca svaluations.

Current aircraft flying qualities criteria will probaBly not be adequate or applicable to -
a nuclear aircraft because of its size, weight, interia distribution, and types of controls.
{t is suggested that C-3 criteria studies be exrendéd_fo encompass tha peculiarities of

the reference nuclear aircraft configuration. Particulor attention should ke directed
“toward the effectiveness requirements of thé iarge area, short moment-arm vertical :
surfaces for yaw, the effect of the roil requirements on the wingtip-mounted verticals,

ond}he'responu of the aircraft to conventional and nqn-cén-vamlonql types of control .

gt st =
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A preliminary study is recommended to establish flying qualities criteria which would be
correlated with current large aircraft flight-test experiences. Subsequently, further

validation is recommended using ground-based simulators.

10.3 STRUCTURES AND MATERIALS

The reference aircraft was designed with a somewhat arbitrarily-chosen level of
composite materials of 40 percent of the total aircraft structural weight. Parametric

variations of the level of composite material application produced the expected result

on aircraft weight. However, the limited scope of this study precluded establishing the

optimum level of composite application to minimize aircroft life-cycle costs. It is
recommended that the aircraft designed for the composite sensitivity analysis of this
study be investigated in sufficient detail to develop cost data for the mojor structural
subsystems of these aircraft, and then ascsrtain the optimum level of composites for

minimum cost.

Studies are recommended to determine the effects of the large wingtip~mounted verti sals '

on the wing structural design and Flutter. Multi-station analyses of the wing and

vertical structures are needed for typical flight conditions to check the strength and -

weight estimates for thess structural elements, It is alsa recommended that potentially- -

critical flutter cases be investigated to confirm that en unaccepicble low flutter speec

is not cnchnmed and that the vertical tail design and placement are satisiactory . 1f c

any flutter problcms'raro'oncoumon_d, then part of the study should include a systematic

investigation of the most promising passive means of Ihcrmihg flu'ttofrspced, and an e

evaluation of the “enefits from active flutter-suppression :choﬁts.

10.4 NOISE

* Noise certification and community noise analysis studics need o be performed for the |

reference aircrait if it is to serve as a joint military/civil cargo transport. The
recommendad study should identify the nacelle acoustic design requirements for
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compliance with applicable regulations anticipated for the year 2000. Further, the
airframe noise minimum should be investigated, and the impact of applying expected

technology advances shouid be assessed. Part of the end result should be the nacelle

" acoustic design and acoustic footprints for takeoff and landing.
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APPENDIX A, TECHNOLOGY ASSESSMENT

A technology assessment was performed to determine the advanced technology items and
design features which were incorporated into the basic nuclear aircraft designs or were
considered in technology sensitivity studies., For this assessment, the list in Table A, 1
was compiled of technology items potentially capable of improving overall aircraft
performance, of reducing the total system cost, of adding to the operational flexibility
of the aircraft, and/or of solving "s\ome design problem.

3
The Delphi Method* was used to evaluate the applicability and the development status
by the year 2000 for each technology item. A minimum of three specialists in each of
the major disciplines, e.g., Aerodynamics, Propulsion, Structures, etc., was selected
to implement the Delphi Method, Each specialist independently evaluated items in his

discipline, using the format of the sample evaluation in Figure A-1,

Following the standard Delphi procedure, the averaged results of the evaluations were
submitted to the specialists for consideration in possibly revising their original
assessments, The averaged results from this assessment iteration were the technology
levels used in Sections 3.0, 5,0 and 8,0 for the aircraft designs and in the sensitivity
studies of Section 6.0,

The technology evaluation included an assessment of current and projécfed status in the
year 2000, of the levnl of applicability, of the probability of attaining the future
status, and of the potential effects of‘the technology item on aircraft drag and fuel
consumption and on system weight and cost, Comments by the specialists identified
spacial problems, features, and other important factors, Typically, they commented on
the sensitivity of the technology appﬁicaﬁon to aircraft size, reliability and
maintainability effscts, cost and deﬁendence upon other technology development
programs, recognized technclogy spinoffs, safety characteristics, and similar
considerations,

eimer, “Analysis of the Future = The Delphi Method, " Reporf No, P3558,
" The Rand Corporotion , 1967, (Ref. 24)
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TABLE A.1. TECHNOLOGY ITEMS EVALUATED

o O O o

o

o O O O o o

o

Aerodynamics

Supercritical Wing
Laminar Flow Control
Upper Surface Blowing
Externally Blown Flaps
Internally Blown Flaps
Winglets

Oblique Wing

Variable Cambered Wing
Boundary Layer Control
High Aspect Ratio Wing
Streamline Contouring
Area Rulihg

Powered Lift

Propulsion Lift
Augmentor Wing
Variable Sweep Wing

Stability & Control

Active Controls

Relaxed Static Stability
Stability Augmentation System
Ride Control System

Load Alleviation System

Gust Alleviation System
Fly-8y-Wire System

Flutter Suppression System

o O O o

o

o ©0 O 0 o o o

Propulsion

Nuclear Propulsion

High Bypass-Ratio Engines
Dual Cycle Engines
Regenerative Engines
Variable Geometry Engines
High-Speed Propellers

Prop-Fans

Structures & Materials

Metallic Structures
Composite Structures
Crashworthy Structure
High Strength Alloys
Titanium Alloys

Composite Matericis

Systems
Multiple Redundancy Avionics

Automatic Subsystem Monitoring
Solid State Electronics

Air Cushion Londing System
Comfort Systems

Safety Systems

Survival Systems
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TECHNOLOGY ITEM: Composites

CONCEPT APPLICABILITY (Circle C - crifical,@- significant, M - minor, N ~ none)

