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1.0 INTRODUCTION

This report presents the results of a study of a new concept for a nuclear air-
craft propulsion system and of a possible method for increasing the payload of a

nuclear powered aircraft during wartime conditions .

Duri ng recent stud ies of nuclear ai rcraft propuls ion systems (such as the
Reference 1 U. S. A ir Force Innovative A ircraft Desig n Study (lADS) Task II and
the Reference 2 U. S. Navy Nuclear Powered Air Loiter Ai rcraft Study) and West-
inghouse funded in-house studies , a number of propulsion cycles and systems
were i dentified . One of the more promising system concepts was the Bi-Brayton
system , shown in Figure 1-1 , because of its potential for reduction in system
weight and its elimination of the need for a very high temperature intermediate
heat exchancier.

Another concept with the potential for weight reduction noted during the lADS was
that of a containment vessel which could be removed during wartime conditions when
crash safety issues may be secondary to mission accomplishment with maximum payload.

This study examined both the Bi-Brayton cycle and the removable containment
concepts in sufficient detail to define system sizes , weights and performance
characteristics . The study includes a preliminary definition and evaluation of
the Bi-Brayton cycle utilizing an adva nced high temperature gas—coole~ reactor.
It also includes an identification of advanced technology requirements which are
not expected to occur without specifi c Air Force development efforts.

These BI-Brayton system study efforts did not include definition and design of the
nuclear reactor. For that input to the study , Westinghouse made available the
necessary results from in-house studies which defined the advanced gas-cooled
NERVA (Nuclear Engine , Rocket Vehicle Applications ) derivative Light Weight
Nuclear Propulsion .(LWNP) reactor (Reference 3, 4 and 5).

1—1 
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The examination of the removable containment vessel concept was limited to con-
ceptualizations of means of achievement and assessments of the worth and diffi-
cul ties. In addition , consideration was also given to identification of other
means to enhance payload capability in wartime.

- - 
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This study was performed under the guidance of Dr. L. W. Noggle , the Air Force
study manager. The study was accomplished by the Westinghouse Advanced Energy
Systems Div sion wi th Mr. R. E. Thompson as Project Manager. Contributors
included :

R. Calvo
J. A. Christenson
H. D. Coe
B. L. Pierce
J. M. Ravets
F. R. Spurn er
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2.0 SUMMARY AND CONCLUSIONS

2.1 SUMMARY

The Bi-Brayton system concept for nuclear propulsion of aircraft has been
examined and found to be feasible. The system has been shown to be one which
minimizes the component developments required and one which can make effective
use of reactor technologies that already exist. Cycle variants and component
characteristics were considered in establishing a representati ve reference cycle.
Nuclear Subsystem wei ght versus power characteristics were deri ved . Weight
estimates with unoptimi zed reactor and shielding indicate essentially the same
propulsion system total weight as for the NuERA propulsion system in the lADS Task
II reference aircraft applicati on , and indications are that optimization will show
propulsion system wei ght reductions. The Bi-Brayton system combined with an
advanced gas-cooled (NERVA derivative) reactor is very attractive and should be
considered further in any future studies of nuclear propelled aircraft .

Concepts for a removable containment vessel have also been defined and examined
as a means of enhancing wartime military payload capability . Although removal
of the vessel was not found to be attractive, the fundamental idea of enhancement
of capability in wartime was deemed to have merit. Other possible methods of
enhancement of capability were identifi ed.

2.2 CONCLUSIONS

1. The Bi-Brayton system coupl ed with an advanced gas-cooled (NERVA
derivative) reactor is a feasible system for aircraft propulsion.

2. The Bi-Brayton system has the advantages, compared to other nuclear
systems studied in recent times for aircraft, of significantly
reducing the difficulties in:

a. The intermediate heat exchanger

b. The reactor development

2-1
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c. The intermediate piping

d. The engine heat exchanger

e. The associated JP fueled open cycle engine .

3. The Bi-Brayton system , coupled to a NERVA derivative gas-cooled reactor
wi th unoptimized shielding, has been estimated to have the same total
power plant and fuel weight as the reference lADS Task II NuERA system .
Reactor and shielding optimization will reduce the total weight by 10 per-
cent (75,000 pounds). It is recommended that the Bi-Brayton system at
the l ower weight be used in future aircra ft studies .

4. The Bi-Brayton system has been found to allow latitude for use of
off-optimum component designs in order to ease development problems ,
if they should occur , without excessive performance penalty .

5. The Bi-Brayton system could make effective use of higher helium turbine
inlet temperature capability without greatly increasing the other Bi-
Brayton system component developments required .

6. Although costs were not examined in detail , the costs of a Bi—Brayton
system are judged to be less than those derived for a liquid metal system
in the Innovative Aircraft Design Study , Tas k II.

7. The technology developments that would be necessary were identified.
The possibility exists for much of the turbomachinery and reactor
developments to be accomplished by other than the Air Force or for
common development programs by the Air Force and Navy .

8. The concept of a removabl e containment vessel to enhance military
payl oad capability in wartime was judged to be unattractive , but other
methods of enhancing payl oad were identified .

9. It is recommended that more detailed definition study of the Bi-Brayton
system and components be accomplished to provide the data base necessary
as input to aircraft studies. Specifically, optimization of reactor,
shielding and overall nuclear subsystem configurations for the Bi-Brayton
aircraft system are recommended to define the l ower weight that should
be used in aircraft studies. Other recommended studies are discussed
in Section 5.4.

2—2
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3.0 REFERENCE CONDITIONS

The reference conditions specified by the contract task statement were
based on the reference design conditions of the Innovative Ai rcraft
Design Study, Task II (Reference 1). Use of these conditions therefore
allows the Bi-Brayton study results to supplement the Reference 1 results .
Use of these conditions also permits direct comparison of the Bi-Brdyton
system study results with the Reference 1 results obtained using a liquid
metal cooled NuERA (Nuclear Extended Range Ai rcraft) propulsion system.

(Reference 6).

Table 3-1 summarizes the reference requirements uti l ized in this study.

3-1 
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TABLE 3-1

REFERENCE PROPULSION SYSTEM REQUIREMENTS

NUCLEAR CRUISE ALTITUDE 30,000 ft (Standard Day)

MACH NUMBER 0.75

CRUISE NET THRUST PER ENGINE 18,000 lbs

NUMBER OF ENGINES 4

REACTOR LIFETIME 10,000 Effective Full
Power Hours

DOSE RATE - DURING OPERATION 5 mr/hr (20 Ft Forward and
and Aft of Reactor Centerl ine)

- 30 MINUTES AFTER SHUTDOWN 5 mr/hr (20 Ft i n Al l Di rections
from Reactor Centerl ine)

CONTAINMENT DESIGN IMPACT VELOCITY 250 ft/sec

LENGTH OF SECONDARY PIPING REQUIRED 606 ft (Total )

3-2
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4.0 BI-BRAYTON STUDIES

This section presents the results of analyses of a Bi-Brayton cycle coupl ed
to a gas cooled reactor and evaluation of secondary loop working fluids . The
studies were conducted for the same base case appl i cation that was used for the
cycle comparisons in the Innovative Aircra ft Desigh Study , Task II (Reference I).

4.1 GENERAL

Several nuclear propulsion cycle concepts were-investigated in the Innovative
Aircraft Design Study Task II (lADS) to identify the minimum weight propulsion
system. The investigations of that study showed that the nonrecuperated
closed Brayton cycle wi th a dual-mode engine was potentially attractive due
to several characteristics of such a system. Among these are:

• Lighter in weight than the other cycles.

• All of the piping in the wings is at relative low temperature.

• The piping in the wi ngs contains only Inert gas rather than li quid metal.

• In the dual-mode closed Brayton system, the chemically-fueled engines
operate only on chemical fuel . Therefore, the engines can be optimi zed
for the turbine inlet temperatures achievable wi th chemical fuel
without having to be degraded to also allow operation at the lower
turbine inlet temperature associated wi th nuclear operation .