TECHNOLOGY ASSESSMENT
p Effect** (% Change Ralative to 1976)
ercent :
Status* Level Probable Drag Weight Fuel Cost
1976 G 10% 90%
1985 E 35% 80% -15 5
1995 E 60% 90% -20 0
2000 E 65% 90% =25 -15

*  Use E - excellent, G - good, F = fair, P = poor
** Use minus sign to show a decrease

COMMENTS:

Sensitivity to Aircraft Size: Insensitive to aircraft size if level of applicability is

expressad as a percentage of aircraft weight, Early level of use will depend on amount
of potential secondary structural applications on proposed aircraft,

Reliability & Maintainability: Much better than current secondary structure of
aluminum and fi fiberglass=faced honeycomb (25% of present mamtenance)

Cost: Cost Increases in 1985 are due to limited fabrication experience and development,
After 1985, cost reductions occur through improved manufacturing techniques.

Technological Spinoffs: Spom equlpment transportation vehicles, specialized
structural elements,

Safety: No problem.

Other: The present concern over water absorption will be solved by 1985,

Figure A-1, Typical Technology Evaluation

21




Figure of Merit (FOM) values were calculated for each technology item and used in
selecting the important items for the aircraft design and sensitivity studies. The FOM
was defined as the product of the future status and the applicability., Numerical values

were assigned to. the predictions in these two areas according to the code:

M Value Status
C - critical 10 E - excellent
S - significant 6 ':‘,. G - good
M - miner 3 F - fair
: P - poor
N < none 0

All technology items judged to be of critical opplf‘q_cbilify automatically qualified for

further consideration, Additional items were select"'e\d based on the FOM values

according to the guidelines:

Evaluation Procedure‘\..
. y
FOM > 640 Item select3“§
60 2 FOM 2 30 ltem selectio}\%dependent upon
| possible effects and comments
FOM < 30 {tem disregarde

FOM values greater than 40 indicate relatively low risk develoAment items with ¢ high

degree of applicability, FOM values less then 30 indicate poor Nsk development items

with a low level of applicability.

‘ Table A .2 shows the projected applicability, development status, F‘J\'QA, and benefit
results for each of the technology items. The benefit values are the algebraic averages
-of the effocts of the technology on drag, weight, fuel consumption, and.cost, Positive

benefit values are desimble, while negative values represent a-penalty.
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TABLE A.2, TECHNOLOGY ASSESSMENT RESULTS

Aerodynamics Application l Statu52 FOM Benefits Selection
Supercritical Wing S E 60 12.8 Ye53
Laminar Flow Control 3 E 60 115 Yed
Upper Surface Blowing N-M E 15 23.5 No
\A‘ Externally Blown Flaps N-M G-E 12 -8.8 No
Internally Blown Flaps N-M G-E 12 2.8  No
Winglets M-S E 45 93 Yes
Oblique Wing N-M G 9 15  No
Variable Cambered Wing M E 30 53  No
L -7 | Boundary Layer Control M-S E 45 80 No
"_‘ ' High Aspect Ratio Wing S E 60 7.8 Yes®
Streamline Contouring M E 30 4,3 No
Area Ruling M-S E 45 45 No
Powered Lift M E 30 75 No
Propulsion Lift M E 30 7.5 No
Augmentor Wing N-M E 10 -7.5 No
Variable Sweep Wing M E 30 0.8 . No
Stability & Control
Active Controls | s E 6 120 N
Reloxed Static Stability s E 60 9.6 Y053
Stability Augmentation System S E 60 7.2 N
Ride Control System M-S G-E 36 7.0  Ne
Load Alleviation System s E & 58 N
5 | Gust Alleviation System s E & 72 No
. Fly=By=Wire-System s E 60 =12 N
Flutter Suppression System S E 60 10.3 No®
23 | - g




TABLE A.2, TECHNOLOGY ASSESSMENT RESULTS (Cont)

Propulsion Application ] Stmus2 FOM  Benefits  Selection
Nuclear Propulsion C P-F 20 - Yes4
High Bypass-Ratio Engines S E 60 2 Yess’ 7
Dual Cycle Engines M-S G-E 36 -0,3 No
Regenerative Engines M G 18 7.7 No
Variable Geometry Engines S G 36 5.7 No
High-Speed Propellers M G 18 9.0 No
Prop=-Fans S G 36 18.0 No
Structures & Materials

Metallic Structures C E 100 3.0 Yes,3
Composite Structures S E 60 12,7 Yes3' 7
Crashworthy Structure S G 36 - Yes4
High Strength Alloys S G-E 48 -12,0 No
Titanium Alloys S E 40 0 Yes
Composite Materials S-C E 80 23 Yesa' 7
Multiple Redundancy Avionics C E 100 5.5 'Yes3
Solid State Electronics sC . E 80 757  Yes
Automatic Subsystem Monitoring S - E 60 33 Yesa_.
Air Cushion Landing System M F 9 - No
Comfort System s GE 48 3 Yo
Safety System C E = 100 0 - Ye;*,;3
Survival System c E 100 8 Yo

Applicability Code: C - critical, S - significant, M - minor, N = none

Status Code: E - excellent, G - good F - fair, P - poor

{tem incorporated into al} designs as standard future state of the art

Item incorpurated into all designs due to concep® requirement

Items considered as part of nomal design optimization

items not included, though highly rated, bacause of dependence cnd Inrerfuco

requirements with related systems _
Item varied in sensitivity studies ' . S
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As noted on the table, many of the technology items were selected for inclusion on all
aircraft designs as standard future state of the art. ltems selected for application on a
reference aircraft to determine the technology sensitivity included laminar flow control,
high bypass ratio engines, and composite material levels., Winglets were selected as a
technology sensitivity item in case the conventional configuration emerged as optimum,
which it did not. Both the canard and spanioader configurations incorporate vertical
endplates on the wing tips as an integral part of the basic design concept. Thus, wing-

lets are not a candidate technology item for these two configurations,

Anocther item which promises significant potential benefits is the prop~fan. This item
was specifically excluded at study initiation due to budgetary constraints, but it merits

investigation,

In general, most of the technology items that were rejected lacked applicability for the
nuclear aircraft concept, as noted by the none (N) or minor (M) rating, Other rejected
items exhibited low FOM ratings or additional costs as reflected by the negative benefit

values.

Most of the items in the stability and control area were rejected, in spite of high ratings
and potential benefits, because of the interdependence of these items. The high
potential benefit values noted for each item are based on the assumption that the othor
items have also been included In the aircraft design. If the items in this category wem

considered separately, that is, if the other items were not simultaneously implemented,

the potential benefits would be small. The amount of effort required to consider the

interaction of all of these items would exceed fh_e intent and scope of this program,

e . :w——“’" £ 0t by,
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APPENDIX B, DESCRIPTION OF NuERA Il REACTOR

The reference reactor used in this study is a liquid-metal-cooled fast reactor as typified
by.the NUERA [l nuclear subsystem concept defined by Westinghouse (Ref. 3) and shown
in Figure B=-1, In this nuclear subsystem, the reactor coolant is separated lithium which
is contained entirely in a refractory metal system. All the primary piping is made of
columbium=1 percent zirconium alloy (Cb-1Zr) as are the intermediate heat exchangers,
the pumps, and the reactor vessel, The fuel pins, which also are in contact with the
{ithium, are clod in a tantalum base alloy, ASTAR 811-C, The coolant enters the
reactor at 1400°F and is heated to 1800°F, The coolant then enters the intermediate
heat exchanger, a counterflow shell and tube exchanger, where it flows through the
tubes and is cooled to 1400°F, From the heat exchanger, it flows to the primary coolant
circulating pump, an electricolly-driven canned-motor centrifugal pump, which returns

it to the reactor vessel,

A secondary fluid, liquid sodium-potassium (NaK), is used to transfer the reactor
thermal energy to the engines, It leaves the shell of the intermediate heat exchanger
at 1700°F and flows to the engine heat exchanger, In this engine counter-flow
exchanger, the NaK is cooled to 1300°F as its energy is tronsferred to the air stream,
thereby replacing the nommal combustor function in the engine, From the engine heat
exchanger, the NaK flows to the seco‘ndory coolant E.irculoﬁng pump, an electrically-
driven canned-motor centrifugal pump, which returns the coclant to the intermediate
"heat exchanger, lsolation valves are included in each secondary loop to provide
shutoff capability if requirad in the avent of an engine failure, | |

The reactor, shield, and all primary loop components are installed insida the contain-
ment vessel, Secondary coolant pumps and reactor sy;mm auxiliaries ore locared

outside of the containment vessell., Components such as pump controllers, gas bottles, m".
shield cooling and the decay cooling auxi lturiés are mounted in the aircraft fuseloge. o V ;
The inert gas supply will maintain é prassure of 15 psig in the containment vessel, Tha

_ | control system concept assumes a digital computer control and a battery for critical
pawer supply . '
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As shown in Figure B-1, the recctor with its primary shield is mounted vertically with
the vertical centerline laterally offset aft from the center of the spherical containment
vessel. The intermediate heat exchangers, primary pumps and the shield coolant system
heat exchanger and pumps are installed in the crescent-shaped space provided. The
banana-shaped expansion tank is located at the highest point in the compartment, and is
connected to one of the reactor outlet lines, The intermediate heat exchangers,
primary coolant pumps and expansion tank are supported from the containment shell,

The reactor and shield assembly are mounted on a base structure attached to the lower

portion of the containment shell,

The primary shield, extemal to the pressure vessel, completely encloses the reactor and
consists of an inner layer of zirconium hydride, and an outer layer of lithium hydride,
Inserted between these two major layers is a sheet of boral. The shield is compart-
mented and hemetically sealed because of materials outgassing and the need to contain

the shield coolant,

Shield cooling system components are located both inside and outside of the containment

vessel, The shield cooling system is completely independent of the reactor cooling
system, having its own primary and secondary loop, both of which zontain NaK as the

- coolant, The primary loop and the system intermediate heat axchanger ore located
~ within the containment sphere because the coolant, in passing through the shield in
3 - close proximity to the reactor, becomes activated. The sec_ondqiy shield coslant loop
- and secondary coolant pump are located outside of the containment sphere. Ultimate
heat rejection is achieved by the NaK-to-air heat exchanger, taking heat from the |
: seconan,ry co?ltn_g loop and dumping it to ombient air ducted through the heat exchang_sr.
- The decay keat removal system maokes use of ane of the primery and secondary loops.
The latter is modified to contdin o bypass loop which is connected to one of the |
sacondéry lsops nn& reflects the decay heat through c liguid-metal-to=air heat
uxéhanger, The secondary coolant pump provides the pumping poy#er. The bypass loop
is activated by appropriately lgcated Hlow switching valves, |
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APPENDIX C, ADDITIONAL ENGINE DATA

Part of the parametric aircraft sizing studies and the sensitivity studies on the reference
aircraft addressed variations in cruise altitude and Mach number as well as engine bypass
ratio, Typical engine thrust and fuel consumption data used in these analyses are
presented in Figures C-1 and C-2, These data are for a "redesigned"” engine, based on
the Pratt & Whitney STF 477 engine technology, with a nuclear cruise TIT of 1600°F

and a chemical-fueled cruise TIT of 1800°F.