• The closed Brayton power convers.ion system is compatible with a direct
cycle gas cool ed reactor.

The weight comparison of the base open Brayton and the closed Brayton powerplants
from the Reference 1 lADS is shown in Table 4-1 .

4-1
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A variation of the closed Brayton cycle , called the Bi-Brayton cycle , had been

identifi ed by earlier Westinghou se studies for other applications and a patent

appl ied for. As the Reference I lADS and Reference 2 study results were obta i ned ,

it became apparent that the BI-Brayton system concept also has application to

the nuclear aircraft propulsion application. The Bi-Brayton system retains the
desirable characteristics of the closed Brayton system while also permitting of

a gas cooled reactor to the power transmission and conversion system in a manner

such as to ful fill the safety criteria while elimi nating the need for a high

temperature intermediate heat exchanger. Furthermore , the intermediate heat

exchanger size is reduced because only about three-fourths of the reactor energy

is transmitted across the heat exchanger. Of particular importance in maximizing

system reliability is the fact that the Bi-Brayton intermediate heat exchanger is

exposed to temperatures 700°F lower than the reactor outlet temperature .

In the Bi-Brayton concept of Figure 4-1 , the high temperature turbine (located
in the primary system) extracts the work necessary to drive both the primary and
the secondary system compressors. The energy contained in the relati vely
lower temperature gas exiting from the primary system turbine is transferred
through the intermediate heat exchanger to the secondary system to provide
additional power to dri ve the power turbine. After the primary system gas is
cooled and exits from the heat exchanger , it is directed to the primary system
compressor where it is recompressed by an amount equal to the primary system
pressure losses and turbine pressure ratio. Powering of the secondary system
compressor by the prima ry turbine maximizes the portion of the total system
temperature drop that is taken in the primary loop turbine and therefore
minimizes the peak temperatures in the intermediate heat exchanger.

The secondary system power turbines are located remotely in the nacelles
driving ducted fans (the fans can alternatively be driven by a JP fueled engine
for nonnuclear operations). The energy rejected through the precooler is added
to the fan discharge air flow for a thrust benefit. Because the fluid of the
secondary system is physically separated from the primary system fluid , reasonable
freedom exists In selection of the secondary fluid. In addition , the secondary

fluid can be maintained at pressure level close to that of the primary to minimize

the pressure drop during normal operation across the tubes of the intermediate
heat exchanger.

4-3 
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Previous studies performed by Westinghouse indicated that such a system Is

competitive on a weight basis with current concepts and should have attractive

powerplant-to-alrcraft interface characteristics. This study was performed to

evaluate the BI—Brayton system of Figure 4-1 and to defi ne Its characteristics

in response to specifi c USAF requ irements.

4.2 BI-BRAYTON CYCLE STUDIES

The reference data used for these Bi-Brayton cycle analyses are shown in
Table 4-2. For simplicity in comparing variants of the basic Bi-Brayton
cycle, no bl eed flows for turbine cooling were included. This assumption
produces sl ightly higher cycle efficiencies but has a negligible effect on
the comparisons. In the Reference 7 study, it was found that equal flow
rates in the primary and secondary systems resulted in the highest cycle
efficiencies. Therefore, equal primary and secondary flow rates were used
in these cycle studies. In this study, the pressure loss in the heat exchangers
is calculated and therefore increases as heat exchanger effectiveness increases .
This assumption is judged to be more realistic than the usual assumption of
fixed cycle pressure losses, independent of heat exchanger effectiveness.

As in most Brayton cycles , the turbine and compressor pressure ratios effect

cycle efficiency , this effect for the base Bi-Brayton system is shown in

Figure 4-2. This plot shows that the minimum reactor power of 227 MWt occurs

at about a primary turbine pressure ratio of 3.0 and that at pressure ratios

between 2.5 and 4.0 there is only a small effect on reactor power.
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The reactor thermal power to produce the required thrust of 72,000 pounds is
shown in Figure 4-3 as a function of fan pressure ratio for several primary
turbine pressure ratios . Propulsion efficiency increases as the fan pressure
ratio increases up to the point where the fan nozzle velocity becomes sonic.
However, as the fan pressure ratio is increased , the fan exit air temperature
(which is the sink temperature for the closed Bi-Brayton cycle) increases ,
which reduces cycle efficiency . The net result is that the reactor power is

:~ 
relatively insensitive to fan pressure ratios above 1.15. This relatively
large fan pressure ratio range is attractive , so that a fan pressure ratio

- - 

.
- could be selected based on take-off -and climb performance under fossil fuel

power and still produce good performance under nuclear power. Figures 4-4 and
4-5 show the variation in reactor power for imtermediate heat exchanger
effectiveness of 0.85 and 0.95. In both figures , the reactor power wi th an
intermediate heat exchanger effectiveness of 0.90 is shown for comparative
purposes. As can be seen , a heat exchanger effectiveness of 0.90 results
in the l owest reactor power. As the effectiveness decreased , the tempera ture
entering the primary compressor increased, causing a rise in pumping power
and necessitating a rise in reactor power. Increasing the effectiveness
reduced the pumping power by lowering the inlet temperature , but raised the
flow pressure drop due to the larger heat exchanger unit that was needed .
Beyond a certain point , the additional energy transferred with a larger
effectiveness was not sufficient to overcome the additional pumping power
necessary. This was why the reactor power was greater at an effectiveness
of 0.95 than the base case value of 0.90.

In weight considerations , the intermediate heat exchangers do not effect
the containment diameter as long as tI’e effEctiven~ss i; less than about 0.9.
However, in increasing the effective”~ss tc 0. ~5 the h~~t exchanger length
is about doubled and would significantly inc rease both containment weight
and diameter.
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In the Compact Closed Cycle Brayton System Feasibi l ity Study (Reference 7),
it was found that adding heat exchangers in the Bi-Brayton system to further

— cool the working fluids before compressing resulted in the lowest system

- 

5’ 
weight for that appl ication. Therefore, in this Bi—Brayton cycle study , two
modifications to the base Bi-Brayton system of Figure 4-1 were also
investigated.

The first modification to the basic Bi-Brayton cycle is schematically shown
in Figure 4-6; in this case the secondary working fluid is further cooled in
a ducted cooler (reject heat exchanger) after being cooled in the precoolers
and before entering the secondary compressors . This both reduces the work
of the secondary compressor and lowers the secondary compressor flu id exit
temperature; which in turn lowers the primary fluid exit temperature from the
intermedi ate heat exchanger reducing the primary compressor work. Thi s
results in reducing the reactor power approximately 17 MW (about 8 percent)
as shown in Figure 4-7. The 8 percent reduction in reactor power produces
about 3 percent reduction (—1 1 ,000 lbs) in nuclear subsystem weight. However,
the weight of ducted coolers needed to accomplish this reduction in reactor
power would more than offset the savings in reactor weight. The size of the
ducted coolers (assuming two coolers) are 13.6 feet in diameter by 34 feet
long. Therefore, for this application , this first modification of Bi-Brayton
system is not attractive .

The second modification to the basic Bi-Brayton cycle is shown schematically
in Fi gure 4—8. In this modification the primary fluid is further cool ed in
heat exchangers placed between the intermediate heat exchangers and the
primary compressors. The energy absorbed in this heat exchanger is transported
via a closed liquid loop to the fan air. The reactor power versus primary
turbine pressure ratio is shown in Figure 4-9 for this second modification .
There is about a 14 percent reduction in reactor power compared to the base
Bi-Brayton cycle which results in about 5 percent (18,000 lbs) reduction in
reactor and shield weight. The primary turbine pressure ratio must be increased
from 3.0 for the base case to about 4.5 which results in more stages in both

4-12 
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turbines and compressors and increases the length of the turbo-compressor units.
Additional heat exchangers are required in an already crowded containment
vessel . The above two items increase the containment diameter and weight
(13,500 lbs). Al so, the addi tional equipment external to the containment
(punps, piping and heat exchangers in the engines) result in about a washout
in total powerplant weight. This second modification , with its added complexity
and no significant weight savings , does not appear attracti ve for this
application.