The effects of variations in engine design TIT on several engine parameters are shown in
Table C.1. The case listed in the third column of the table is the engine for one of the
aircraft developed as part of the optimization process in the parametric analyses of
Section 3.4, This particular aircraft emerged as optimum from an assessment of the
sensitivity of aircraft size to variations in engine design TIT. With a chemical fuel

takeoff TIT of 1870°F to meet field length requirements, the engine is operated at a

slight partial power sefting during nuclear cruise due to the heat exchanger limiting the
TIT to 1600°F.
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TABLE C.1, EFFECTS OF TURBINE INLET TEMPERATURE

ON ENGINE CHARACTERISTICS

Bypass Ratio = 8.4

Takeoff: (Seq Level Static)

Fuel JP JP
Turbine [nlet Temp - °p 2600 2000
Overall Pressure Ratio 40 15

Cruise: (Altitude = 36,089 ft, Mach Number = 0.75)

Fuel JP Nuclear

Turbine Inlet Temp - °F

Design 2400 1800
Operating 2400 1600
Paramaeters:
Takeoff Thrust Base Base
Combustor Pressure Loss Base Base +5%
Bare Engine Weight Base Base +12%
Cruise Thrust Base Base -31%
Base +8,5%

Cruise Energy Input Req'd Base

JP

1870
12

Nuclear

1670
1600

Base
Base +5%

Base + 15%

Base -16%
Base +10%

JP
1800

10

Nuclear

1600
1600

Base

Base +5%

Base +17%

Base ~7%
Base +129%
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APPENDIX D. PARAMETRIC RELATIONSHIPS FOR PROPULSION SYSTEM
~ EQUIPMENT EXTERNAL TO THE NUCLEAR SUBSYSTEM

Parametric relationships were derived for the various propulsion system components
external to the nuclear subsystem so that the aircraft configuration studies could properly
account for variations in the weights of these components. Specific components
analyzed included the secondary loop, shield cooling system, reactor decay heat
removal system, and the reactor instrumentation and contro| system. Parametric relation-

ships for sizing the sodium=-potassium (NaK) to air heat exchanger in the engines were

also derived and are included.

D.1 SECONDARY LOOP PIPING

The secondary loop piping is required to transport the heat transfer fluid from the
reactor intermediate heat exchangers to the engine heat exchangers. A sodium-
potassium liquid metal, NaK 78 (78 weight percent K), was selected as the heat
transfer fluid for this application due to its relatively low melting point temperature
(12°F). With this melting temperature, pipeline heaters are not required. The assumed
pipeline requirements and constraints are shown in Table D.1. Due to the high
temperatures (1300 - 1700°F) at which the pipelines must operate, the creep-rupture
stress at a 10,000-hr full temperature lifetime was used as the material selection
criterion. Haynes 188 was selected as the material for the pipelines, bosed on the
approach in Ref. 25.% The creep~rupture stress value used at 1700°F was 1000 psi and
at 1300°F was 8000 psi. Since the pipeline weight and volume are affected by fluid

velocity, 40 ft/sec was selected as a reasonable upper limit (Ref. 3).

Ref. 26" "shows the corrosion rate to be more or less linear with velocities up to 10
ft/sec. However, there appears to be an Inflexion in the range of 10 to 15 ft/sec,
above which velocity has very little effect on the rate of metal loss (velocity effects

M. D. Marvin, "Liquid Metal-to-Air Heat Exchanger Design Study," AFAPL-TR-
74-12, General Electric Company, 1974, (Ref. 25)

** A, W, Thorley and C. Tyzack, "Corrosion Behavior of Steels and Nickel Alloys in

High-Temperature Sodium" Proceedings of a Symposium, Vienna, 28 November
1966, (Ref. 26)
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TABLE D.l. ASSUMED PIPELINE REQUIREMENTS AND CONSTRAINTS

Fluid NaK 78
Fluid Temperature in Hot Leg 1700°F
Fluid Temperature in Cold Leg 1300°F
Minimum Pipe Thickness 0.1in.
Maximum Insulation Surface Temperature 00°F
Maximum Fluid Velocity 40 ft/sec
Sink Temperature

At 30,000 ft Altitude -2°F

At Minimum Operating Altitude 60°F
Range of Heat Transport per Pipe 20 - 160 MW

have been investigated up.to 40 ft/sec). Above 15 ft/sec, the oxygen level in the

liquid metal establishes the metal loss rate.

The pipe insulation material, used in this study for weight estimation purposes, is a
material composed of alumina-silica fibers combined with binders.* [t has a maximum
service temperature of 2000°F and « density of 16 lb/Ft3 . A meun thermal conductivity
of 0.05 Btu/(hr-ft="F) was used in this analysis. |

For this application the effective pipe weight per foot of length may be calculated by

the following equation,

Pt - O 00 o+ 0 -00)

- n
Wetr =7 O PNaK 5 =% Pin,

2
) i

*  UEngineers Guide to Thermal Insulations, " Materials Engineering, May 1970,
(Ref. 27) '




where Di is the inside pipe diameter in ft,
Dp is the outside pipe diameter in ft.
Do is the outside insulation diameter in ft,

P is the density in lb/ft3 of the liquid metal, pipe or insulation
as denoted by the subscript

The first term is the liquid NaK weight, the second term is the pipe weight, and the
third term is the insulation weight. Two other factors normally included are the pumping
power penalty and the reactor weight penalty due to the heat loss which increases the
reactor size and [owers the engine efficiency. Both terms were found to be small in

comparison with the others and were neglected.