L- 
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- 
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4.3 SECONDARY LOOP WORKING FLUID ANALYSIS

The fluid in the secondary system of the Bi-Brayton cycle is physically
separated from the primary system fluid and reasonable freedom exists in the
selection of the secondary fluid. A higher molecular weight gas could reduce
the number of stages in both the secondary compressors and the power turbines .
Air may be a desirable secondary fluid due to its availabilit y . The effects of
air , pure gases and gas mi xtures on heat exchanger size (weight), piping size
and turbomachi nery were investigated.

4.3.1 Gas Property Effects on Heat Exchanger Characteristics

Considering a single coolant channel with axial turbulent flow , correlations
may be applied to any flow cross section that can be described adequately by a
nyciraulic diameter (0)

4 A L

The heat transfer area (5)

~ h~~ T

and the pressure drop (~P)

h p _ f L v ( w \ ~ 30 2 g \ A /

For air and helium, the heat transfer coefficient (h) may be expressed by Dittus
Boelter equation

/ \ o.8 0.4
h = 0.021 ~. (

~ ~~~~~

. 

) 

Pr (4)

The specific volume (v) is calcul ated from the perfect gas equation of state

RTV - ~~~~ (5)
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The thermal power (Q) transferred is

Q = W C ~~~T (6)

For turbulent flow , the friction factor (f) may be approximated by (Re f rom

5000 to 200,000)

f = 0 184 0 2  (7)
IWD
\A~I

The specifi c heat per mol (K
r
)

K~~= C ~M (8)

The three characteristic dimensions of the coolant channel (fl ow cross section

area A, length L, and heat transfer surface area 5) are obtained from equations
(1) to (8):

41 RT 0.034 1/2
A = 

~~r~
°
~

3 ç F 6T~~T .A P

~ 0.54 ‘O l  ‘ ‘09 ‘~ 1 1 2
- 

(r r) (M)’~ I P I I 6T • ~pV. 
~ (10)L - 0.2 L~~J L~TJ 

0.0599

s - (
P )
°84

(M)0.6 IRT10.4 
~~~~ Q D°~~~ (1 1)- 0.2 

~ 
L~~~i 

1.4 
~P0

~
4O 0812

The effect of fluid properties 
~ r’ M, K~ and M) on flow area, length and surface

area according to equations (9) to (11) is shown on Figure 4-10. Hel ium is used
as the reference, because it Is best in regard to all three characteristic
dimensions. To minimize volume (—AL), it is desirable for the gas to have low
molecular  weight , low Prandtl Number, and high molar specific heat.

The fluid state (P/RI) has a weak infl uence on length , while both flow area and
heat transfer area are infl uenced by temperature and pressure level . The therma l
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power level does not effect length, while both surface and flow areas are
proportional to it. The gas temperature difference (6T qual to absolute
difference between inlet and outlet temperature) is almost proportional to
length, while flow area decreases and surface area increases wi th increasing
61. An increase in the temperature difference ~T between the channel surface

• and gas gives a very significant reduction in surface area, a strong reduction

• in length and a sl ight reduction I n flow area. An Increase in  pressure drop
produces a reduction in flow and surface area and a very sl ight increase i n

length. The effect of hydraulic diameter is significant on length , is weak

on surface area and does not appear in the flow area equation (9).

¶ Reference 8 and 9 reported the results of research conducted for the Office
of Naval Research. Reference 8 indicated that the Prandtl Number dependence
in equation (4) is not adequate for low Prandtl Number mixtures of noble gases.
The results of experimental investigations of heat transfer (Reference 9) for
turbulent flow of helium-argon mi xtures confirmed that prediction . An equation
of similar form to equation (4), but with the exponent of the Prandtl Number

- 

. changed to 0.55 is recoim~ended (Reference 9).

I ~\0.8/ \0.55
h = 0.021 

~~~~~~~~~~~~~~~~~~~ 
~
P
r) 

(12)

Using equation (12) in place of equation (4), the three characteristic dimen-

sions of the coolant channel for mi xtures of gases are:

0.225 1 1
A — ~~~ 41 I RI 0.034 1/2 

(13)- K~ 
[~~~~~~~ 

aT~~T~~PJ 
‘
~

~.. - ~~~ M° 1  1~ 
10 1  IST] 0.9 i~P

0 1  01.2

~O .2 L~~ J i~~ri 0.0599 (14)

= ~~~ M° 6  IRT 1°4 610.4 Q o
0.2

- 
0.2 LTJ 1.4 0.4 (15)LI K~ ~T ~P 0.0812
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Since the Prandtl Numbers for the gas mixtures are less than one, equations (13)
to (15) predict larger characteristic dimensions than equations (9) to (11).
the ratio of the characteristic dimensions for the two sets of equations are

shown in Figure 4-li as a function of Prandtl Number.

In the Bi-Brayton cycle, two types of heat exchangers must be considered
(intermediate and reject). In the intermediate heat exchanger , helium will be
used as the primary fluid (tube side); however, the secondary system (shell
side) is not restricted to the use of helium. Binary mixtures of hel i um and
heavier molecular weight gases and other gases can be considered as possible
secondary working fluids . The increase in density , due to increased molecular
weight , may reduce the size of the turbi nes and compressors ; however , this may
cause an increase in the size of the heat exchangers.

In minimizing the total cross-sectional area of the intermediate heat exchanger ,
the subdivision of the pumping power and the temperature di fference available
must be considered . The efficiency of the Bi-Brayton cycle depends on the sum

.5 of the pressure drops on both sides of the heat exchanger. Therefore the boundary

conditions are:

= = constant (16)

1~T = 

~
I
~
+ ~~ = constant (17)

For the intermediate heat exchanger , several assumptions are used:

Equal flow stream ,capacity rates

WtC~t 
= W5C~ (18)

Therefore

= 6T~ (19)
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For a tube and shell heat exchanger

D~0 (20)S~ ~ 
— S5

• 
. No thermal resistance in the tube wall and that

- ~~ 

•

~

St~ Dt = 
St5 D

50
0.6 0.45 (21)

(P) (P~r,5

From -

Q = ht ~
TtSt 

= h
5 ~I5

S
5 

(22)

and from (6) and (21 )

t~T =~~~i 
A t (23)
A

~T5.. AT -
~~~~

- (24)

From equation (9) for the tube side

- 
A - ~

r
~t

3 

~~~ 
RTt 0.034 1/2

pt t at~~
T At~~

P
T

or

(~ 
3 

1 3 2/3

At =[
~~~3 r~~ 

~ ~ 
M
~~

r
~~~

o34 / 

] 

~p
1/3
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~~ ~~~~~~~~

From equati on (13 ) for the shell side
‘I

,
~
, ~O.225 - 1 2 2/3

- 

.- , 1/3 ‘ Q M5RT O.034 /
A~ =[.~T I  

~~ P5 at 
~~ 

1/3

Since

A = A t + A 5

A - ___  

~~ )0.3 
~ 

M~RT~0.O34 
1/2 

1 
]2/3

— 

~TTT2 K
~t L ~t ~t APt’h’2j

(P )O.225 1/2 3/2
+ I 

t M5RT5O.034 1 2/3[ K P
5 6t -

From

dA = 0
d
~~

Pt

/ ~O.l5 0.25
(o Pt_\ — “

r’~ 
K~5

0
~

5 - IMtTtPs 1 (25 )
1~~~S 1opt r~~

1fl25 K~j
5 [M5TS Pt 

j
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-

~ The optimum pressure loss ratio for hel i um on the tube s ide and a mi xture
of hel ium and xenon on the s hell s ide of the heat exc hanger versus mole cular

- 

weight is shown in Figure 4-12. For a tube and shel l heat exchanger , the

- 
tube flow length equals the shell flow length . Therefore, using equations
(10) and (14) an expression for the ratio of temperature differences is
obtained .