Assuming free convection on the outer surface of the insulation, the 30,000-ft altitude

ambient conditions require thicker insulation than is required at the minimum operating
altitude. When the insulation is sized for the 30,000~ft altitude (200°F surface
temperature) but the aircraft is operating at lower altitudes, the surface temperature
drops to about 170%F. The piping effective weight relationship is per foot of length,
because the total piping weight will be significantly affected by the aircraft

configuration .

Two piping configurations were analyzed, The first configuration used separate pipes,
one as a supply line to the engine and the other as the retum line. Both pipes were
insulated with sufficient insulation thickness so that the maximum insulation surface

temperature was 200°F, The second configuration used a concentric pipe arrongement

with the supply line inside a larger diameter return line. Since the liquid metal has
very high heat transfer coefficients, the inner pipe has to be insulated as well as the
outer pipe. The net result was that the concentric pipe arrangement was heavier than |

the two-pipe configuration for the liquid metal case. Therefore, the two~pipe

o P R PN AR S A R

o EFEERAELAeAT ) .
I L N e A S ey ed
O

configuration was used as the reference geametry. Similar findings were documented in
Ref. 28.* N

uclear Aircraft Feasibility Study," School of Engineering, Air Force Institute of
Technology, Wright-Patterson Air Force Base, Ohio, March 1975, (Ref. 28)
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% With @ NaK velocity of 40 ft/sec, a NaK temperature of 1300°F and an insulation

, .4 surface temperature of 200°F, the pipeline effective weight (includes the weight of the

NaK, pipe and insulation) per foot of length is shown in Figure D=l as a function of the

£ 160 T T T T T

E 4

. i

5

3

;4 120 7

SUPPLY LINE
‘. 80 b NaK AT 1700°F 4

WEIGHT - LB/FT OF LENGTH

RETURN LINE
- OF NaK AT 1300°F 7

0 20 40 40 80 100 120
| POWER TRANSPORTED IN PIPE = MW

Figure D=1. Pipeline Waight Estimaticn, o
NaK Velocity = 40 ft/sec, Surface Temperature = 200" F

\ power transported in the pipe. With on allowance for o 20-percent increase in pipe
« ) effective weight to account for pipe support and valving, the pipe line weight for the
return leg (NaK ot 1_300°F) for each engine can be approximated by

E

Ib/ft of length

and the volume of each retum pipeline by

8 Q .

ft°/¥t of lenigth " -
E .




where QR is the reactor power level in MW and

;» Ng is the number of engines

:v 1

With the same allowance for pipe support and valving, the pipeline weight for the
. supply line for each engine can be approximated by

. =2 Q

E WH =2.9% (-NE)OJ92 ib/ft of length

E E

r , and the volume of each supply line by

i Q -

- V., = 0.238 ()09 #%/f of length

i3 . H NE

3 The pipeline effective weight without the support or valving allowance for the supply
1 ‘ line with NaK at 1700°F is also shown in Figure D-|.

The pipeline weight sensitivity to NaK velocity ond insulation surface temperature is

: shown in Figure D=2 for the retum piping. An increase in allowable insulation surface
] - temperature from 200°F to 300°F reduces pipeline weight about 20 percent for the

| velocities investigated. The 40 ft/sec NaK velocity appears near the knee of the

curves, such that a significant increase in velocity does not result in a significant
decrease in pipeline weight. These some sansitivities for the supply line weight are g
also shown on Figure D-2. Here again, an increase of 100°F in allowable surface
temperature decreases pipe weight about 20 percent over the range of velocities
| investigated. | :

SR~ D.2 SHIELD COOLING AUXILIARY SYSTEM

. 3 - In addition to the secondary coolant loops, another active coolant system must penetrate

the containment vessel . This is the shield cooling system. Ouring power operation,

"‘,«,_,}

: ~ heot is developed in the reactor shield through gamma radiation absorption and neutron

coptura. A liquid metal coolant system is used to remove this heat to prevent domoge
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SURFACE o
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¥

40

WEIGHT - LB/FT OF LENGTH
3
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20f
|
‘ ) 1 3 i 1 ]
-0 10 .20 30 40 50
NaK COOLANT VELOCITY - FT/SEC
“ Figure D=-2. Effcct of Coolant Velocity on Pipeline Weight.
3 i 60 MW of Power Transported in Pipe.
E e : to the shield. To avoid activation of this coolant stream, an intermediate heat
exchanger is installed inside the containment vessel-and a secondary liquid metal loop
_ is used to transfer the heat to a liquid-metal-to-air heat exchanger. The shield cooling

system is thus completely unalogous to, and consistent with, the secondary loop systems,
with the shield cooling coils substituted for the reactor as the heat source and with an

air blast heat exchanger substitutec for the engine heat exchangers.
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The auxiliary systems weights and volumes were first estimated for the reference NUERA
Il reactor and then scaled for different thermal ratings. For the reference 275 MW
thermal output rating, the shield cooling requirement is 7 MW (Ref. 3). With NaK 78
as the coolant and assuming a 200°F rise in the fluid as it passes through the shield, the

flow rate requirement is 158 Ib/sec. With a pressure loss of 40 psi through the loop and

a 60-percent efficient pump and motor, the pumping power requirement is 58 hp.

T

The size and weight of the pumps and totally enclosed motors were scaled based on data

for commercial pumps and motors. |t was judged that the decrease in weight due to
design for aircraft application would be offset by the increase in weight due to the liquid

metal application. Therefore, the pump and motor weight was estimated by

B e TR SN RAT FRY e dat 8 ARSI s e o, PRS0 T

w =58.5F 7
p p

and the volume by

v =202 0% &
P p

where PP is the horsepower required by the pump

For the shield cooling system, 30-hp pump units were found to be adequate. These pumps
and motors weigh 1240 Ib and require a volume of 33 ffa.

- The liquid NaK to air heat exchangers were sized based on heat exchanger data in Ref,
25. U:ing on air mass flow rate ser unit area of 10 lb/ﬁg-sec, a specific conductance
of 80 Btu/(hr-F) per pound of finned tube was obtained. Therefore, for the 7 MW heat
transfer roqufremenr the finned tube weight would be 1495 Ib, and assuming a 1.25

o= -mumplior to allow for ducts and manifolds, the heat ekchongers would weigh 1885 1b.
Also, bésed on. the above air mass velocity, the volumetric thermal conductance would
i be 14,000 Bru/hr-°F per cubic foot of the tube matrix.* Therefore, the heat exchcnger
',' volume was astimated to be 10.7 ft*,

- FF. L. Robson et al, "Analysis of Nuclear Propulsion and Power Conversion Systems

for Large Subsonic Aircraff " United Aircraft Research Labomtoq/, AFAPL-TR-72-47,
‘September 1972, (Ref. 29)
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The pipeline weight for the shield cooling system was based on a conservative NaK
velocity of 20 ft/sec, an insulation surface temperature of 200°F and a length require-
ment of 50 ft. Thz weight and volumes were scaled for reactor thermal power ratings

from 100 to 1000 MW and are shown in Table D.2.

TABLE D.2. WEIGHT AND VOLUME ESTIMATES OF THE AUXILIARY SYSTEMS
EXTERNAL TO THE CONTAINMENT VESSEL

Reactor Power ~ MW
Shield Cooling System

Pumps and Motors
NaK to Air Heat Exchangers

Pipes and lnsulation

Decay Heat Removal System

Pumps and Moters
NaK to Air Heat Exchangers

" Pipes and Insulation

Secondary Pumps and Motors

Total

Ib
g3

!
fr

ib

S

Ib
fr3

i,
f3

b
i3

b
3

Ibs
3

100

620
17.8

678
3.9

216
12,0

887
24.4

1456
8.3

261
20.0

1943

13.5

-6081

275

1260
33.0

1865
10,7

407
20,7

1800
43,2

4004
22.8

418
35.9

3400
7.0

15354

500

1915
47.5

3390
19.5

N
28.6

2735
65.1

7280
41.5

1028

50.6

9818

57.5

26758

99.9 2054  320.3

700

2473
58.3

4747
27,2

732
34.3

3462
79.9

10192
$8.0

1370
ol.4

13745
94,4

38721
413.5

1000

3o
72,5

6782
38.9

216
4.7

99.3

14560
8.9

1856
5.4

19636
134,9

51304

545,6

D.3 DECAY HEAT AUXILIARY SYSTEM

generated in the core for a short time because of fission induced by sub-critical

+

One more system uniquely associated with o reactor power plant is necessary; this is the

decay heat remown| system. After the reactor is shut down, heat continues to be

multiplication of delayed neutrons, and for longer times because of radicactive decay
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of fission products, and induced radioactivity ot cladding, structural members, etc.
The shut-down power level is initially about 15 MW and decays to about one-third of
this value in one hour for the reference NUERA reactor. After approximately 80 hours,
the power level is still one megawatt. Therefore, the aircrait requires some form of
reactor cooling even after it is on the ground. The system selected requires no addi-
tional penetrations through the containment shell, and it requires very few components
in addition to those already installed in the engine loops. The decay heat removal
system consists of an air-cooled heat exchanger in parallel with the engine heat
exchanger, with stop valves to isolate the decay-hect-removal heat exchanger from the
power loop. Multiple installations for reliability may not be necessary, because the
main propulsion engines operating on chemical fuel provide back-up capability for this
function. Similarly, the peak heat load that this heat exchanger must carry (the initial
load through it) can be somewhat reduced by extending the engine operating time on

chemical fuel after reactor shutdown,

The decay heat system was sized for the initial capability to remove 15 MW of decay
heat, The same procedure used for estimating the weight and volume of the shieid
cooling system was used for the dacay heat system. The resulting weights and voiumes
are shown in Table D.2. 7

‘0.4 SECONDARY PUMPS, MOTORS AND CONTROLS

The secondary pumps and motors weights and volumes were calculated using the equa-

tions given in Ref, 3 for the primary pump and motor (sae Table D.2).

The reactor instrumentation and control system was estimated to weigh 2000 Ib and

require 100 fta'of volume independent of reactor thermal power. This estimate was

based on one console with a density of 20_lb/&3 . ' ' . '

~ The following parametric relationship was used for estimating the weight of the nuclear

system components (shield cooling, decay heat removal, secondary pumps, and

Instrumentation and control ) extemal to the containment vessel :




1 -

g

-

. 1 W = 2000 + 80.9 (@)™ 1b
; y and for volume :

i V. =100 + 2,94 @07 &

*» where QR is the reactor power level in MW
|
e § D.5 ENGINE HEAT EXCHANGER
4
Characteristics of the engine heat exchangers sized for nuclear cruise were scaled from
'_ the engine heat exchanger basepoint design developed by General Electric (GE)
% (Ref, 25), Pertinent features of the GE design are itemized in Table D.3.
¢ TABLE D.3. CHARACTERISTICS OF BASEPOINT
Y - ENGINE HEAT EXCHANGER
A Moximum Engine Diameter 8.8
A q ‘
P Engine Cruise Thrust on Nuclear Power _ 12,500 tb
1 {ncremental Engine Length Due to Heat Exchanger 19.7 in,

Engine Turbine inlet Temperature with Nuclear Power - 1600°F

* Heat Exchanger Weight* | - 93001b

Engine Weight o 22,400 1b

* |ncludes weights of support structure and liquid metal
contained in heat axchanger.