-~ 
- 0.54 0.1 0.2 0.1 0.1 1.2 

1.11

~c [cPr ) s
0. 405 (~s)  

(,i~~

) 
(P~

T~

) 
(;;~) (~

) 
] 

(26)
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The above temperature difference ratio is also shown in Fi gure 4-12, wi th the
assumption of equal shell and tube hydraulic diameters (Dt/D5 

- 1) and us ing
the pressure loss ra tio from equat ion (25).

The rela ti ve heat exchan ger volumes for pure gases , air , and binary mixtures
are shown in Figure 4—13 with the same gas or gas mixture on both the tube
and s hell s ide. The gas mixtures (pro perties from References 10, 11 and 12)
requ i re less heat exchang er volume than the pure mona tomic gases. In all
cases except with th~ helium-xenon mixture, both the heat exchanger length
and the flow area increase over that of a pure hel ium heat exchanger. In the
case with helium-xenon mixture, the tube length is less than the tube length
of a pure hel i um heat exchanger (—75 to 90 percent). Therefore, the heat
exchangers for hel i um—xenon mixtures are short wi th large diameters in comparison
with the pure helium heat exchanger shape. The hel i um-carbon dioxide mixture
has the smalles t increase in heat exchanger vo l ume over that of a pure hel i um
heat exchanger and the length to diameter ratio is about 0.95 in comparison
to the pure helium heat exchanger.

Figure 4-14 shows the relative heat exchanger volumes of hel i um-xenon ,
hel i um—carbon dioxide mixtures and air on the shell side of the heat exchangers ,
wi th the hel i um on the tube side. Again , the hel ium-carbon dioxide mi xture has
the smal les t increase in heat exc hanger volume over that of a pure hel i um

— 
heat exchanger.

The use of any heavier mol ecular weight gas or gas mi xture in place of helium
in the secondary loops of the Bi-Brayton system requires increased intermediate
heat exchanger volume and therefore increased weight (also increases containment
weight and size.)

The reject heat exchanger runs at fan exit pressure (—10 psia) on the shell
side and hence controls the overall thermal resistance. Therefore the required
surface area (volume) of the reject heat exchanger will not vary significantly

with the gas or gas mixture on the tube side .

4-28 

~~~~~~~~~~~~~~~~~~~~~~ --



—
•
~~~~~~~~~~~~~~~~ .“

~~~~~=—

4.0 I I I

ar gon~~~~

1.5 — —

0)
E
3

-‘.5 .
~~~~

4.’ — -

5..a)
C..
C
(U

0

LU

.~ • r  — neon
-

lel li . -
~ I I I I

in  20 30 40

‘‘olecul .~r t-Jeinht

Figure 4—13. Relative Heat Exchanger Volume for Pure Gases,
Air , and Binary Mixtures

~Same gas on both tube and shell side)

4-29 

. 5- —  - — — - - .5 — ~~~--~~~~~— — - - - - - - • ---- • —-- --



7 I I I

Air Shel l Side
0

1 .5 — 
- 

—

Helium - Xenon Shell Sid

1.4 — —

‘.5)

~ 1.3 - —

Helium - Carbon Dioxide
-~~~ Shell Side
4..’
(U

0;

— —

— 

1.1 — . —

1.1 1 I I I

0 10 20 30 40 5)

Mol ecula r Weiriht

Figure 4-14. Relative Heat Exchanger Volume for Gas Mixtures
and ,Air  on Shell Side and Hel ium on Tube Side

4-30



4.3.2 Gas Property Effects on Turbomachinery and Piping

In the turbomachinery area the criterion is the work capacity of the gas per
5’ un it vol ume, so that it is appropriate to compare different gases on the basis

of work per mole , not per unit weight. Since the higher the maximum pressure,
the smaller the turbomachinery and ducting for the same output, it is reasonable
to assume the same maximum pressure and maximum temperature for all gases. The
comparison basis then becomes a Bi-Brayton secondary loop wi th fi xed inlet turbine
pres sure (P3), turb i ne inle t temperature (T ) ,  f i xed com pressor turb ine i nle t

• ature (1 ) ,  fixed temperature ratios across the com pressor ( 2/T ) and turbine
( 3/T4 ) and with spec ifi ed componen t ef fic ienc i es. Thi s resul ts in an overa ll
cycle efficiency whic h is independent of the flu id.

The work of expansion done by any gas per mole is:
I 1

W = K i (1 - (R/K ) ‘
~ (1)t p 3

~~ /P~ \ 
p

\P3)
where K~ is the molecular specific heat. Since the turbine inlet temperature
and temperature ratio is constant.

R
K~ 

(2)

Therefore turb ine work i s pro por tional to the molecular s pec ifi c heat

Wt~~~
K
~ 

(3)

Because the turbine inlet pressure (P3) i s f i xed and the ex it pressur e (P4) is
inversely proportional to the fixed temperature ratio , the work capacity per

unit vol ume of the gas at the turbine exit or the compressor inlet is proportional

to K ! (14/13) 
(K~/R) On this criterion , monatonic gases are superior to dia-

tonic gases (air) by about 10 percent, wh i le pol yaton ic gases are inferior ,
requ iri ng an increased pressure ratio and g i v ing less wor k per un it volume at
the low pressure ends of the turbine and compressors. As shown above , the output

per un it volume of the l ow pressure ends Is pro por ti oned ~ / (
T4/ ) (K~/R) or

for a given output , the volumetric flow rate (Q) is proportional t
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‘1 \(K /R)

k
4/T

3 1 
I’

5’ K (4)

The cross sectional flow area (A) is proportional to

~~~~~~~~ 
(5)

where Va is the axial velocity and U is the mean blade speed. Since the mean
blade speed squared Is pro port ion to ,

(6)

then the low pressure flow area

L A - 
(T4/ T)P~~~~~~~

The number of stages (S) are dependent on limitations set by blade speed ,

Mach No. and gas bending stresses.

The number of stages for limiting blade speed

S —

and therefore

/ \(K /R)

~
T4/T ) P

A-

p
for limiting Mach No.

S— K
~~
M/.,~

and where v is the specific heat ratio

/ \(K /R)

A ~
T4/T3) 

P

.5 K~
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• for limiting bending stress

S — K p

and

IT \(K~/R)

A ~~4/T3)
K~

The cross sec tiona l flow area for air and argon is abou t 60 percen t grea ter than
• that of hel ium , and CO2 requires about 3.5 times the flow area of that of helium .

For the lighter gases (heli um , light gas mixtures ) the limiting blade speed
determines the number of stages and therefore they do require many stages; however
the flow area is small producing long, narrow tUrbonmac hi nery . The heavy gases
fail to compete, since Mach No. or gas bending stresses limi tations intervene to
prevent the reduction in the number of stages which their greater density would
seem to indicate.

The gas property effect on piping d iameter , assum ing the same pressure loss per
unit length , energy transport and temperature and pressure level , is:

~O.04l6 
M°

165
D—

The viscosity and molar specific heat effects are small (less than 10 percent)
with the result that the molecular weight (M) is controlling. For example , argon
would requi re a piping diameter approximately 1.5 times that required for helium ,

and would more than double the piping weight.

The gas property effects on the Bi-Brayton’ system are sumarized below :

• s Helium has smallest intermediate heat exchangers

• Helium has smallest piping size and weight

• Hel ium has smallest turbo-compressor machinery cross sectional area

• Helium has the least effect due to leakage of secondary into primary
- 

work fluid.

4-33 

.5 



T — -  
~~~~~~~~~~~~~~~~~~~~~~~~ 

- - -—-~•— - _-.5—— -——-

Therefore for this Bi-Brayton appl i cation , hel i um has been selected for the
. secondary loop working fluid.
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5’ 5.0 REFERENCE SYSTEM

5.1 SYSTEM

The total powerplant includes the Bi-Brayton system to provide power to the
fan for nuclear propulsion , the JP fueled open cycle engine and the ducted fan .
The fan can be powered by either the Bi-Braytoñ power turbine or the JP fueled
engine , or by combined power from both nuclear and JP turbines . These are
schematically illustrated in Fi gures 5—1 and 5-2.

The Bi-Brayton system can be considered to consist of two subsystems .
These are the Nuclear Subsystem (NSS) and the secondary (or energy transport)
subsystem. As illustrated in Figure 5-1 , the NSS includes all components out
to and including the containment vessel (and any shielding which might be
installed external to the containment vessel). The secondary system includes
the piping to the power turbines in the nacelles , power turbine reduction
gears , and reject heat exc hangers in the nacel les. Thus , the Bi-Brayton
system provides the nuclear energy and transforms it into shaft power for the
fan thrustor and adds the reject heat to the fan discharge airfl ow for additional
thrust.

The reactor is a helium cooled , graphite moderated , epi-therma l reactor based

upon the nuclea r rocket and commercial reactor technologies . The primary

hel i um is heated to 1800°F in the reactor , passes through a plug shield

which attenuates the radiation from the reactor and then is transported to

the four parallel primary turbines . The primary turbi nes extract the work

necessary to drive both the primary and secondary compressors . After

expansion in the turbines , the primary helium is cooled in four counterfl ow

Intermediate Heat Exchangers (IHX), is compressed and returned to the

reactor in piping concentric with the hot leg pi ping.

5-1
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The secondary helium is compressed in the four parallel compressors and
is heated by absorbing the energy rejected from the prima ry fluid in the four
IHX. The secondary helium is then transported to the power turbines in the
nacelles which drive the fan thrustors. After expansion in the power turbines ,
the secondary hel i um is cooled in the counterflow coolers wherein the reject
heat is transferred to the fan discharge air to provide additional thrust. The
hel i um returns to the secondary compressors via the outer piping concentric
with the secondary supply piping.

Nuclea r powered aircra ft must be designed to have the capability of operation on
either nuclear power or on JP fuel . It was determined in the Reference 1
cycle comparisons that a closed Brayton cycle power turbine and JP fueled engine
could be combined as shown in Fi gure 5—2 to provide a “dual-mode thrustor ” .
The JP fueled engine is therefore a norma l turbo fan except that the fan can be
coupled to either the JP engine or the Bi-Brayton power turbine. The fan
pressure ratio and airfl ow are sized by the nuclear cruise conditions but appear
to also be reasonable for the open cycle turbofan engine.

5.2 BI-BRAYTON SYSTEM CONFIGURATION

5.2.1 Nuclear Subsystem Configuration

Containment Arrangement

Figure 5-3 shows the NSS equipment l ocated within a 20 foot containment sphere .

The reactor has been positioned wi th the flow up through the core for ease of

supporting the reactor vessel and external shielding. This will require some

modification of the reference reactor core support design , but no problems are

foreseen. (If difficulties are encountered , the entire assembly will be inver-
ted.)

The turbomachinery and heat exchangers are clustered around the reactor with

their centerlines parallel to the longitud inal centerline of the aircraft.

Since the turbomachines are the longer units , they were located nearest to the

containment center where available chord length is greatest.

The primary and secondary piping within containment is shown on the drawing.

Separate pip es to and from conta inment are shown , but concentric pipes could
be accommodated in this design if future studies confirm the desirability of
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- -: . such . Not shown on the drawing are the containment isolation valves required
at each penetration.

The containment diameter shown (20 feet) is close to the minimum required to
house the components described In this study. One component which could
be changed to reduce the containment diameter Is the plug shield. By employing
a spira l confi guration for the hel i um piping, solid shielding could be employed

• - to replace the plug shield. However , there are mechanical design considerations
which must be addressed for the spi ral confi guration and demonstration of
shielding effectiveness is beyond the scope of this study , so the previously
derived conservative design of the plug shiel d has been used .

Reactor

Definition of the reactor concept was not part of this study. Reactor charac-
teristics , dimensions and weight for the Li ght Weight Powerplant (LWNP)
reactor concept which has been derived by Westinghouse funded in-house studies
(References 3, 4 and 5) were provided as necessary to support the study . This
reactor concept was defi ned based upon use of already existing technologies for
application to marine nuclea r propulsion systems . However , the reactor confi gura-
tion should be optimized for aircra ft appl i cations in later studies .

The LWNP reactor is a gas-cooled , graphite-moderate epi-therma l reactor with
coated fuel beads dispersed in graphite elements . It has a lateral support
system to maintain core bundling and a beryllium radial refl ector with control
drums . The reactor design is based upon adaptation of the technology proven in
the NERVA nuclear rocket reactor. While fuel element fabrication is based on
NERVA technology , the lower operating temperature permits the use of TRISO
design fuel beads which have been developed for commercial reactors to provide a
high level of fission product retention . In veiw of the relatively low core exit
temperature (1800°F), a hot end support plate developed as an alternate core
support design in the NERVA Program is very appropriate and is incorporated Into
this design. 
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Figure 5—4 shows the assembly oriented wi th the plug shield in the exhaust
below the core . As stated previously, the conta inment arrangement appears
to be more favorable with an inverted arrangement which would require some
rearrangement of components within the reactor pressure vessel . The
necessary rearrangements are practi cal , but , since reactor design was not
part of this study, have not been detailed. For clarity and to illustrate
one candidate reactor orientation, the reactor assembly is shown in Figure 5-4
in the marine powerplant orientation which Is inverted from that shown in the
NSS assembly view of Figure 5-3. Table 5-1 lists the major reactor and shield
dimens ions. -

The reactor assembly, shown in Figure 5-4 , consists of fueled core surrounded

by a reflector and internal shield - the whole assembly being contained in a

pressure vessel . An external shield surrounds the assembly Where the working
fluid enters and leaves the reactor, a pl ug shield is used to limit the radia-

tion to an acceptable level .

- -; The reactor core is constructed from hexagonal fuel elements which are 36 inches
in length. Each fuel element has seven axial cooling holes , each 0.133
inch in diameter , providing twenty percent void fraction. The elements measure
0.75 inch across the flats of the hexagon and are bundled together in the form
of a right circular cylinger approximately 49.1 inches In diameter . The fuel ,
in the form of TRISO coated beads , is Incorporated into the extruded graphite
matrix of the fuel element. In amny Important respects , the conditions in the
Bi—Brayton system reactor are much more genign than in the NERVA reactor from
which it is derived . Comparing Bi-Brayton system reactor conditions to those of
NERVA reactors , the use of helium instead of the corrosive hydrogen used in NERVA ,
lower core exit temperature l evel (1800°F -versus 4000°F for NERVA ) and lower
tempera ture ri se between core Inlet and core exit (900°F versus 4200°F for NERVA )
signifi cantly ease the environment for the core, contributing to long reactor life .

Strips of pyrolytic graphite insulation material are interposed between the
filler strips and the fuel elements to minimize the radial conduction of heat
from the core. The radial forces which accomplish the bundl i ng of the core
are transmitted through a system of graphite segments and steel leaf springs
to the reflector assembly which surrounds the core.

.5 - -
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TABLE 5.l

NUCLEAR SUBSYSTEM GEOMETRY AND WEIGHT SUMMARY
(230 MW)

Reactor Radial Dimensions Outer Diameter Thickness
(Inches ) (Inches )

Core 49.11
Filler Strips 50.61 0.75
Lateral Support 54.41 1.90

• Beryllium Reflector 66.41 6.00
-• - Tungsten Shielding 81.16 6.88

Pressure Vessel 85.16 3.00

Reactor Fueled Core Length (Inch) 36.00

Outer Shielding Thickness (Inch) 31.00

Zirconi um Hydride

Primary Radial Direction 31 .00

Transverse Radial Direction 19.80

Vertical Di rect ion 17.90

Lithium Hydride

Primary Radial Direction 14.00

Transverse Radial Direction 11.60

Vert ical Direct ion 6.20

Reactor-Shield Weight Summary (Lb)

Reactor 4,240
Beryllium Reflector 2,410
Tungsten Shielding - 75,180
Pressure Vessel 19,930
Zirconium Hydride Shielding 182,140
Lithium Hydride Shielding 19,390
Support Plate 6,520
Plug Shield 41,120
Containment Vessel 109,980
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The reflector assembly which surrounds the core is constructed from twenty-four
beryllium segments which are bolted to Inconel 718 rings at the inlet and outlet
ends . Each segment contains a control drum which can be rotated through an angle

‘ of 180 degrees . The control drum consists of a beryllium cylinder having a sector
of beryllium removed and replaced by a number of stainless steel tubes contain-
ing boron carbide . The control drums are driven through splined quill shafts from
elec tric actuators mounted on the pressure vessel dome. Ax ial cool ing holes are
drilled in the reflector segments and control drums .