In scaling the GE hear exchanger for this study, the outside diameter of the heat
exchanger was restricted 10 the maximum engine diameter, as determined in sizing the
engine for chemica! fuel oparation, However, the length .{ the heat exchanger was

unrestricted. The relationship used to determine the “acremental increase in engine

234




length due to the heat exchanger is

AL = AL /1) (DO/D)

where A Lo is the incremental engine length for the basepoint heat exchanger

T is the engine cruise thrust level in Ib

To is the basepoint engine cruise thrust level in |b

D, is the. basepoint engine diameter in ft

D is the diameter in ft of the engine sized for operation on chemical fuel

The weight of the heat exchanger was obtained by scaling the GE basepoint heat

exchanger in direct proportion to the thrust levels of the engines.

W=Wo (T/To)

where Wo is the weight of the basepoint heat exchanger.
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APPENDIX E. ADDITIONAL COST DATA

The purpose of this Appendix is to provide more detailed cost breakdowns for some of
the economic data which were presented in summary form in the body of this report.
Table E.1contains the manpower estimates and some of the assumptions made in
estimating the program costs for the RDT&E, validation and follow-on development
phases of the reference nuclear aircraft. The labor and material rates used in deriving
the airframe costs for the reference aircraft are listed in Table E.2.  Support and
operating cost data in Table E.3 provided the basis for the summary data presented in
Section 7.1 for the reference aircraft. Table E.4 contains the production cost break-

down for the alternate nuclear aircraft.

TSRS SRR




£89° €87 626" £581
¥/1° 01t 165°9¢
{85°¢ SS1°0
£00°1 S10°0
000" | 00g"0
6€5°Et A W4
120° 26 9L 81
120" ¥4 SU6°SL
017 ¢ 000" 0
el6°c 62870 £35°v9 S48 61
[0v°0 seeo 9EY° 6 8 4
TAXAN 4 KA 0£0° 66 L14°GE
ze6 el o8y'¢
€29°¢ 000°0 98/ 18 000°0
14671 000°0 €LT°9S 000°9
668° ¢ 00070 628" £9 000°0
0617 ¢ 000°0 £86° 19 000°0
06€° 1 e 0 190746 11076
984 G681 9L17¥5L1
6EL° 81 585" 9 £9G° ¥¥6 9£0° 061
68L° 19 /AN
006" 443 006" L€
9E9° 6T 008" £ ogs 11¥y S16°2Z81
0L 9t t
juawidojanag asoyyg juauidojanaqy asnyy
uQ-moffod UOHDPIPA uQ-»oliod UOHOPIICA
smoyuoyy uol||IW ‘110443 wosBoiy $ von W ‘syso)) wosBosy

© 391QY Buinnday-uopy Joio]
sajodg 157 joing
oinoay IOy
mawdinby Gursytsy i “
S$Onisy
uotirdoiy
Awoay sy
g0t 143y
, 157] wasshg ooy
(5300l £62) sis24 1411y
Bunsaj 1) Lrobagoy
(sanoH ££22; *152) viB1Y
“posgd puo * sHuy-sdonsow
‘ w-a”.—. —UC.&O&O
(£) 3121y 159] punos)
«S159] :O_m_:ao.&
» |2y 159 uoisindiosy
sisag anbuny
(2) s21210y 152) anbuoy
33521 dloK
(1) s®121ay 15 dnoIg
S15a| PUD |IPOW [SuunN| puips
Bunisag | Lobaio
wowdojzsaq ‘|DioIgng
Butjooy >10g
1wawabouoyy puo Buusauibuy swatsdg
«SPUoIAY
Assy 104003y
»uoIs|ndosg
MWD
sususdo]|aaag puo ubisaq Burtunoay-uong
s¥Ipniy puo asoyg jonidasuo)

LAVYO¥IV ¥v3ITONN IDNIN43Y 304

Viva 1SOD INIWEOT3IA3IQ ANV NOILYTITVYA ‘I%10¥ “1°3 318Vl

1238




sjs07y Bullnoay Jopun Pajst] Wal} JO 1500) S0DUDA Yiis papn|Du
2 bul Iy Jepun paisty i3 D JODUBA {iism papaou)

£04° 1045 wawdojaaaq 4+ uoNDPIDA “IR10Y (0io]
¥G/L ™ GLEE 6v6°GZEL 3914y 1o10)
890" 768 0z0° 89% 1wswdojeraq Bulunsay joio]
91Z° 0L 26872 110ddng ojo)
80" ¥€ 20470 oj0Q
cze ol 0510 jusadinby Bujuiosy
£18°62 PG 1 JoHnd9g ‘JOV
130ddng
09%° 502 018" z£T AomoA|4 11un abosery
758128 29759 Aospdy josog
009" ¢¢ 047 €1 5,003
000°2 000" i sojUoIrY
Y97 LSt £28°8/ Apquassy Joatonp
LSU VS LTy 62 uoisjndosy
6" GLS 699" Z¥E w1ty ' oloigng
80v° 2 £ve €9 Buijooy Bulutoysng
VAAARA £01°2S - s6ug Buluioysng
27| S 1 1£L° 68 Z19° ¢ asuoanssy Ajon
000°0 Z1E791 349/34D ‘1vawdinbj
SEL"E9 269" 62 Jouaioyy Bunydoynuow
9Z1° 91 9/8" 11 L61° £LSE 0" €92 Joqo Sulingdojnuow
awnsyy
juwdojaasg Butunisy
14 z 1oy Jo saquiny
juswdojeaag osDYY juswdojara( asoyy ,
uQ-moljo4 UOI{OPI|DA uQ-moljoy UO1DPIDA
sInoyuoyw uol|IW 110}j3 woibosy $ uoI|IW ' siso) wosBoig