A reflector assembl y w ith control d rums i s also prov ided at the center of the
‘ core for additional reactivity control to compensate for reactivity changes

due to U235 burnup. This reflector is similar in design to the outer reflector.

The pressure vessel is a hol l ow cylinder with elliptical heads. It is made
from two weidments which are joined by means of a bolted and seal-welded
flange . The outlet head is penetrated by two nozzles which convey the reactor
coolant to and from the heat exchan ger and turbomac hi nery modul es. A coax ial

• 
- 

flow system is employed at each nozzle, the hot gas leaving the reactor
through the central Inconel X pipe. The pressure vessel and pipi ng wa ll s
which must withstand the system operating pressure are therefore exposed only
to the cooler reactor inlet gas flowing in the outer annular space.

Structural sizing of the pressure vessel has been predicated on an operating
pressure of 1600 psi , and an allowable material stress of 30,000 psi. This is
consIstent with the use of SA-533 Low Alloy Steel which is generally used
throughout the nuclear Industry for coded pressure vessels. Substitution of
Inconel 718 for the pressure vessel In this application offers the potential of
Increased strength capability or a reduction in pressure vessel thickness.

Shielding

Radiation shielding is provided internal to the pressure vessel and acts wi th

the external shielding to satisfy the applicable dose rate criteria. The light

weight layered shielding design is adapted from the Reference 6 NuERA shielding

optimizations. The Internal shield is composed of two parts: a tungsten or de-

5-10 
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pleted uranium gama shield that surrounds the radial and bottom reflectors ,
and the separate plug shield (neutron and gamma).

The tungsten internal shield is constructed from segmental bl ocks which are
provided with cooling holes and are supported from Inconel 718 rings . This
shielding is located internal to the pressure vessel for ease of cooling, to
recover the energy deposited In it , and is advantageous in minimizing total
shield weight.

The plug shield consists of cans or capsules of mixed boron carbide , tungsten,
and beryllium oxide strung axially the length of the plug in a tight over-lapping

• matrix. Gas flows around the capsules whi le radiati on is attenuated by them.

The primary shield (external to the pressure vessel) completely encloses the
reactor , and consists of an inner layer of borated zirconium hydride and an
outer layer of lithium hydride. Inserted between these two major layers is a
sheet of boral . The shield is compartmented and hermetically sealed because
of materials outgassing and the need to contain the shiel d cool ant.

Turbomachinery Configuration

The general confi guration and sizing of the gas generator turbomachinery was
developed by appropriately scaling from similar components developed in a
Compact Closed Cycle Brayton System (CCCBS ) study performed for ONR (Reference
7). The cycle temperature and pressure state points and the component sizes
used in the Reference 7 study , which also used a helium working fluid, are quite
similar to the Bi-Brayton condition . The resulting Bi-Brayton components , there-
fore, benefit from the substantial research effort applied to the OUR program .
Figure 5-5 shows the turbomachlnery assembly.

The design work generated in the Reference 7 program was based on earlier
work on hel ium turbomachinery performed by Westinghouse for the Maritime
Administration on the Marine Gas Cooled Reactor (MGCR) Project in 1962. This
work included the design of a complete closed cycle power plant using helium
gas as the working fluid and the testing of the most critical components of

5—i l
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the system. During the MGCR program, extensive testing was conducted on a
two stage turbine test model , a four stage compressor test model and on
component inlet ducting. Tests were also conducted on bearing and seal

5’ components to investigate the compatibility of lubricants with the hel i um
working gas under practical operating conditions . No problems were encountered
due to foam or mist generation.

The MGCR power plant turbomachinery components exhibited the relatively large
numbers of stages, compared with typical air cycle machinery , needed to achieve

• the nominal pressure ratios required in the plant cycle. Since these designs
were thoroughly worked out and achieved good efficiencies (0.90 turbine and
0.85 compressor as verified by component testing.) the MGCR design work provided
a good basis for the OUR Closed Brayton Cycle component designs which in turn
provides the basis for the Bi-Brayton turbomachinery concept.

In developing the compressor components of the ONR Closed Brayton System from
the MGCR work a scaling process was used which assumed the ~P/P per stage to
be directly proportional to the square of the mean blade speed and inversely
proportional to the mean gas temperature. For flow path sizing, the flow
coefficient of 0.5 used in the MGCR compressor designs was retained , resulting
in an axial velocity equal to half the mean blade speed. Mean blade speed was
limi ted to a maximum of 1350 ft./sec. in the low pressure compressor. Hub/tip
ratio was limi ted to a maximum of 0.85 to avoid excessive blade tip loss effects.
This latter restriction resulted In the mean bl ade speed of the high pressure
compressor being reduced to approximately 1100 ft./sec. The lower work per
stage and consequently increased number of stages required in the high pressure
compressor was accepted as a necessary compromise of the compactness of the
machinery to ensure the- achievement of the’ assumed efficienty (85 percent) -
The resulting numbers of stages in the low pressure and high pressure compressors
were 14 and 18 respectively.

In deriving the Bi-Brayton compressor components, a similar scaling process was
employed. However , as a result of the higher average temperature level in the
Bi-Brayton primary compressor , the required total number of stages increased

- 5-13
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from 32 to 40 at a uniform mean blade speed of 1350 ft./sec. No reduction in
mean diameter (and mean blade speed ) was requi red to limi t hub/tip rati o, a
va l ue of approx imately 0.85 be ing reached in the outlet stages .

- - In laying out the Bi-Brayton primary compressor, the 40 stage assembly was

judged to be excessively long from considerations of rotor dynamics and

- - stability . As a result , the compressor was split into two components separated
by a bearing and coupling assembly. A similar beari ng and coupling assembly
was interposed between the secondary compressor outlet and the primary compressor
inlet. -

The Bi-Brayton secondary compressor scaling from the ONR low pressure compressor,
required 12 stages at the same mean blade speed of 1350 ft./sec.

In designing the high pressure (compressor drive) turbine for the Reference 7 ONR
Closed Brayton System, special measures were taken to minimize blade centri fugal
stresses and thus permit the achievement of a relatively high inlet temperature
(1670°F) with uncooled superalloy blading. The resulting blade had relatively

• high l oad and flow coefficients resulting in a mean blade speed of 1200 ft/sec
and a first stage hub/tip ratio of 0.81. Five stages were required . The use
of high load and flow coefficients results in some efficiency penalty and this
was estimated for the above design using an empirically based correlation
extracted from P.127 of Axial Flow Turbines - Fluid Mechanics and Thermodynamics
by J. H. Horlock (1966 Butteroworth). The overall efficiency of the ONR high
pressure turbine was estimated to be 89 percent accounting for blade tip and
bearing losses.

In deriving the Bi-Brayton primary system turbine from the OUR high pressure
turbine , the mean blade speed of 1200 ft./sec. and the hub/tip ratio of .81
were retained and the number of stages was increased from 5 to 9 maintain
essentially the same temperature drop per stage (85-80°F).