(" INOD) 13V3¥D¥1IV ¥vITONN IDNIFIIIN Y04
V1ivd 150D INIWJOT1IAIA ANV NOILVAITVA ‘3910 13 318Vl

AT T D

23nis st e S i by s ko T
LIRS AT e e




TABLE £.2. LABOR AND MATERIAL RATES FOR AIRFRAME

OF REFERENCE NUCLEAR AIRCRAFT*

Material Rote, Labor Rate,

$/1b hr/1b
Wing 22.40 3.62
Tail 19.97 3.4
Body 16.95 3.60
Landing Gear 27 .25 0.20
Flight Controls 52.03 2,54
Nacelles. 51.98 6.18
Instruments 66 .41 3.77
Hydraulics 17 .61 2.08
Electrical 22,16 2.86
Electronic Racks 50.68 1.46
Furnishings 15.14 2.59
Air Conditioning 50.75 1.25
APU 103.46 1.10

* Based on 100 Production Units and Learning Curve Slopes
of 75 Percent for Labor and 89 Percent for Material




8849 62711 £ 781 9 ¥59°9¢ 150D BuyosedQ joiof

rA> 65°0 9°8 44| usuuty - 403 SDd

6 G1°0 1 aKA |V 4 20 - 450D SDd

S 60°0 -+ | L6C poddng - 3siyy JjIA wosBosy

vS ¥6°0 L ¥l 87 €62 INN/1dN °S/4 ‘PN - Abg uowry

92 1242 6°9 ¥ 8€l INN/LdN “PaW - Apq 39930

Gt Gz'0 0¥ G 6L Apg-uoN WO 1021paw

£ 90°0 60 S 61 Aog uoijia1D oIpaW

i 052 0°6¢ 1" 08/ Bujuiosj g poddng jauuosiag

£9/1 £6°0€ 0" LLY 6°6£5°6 asupusuio jodaq

Le . ¥s°0 ¥'8 17894 ioddng snoauo|}aosiy

66 1£°1 L 92 8" €€S Aoy usuuty

G 60°0 €1 692 Aod 199430

143 65°0 €6 G 681 Aog uoipIrlD

691 £6°¢ LSy 1A 41 proddng Buyoiad( osog
(£ £ 219o1 29%)

£0L¥ ye° 18 0°1£2’1 zozv'se woibosy Aowiy

$ § volwW ¢ uollIW ¢ vorw juswa|g Js0)

/3507 ButjosedO
Apinop a0y

’§s00) Buypiad
jenuuy uosponbg

‘1507 Bunpsad
jonuuy jo9)4

3500 3)24D)-3417
403 -0C #°°id

14V¥D¥IV ¥VITONN IDONFYIATY 3O
V.iva 1SOD ONILVYIJO ANV LOddNS  “€73 318Vl

241




TABLE E.4. PRODUCTION COST BREAKDOWN
FOR ALTERNATE NUCLEAR AIRCRAFT

[ Thousand $ Per Aircraft
Wing 8,066
Tail 1,230
Body 7,727
Landing Gear 1,643 :
Flight Controls 826 :
Nacelles 2,907 :
Engine Installation 240 'y
Instruments 419
Hydraulics 218
Electrical 259
Electronic Racks 160
Furnishings 399
Air Conditioning 307
] APU 162
b Final Assembly 2,965
4 Production Flight 1,461
System Integration 1,743
3 s Total Empty Manufacturing Cost 30,752
i;- Sustaining Engineering - 2,357
Production Tooling 3,306
A Quality Assurance 3,387
; _ k Alrframe Fee 8,259
Airframe Cost - 48,061
g Engine Cost 8,646
1 Avionics Cout 500
g3 Reactor Assembly 21,495
p 4 Nuclear Ducting and Aux. Cooling 4,131
Engine Heat Exchangers - 2,952
Research & Development 20,568
A : Total Flyaway Cost , 104,353
4 |
!‘r \
; s
3 i
3
" -
: -
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AGE
ANP
APU
A/P
AR

BPR

CFE
COP-DS

DOC
ECO

ETA
FOM
GFE

HP

HX

JP, JP-4

LIST OF SYMBOLS

aerospace ground equipment
Aircraft Nuclear Propulsion
auxiliary power unit
airplané

aspect ratio

engine bypass ratio

drag coefficient
lift coefficient
section lift coefficient

rate of change of yawing moment coafficient due to sides!ip

contractor furnished equipment
Component Parametric - Design Subroutines

nacelle drag, 1b

direct operating cost, $
engineering change order
engine power setting

figure of merit

govemment fumished equipment
high pressure |

heat exchanger

jet propulsion fuel




PRy, e g

T
-/

/D
LcC
LFC
Li

LiH

MAC
Mw

NaK

NERVA
NSS
INuERA
OWE

amb

AP/P,
AP/ PF

AP/ P2

ROT&E
SFC
SLSO

lift-to-drag ratic
life-cycle cost, $
laminar flow corntrol
lithium

lithium hydride

low pressure

Mach number

mean aerodynomic chord
megawatts
sodium=-potassium

number of engines

nuclear rocket program

nuclear subsystem

Nuclear Extended Range Aircraft

operating weight equipped

ambient pressure, psia

engine core duct pressure loss ratio

fan duct pressure loss ratio
engine inlet pressure loss ratio

reactor thermal rating, MW

rasearch, development, tasting and evaluation

specific fuel consumption, 1b/Ibehr

sea-level standard day
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T/C thickness=to=chord ratio

; T/Ceff effective thickness-to-chord ratio

TIT turbine inlet temperature, °F

TOD

Vapp

W/s

amb

LIMIT

takeoff distance, ft

approach speed limit, kts

wing loading, Ib/] ﬁ'z

ambient pressure correction

wing sweep angle, deg
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