Having defined the turbine and compressor stage complements and the general
configuration of the BI-Brayton turbomachinery , the sizing of the units was
developed by scaling component linear dimensions in proportion to the square
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root of the mass flow. As a result , to maintain mean blade speed , RPM was
increased inversely as the linear dimension. Using this process , bl ade
centri fugal stresses remain unchanged , since mean blade s peed and hub/tip
ratio are maintained . When the axial dimensions are scaled In the same ratio ,
blade bending stresses remain constant. Since weight Is proportional to linear
deimsnion cubed and power Is proportional to flow rate which is proportaional
o linear dimension squared , scaling turbomachinery downward in size results in
reduced specific weight .

Initially the Bi-Brayton prima ry system turbomachinery units were sized

• assuming that two units would be used to suppl y the four propulsion engines .
The rotational speed of these units was approximately 20,930 RPM . However ,
the size of these units proved to be too great to permit their incorporation
into a conta i nment vessel with the reactor and intermediate heat exchanger
units . Consequently four gas-producer systems were adopted , each unit being a

~~~ scale reduction in size fron’ the two unit components . The rotational speed
of the units increased from 20,930 RPM to 29,600 RPM .

The power turbine design used in the four propulsion units was obtained by
scaling the ONR study power turbine form Its 70,000 HP value to the 25,000 HP
size required for each of the four Bi-Brayton thrustors . This was judged to
be sufficiently accurate for initial concept generation since pressure ratios
and state points were comparable. Since power is proportional to flow rate
which is proportional to the square of the linear diemsnion , the power scaling
factor was 0.36 resulting in a linear dimension scaling factor of 0.6.
The RPM was therefore increased from 6,000 RPM to 10,000 RPM to maintain the
same blade speed. Since fan speed was roughly 2,500 RPM a reduction gear of
approximately 4:1 ratIo was required , thus, confirmi ng the general layout of
the propulsion units developed In the earlier study.

Intermediate Heat Exchanger Confi guratIon

The four Intermediate Heat Exchanger (IHX) units of Figure 5-6 empl oy the same
desi gn approach as the Reference 7 ONR study recuperator modules . A counterfi ow
shell and tube confi guration with 0.120 inch 0.D. x 0.010 inch thick tubes on a
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triangular pitch and 1.30 pitch/diameter ratio is used . Tube length is 89.3 inches
and the tube matrix outer diameter is 28.3 inches . Tube spacing is maintain ed
along the heat transfer length by means of s pi rally wound w i res. The s pi ra l w i res
are discontinued in the region at each end of the heat transfer length to allow
cross flow to and from the shell side headers which are formed as semi-toroidal
circumferential additions at each end of the shell cylinder .

The tube nest is relieved of the thermal stresses in the axial direction ~v
being permitted to float freely at the cold end. The plate into which the
tubes are brazed is sealed to the shel l by a large diameter 0-ri ng at the
cold end. The hot end plate is fixed to the shell by a bol ted flange. The
hemispherica l ends which form the tube side headers are attached to the shell
by bolted flanges to facilitate assembly and provide access to the tube nest.

In thi s design the plates into which the tubes are brazed are essentially
unstressed in bending and each tube supports its l ocal increment of plate in
the axial direction. The removal of bending loads from the plates allows other
fabrication approaches to be considered which avoid the need for drilling the
large numbers of tube location holes in  the plates . The plates in one suc h
approach are eliminated completely by forming the enas of the tubes into a
hexagonal section allowing them to be brazed together. A furnace brazed
assembly, using microbraze applied as paste to tne tube ends prior to fixturing
can be envisioned . It is believed that the adoption of such approaches in
fabrication of fine j~ometry light wei ght heat exchangers can be cost effective .
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As di scusse d above , compact tube-type heat exchanger characteristics have
been used. However, it should be recognized that compact plate—and-fi n type

heat exchangers were also shown to be attractive in the Reference 7 study and

should be considered a practical alternate for a Bi-Brayton system. Trade

studies would be required to select between the two types.

Secondary Piping

The use of helium (gas) for the secondary working fluid in the Bi-Brayton Cycle

allows the use of concentric piping from the containment vessel to the engines .

The inner pipe (11.39 inches 0.D.) has a liner inside this pipe , with a gap of

0.20 inch , to prevent significant heat transfer from the hot gas to the cooler

gas. The outer pipe has a diameter of 17.78 inches with a thickness of 0.133
inch. The total concentric piping weight is 37.5 lb/ft . If separate piping were

used , the insulation for the hot pipe by itsel f would weigh more than 37.5 lb/ft .
The total piping length for the four engines is 606 feet, which results in a

piping weight of 22,725 pounds .

Engine Precooler Heat Exchanger

The engine precooler heat exchanger is a counterfl ow bore tube exchanger wherein
the reject heat is transferred to the fan discharge air to provide additional

thrust. The secondary hel i um flows inside the tubes where it is cooled from 722°F

to 120°F. The fan air enters the shield side of the heat exchanger at 59°F.
and is heated to 199°F. The heat exchanger is annu lar shaped to fit around the

engine turbomachiners (Figure 5—2) and is enclosed by the nacelle. The tubes

are placed on a triangular pitch of 1.107 inch. The tubes have a 0.2075 inch

outer diameter and 0.1875 inch inner diameter and are 119 inches in length . The

annular cross sectional area of the precooler is 128 ft.2.

Controls

Al though control system definition studies were not part of this study, the

resul ts of other studies were considered and a reference control system iden-

tified for use In overall system feasibility evaluation .
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The reference case requirements are for use of the nuclear propulsion system
only for cruise. Therefore , the normal operation power range Is approximately
from 80 to 100 percent of full power. This range is sufficiently narrow and
the primary and secondary system so closely coupled that reactor control should
accomplish almost all of the overal l system control needed. The secondary system
control needed should be more in the nature of a trim. Of course , trim and shutoff
capability for each power turbine will be needed.

The reference conceptual control system therefore includes primary system
control by maintaining a scheduled reactor outlet temperature . Reactor control
is accomplished by means of the radial reflector control drums . Overal l secon-
dary system control is by inventory control whereby helium is bled from or
added to the system to accomplish output power reduction or increase. There
are other alternatives to inventory control , and more detailed studies would
be required to select between the various alternatives . The alternatives
include turbine bypass bleed,compressor bleed , in line hot-leg throttling and
in-line cold-leg throttling.

Because gas is used as the working fluid in both primary and secondary systems

and because of the demonstrated startup capability of this type of reactor ,

automatically controlled rapid startup of the powerplant can be planned .
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5.3 CHARACTERISTICS

5.3.1 Reference Case
- 5’ The state points for the reference case nuclear Bi-Brayton system are

tabulated in Table 5-2. State points are included for the primary and
secondary helium systems and for the fan air stream. Reactor power for this
case is 230 MW.

High temprature turbomachinery for thi s application will requi re bl eed
flows for cool ing, and realistic system sizing must Include allowances for
such cooling. Although detailed turbomachinery designs would be necessary
to accura tely def ine the cool ing fl ows required, the cycle state points of
Table 5—2 include the effects of estimated bed flows to be realistic. In
these data, the follow ing bleed fl ows were assumed :

• Two percent for rotor and stator cooling

• One percent for blade cooling

• One percent for shroud cooling

• One percent for balance piston

The data of Table 5-2 also include the calculated heat loss from the hot
leg to the cold leg fluid in the concentric piping. These calculations
incl ude the insulation effects of a thin liner to provide a stagnant gas
layer inside the hot leg piping . The hot leg piping material temperature is
then very close to the temperature of the secondary fluid.

A weight comparison between the Reference 1 NuERA reactor wi th open Brayton cycle
engines and the LWNP reactor Bi-Brayton system in shown in Table 5-3. This
table compares total powerplant and fuel weights for the aircraft from the
lADS , Task II Reference Case (Table 5.2 of Reference 1).
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TABLE 5-2

STAT E POINTS FOR NUCLEAR BI-BRAYTON SYSTEM
FOR AIRCRAFT PROPULSION

(230 MW)

PRESSURE TEMPERATURE FLOW RATE*
(PSIA) (°F) (LB/SEC)

PRIMARY
REACTOR INLET 1576 920 199.0
REACTOR OUTLET 1500 1800 199.0
TURBINE INLET 1489 1780 201.1

• TURBINE OUTLET 496 1064 205.3
INTERMEDIATE HEAT EXCHANGER INLET 494 1060 209.5
INTERMEDIATE HEAT EXCHANGER OUTLET 478 370 209.5
COMPRESSOR INLET 476 370 209.5
COMPRESSOR OUTLET 1580 920 205. 3

SECONDARY
COMPRESSOR INLET 400 130 209.5
COMPRESSOR OUTLET 719 294 209.5
INTERMEDIATE HEAT EXCHANGER INLET 718 294 209.5

- 

- INTERMEDIATE HEAT EXCHANGER OUTLET 712 987 209.5
POWER TURBiNE INLET 708 977 209.5
POWER TURBINE OUTLET 407 722 209.5
REJECT HEAT EXCHANGER INLET 406 722 209.5
REJECT HEAT EXCHANGER OUTLET 403 120 209.5

AIR
AMBIENT 4.36 -48 4774
FAN INLET 6.34 -2 4774
FAN OUTLET 9.51 59 4774
REJECT HEAT EXCHANGER OUTLET 9.31 199 4774
NOZZLE THROAT 4.92 89 4774

* Total Flows ; For Each Engi ne, Divide by 4
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The first column of Tabl e 5-3 lists the NuERA system weights . The second column
lists the weights for the reference Bi-Brayton system , as described in this
section. There is very little difference in the total of powerplant and fuel
weights for the NuERA and reference Bi-Brayton systems. This is in itsel f

- 5’ 
- 

Important because it indicates that the benefits of the Bi-Brayton system coupl ed
to a gas-cooled reactor of already demonstrated technology can be achieved
without a powerplant weight penalty . Comparison of the fi rst two columns of
Tabl e 5-3 indicates that the Bi-Brayton system provides a considerable savings in
the categories of heat exchangers , piping and power conversion .

- - 
- . 

Since this study did not Include optimi zation of reactor and shielding, the
Nuclear Subsystem (NSS) weight shown In the second column of Tabl e 5-3 is known
to be too high. As In indication of the weight reductions that would be shown
by NSS optimization , an estimate was also made of what the NSS weight would be
if a “spir 3l pipe ” shield penetration (similar to that shown in Reference 2) were
substituted for the reference plug shiel d confi guration. It was estimated that this
change would reduce the shield weight and would also allow a reduction in
containment diameter of approximately one foot. This change alone would result

- 

- In a NSS weight reduction of approximately 67,000 pounds. Other reactor optimization
such as void fraction , core length—to-diameter ratio , etc., coupl ed with shield
optimi zation are expected to result in a NSS weight as shown in the third column
of Table 5-3. Because the third column is a realistic extimate of what an
optimi zation study would show the Bi-Brayton powerplant weight to be, it is
recomended tha t this weight be used In any aircraft studies .

The systems may also be compared in some of their impacts on developments
required . The NuERA liquid metal reactor is conceptual and requires intermediate
liquid-metal to liquid-metal heat exchanger temperatures up to 1800°F and
liquid-metal to air heat exchanger temperatures up to 1700°F. The Bi-Brayton

system requires intermediate gas to gas heat exchanger temperatures on only

10600F, and gas to aIr heat exchanger temperatures less than 800°F. The containment
‘

- penetrations for the NuERA must be designed for 1700°F liquid meta l fluid
temperatures , compared to about 1060°F hel i um temperature for the Bi-Brayton system.

5- 2.J
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5.3.2 Characteristics Versus Power

In this study a reactor full power operating lifetime of 10,000 hours was
used. Other parameter values used for this study included : a core outlet
temperature of 1800°F and a dose rate criterion of 5mr/hr at 20 feet forward
and aft of reactor centerl ine during operation and 5mr/hr at 20 feet in any
direction 30 mInutes after shutdown. An impact velocity of 250 ft/sec. was
used for establishing the containment vessel thickness.

Using the above parameters, the component weights and dimensions were
calcula ted for various reactor power levels. The nuclear subsystem weight
(all components out to and including the containment vessel) and the contain-
ment outer diameter variations wi th reactor thermal power are shown in
Figures 5-1 and 5—8 as functions of rated reactor power.

5.3.3 Effects of Component Characteristics

The NERVA derivative reactor has the capability of exit gas temperatures
greater than 1800°F but the first stages of the primary turbines are the most
temperature limiting components . However , the possibility exists that hig her
turbine Inlet temperature capability from 1800°F may be achievable. The
freedom from oxidation in the closed Bi-Brayton cycle and the hel i um working
fluid allows refactory metals to be considered. MO-TZM has demonstrated the
excellen t forgeability required to produce the airfoil shapes and has a potential
temperature capability between 1800 and 1900°F. Fiber reinforced superalloys
probably have the hi ghest strength and temperature capability of any metal
systems with a potent ial temperature ca pabi lity approach ing 2000°F. Ceram ic
turbine blades are being developed and have a potential temperature capability
of 2400°F.

The effect Of increased reactor exit (turbine inlet) temperature on required
power is shown in Figure 5-g . Increasing the reactor exit temperature from
1800°F to 2100°F results in approximately a 9 percent reduction in reactor
power (constant thrust requirement ), which results in about 3 percent reduction
in powerplant weight. Increasing the reactor exit temperature to 2400°F
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results in a reactor power reduction of about 15 percent with a powerplant
- 

- 
weight reduction of about 7 percent.

- p .
With today ’s technology , turbine efficiencies of 0.91 and compressor efficien-

- 
cies of 0.88 appear reasonable. In the 1990-2000 time frame, potential turbine
efficiencies of 0.93 and compressor efficiencies of 0.90 can be expected. Tur-

S 

bine efficiencies of 0.93 and compressor efficiencies 0f 0.90 were used in this
study. The effect of these efficiencies is shown in Figure 5-10. . A reduction

- 
of turbine efficiency from 0.93 to 0.91 and a reduction in compressor efficiency
from 0.90 to 0.88 in the Bi-Brayton system results in an increase in required
reactor power of about 10 percent and an increase in powerplant weight of about
3 percent.

- 
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5.4 DISCUSSION OF RESULTS

S 

-
. 

The purpose of this study was to provide a preliminary definiti on and
- 5’ evaluation of the Bi-Brayton system concept utilizing an advanced high

temperature gas-cooled reactor. An additional purpose was the examination
of the concept of a removable containment vessel .

Specific technical results have been discussed in the sections of this report
wherein they are reported. In addition , the individual resul ts can be coupled
with the results of other nuclear aircraft studies to provide the basis for
the overall observations which are contained in this section . In fact,

— ‘ cons idera tion of these resul ts in the context of other study resul ts i s
important because the Bi-Brayton system concept itself was deri ved in
response to the need for certain desirable characteristics which became
apparent through those earlier studies .

One of the considerations which led to definition of the Bi-Brayton system
concept was the desire to minimize the developments required for the Intermediate
Heat Exchanger (IHX). A requirement has been imposed in all recent studies of
nuclear aircraft propulsion systems that the reactor prima ry system be enclosed
by a containment vessel . This results in the need for a secondary system to
transport the energy from the Nuc lear Sybsystem (NSS) to the thrustors .
Typically, the powerplant configurations of past studies have required that all
of the energy used to generate thrust be transmitted through an intermediate
(primary—to—secondary ) heat exchanger at a temperature level as close to reactor
outlet temperature as possible. Because the intermediate heat exchangers must be
located inside the containment vessel , it has been necessary to minimize the
dimensions of the heat exchangers so as to minimize the containment vessel diameter.
Al though a gas is attractive for an intermediate fluid , the power that would be
required for pumping a gas typically have resulted in the identification of a

• liquid metal (such as NaK 78) as the secondary fluid. This has been the case
whether the reactor has been li quid metal cooled , as the Reference 1 reference
system and cycle compar i son systems , or gas cooled , as in the Reference 2 study .
Thus , a typical configuration in past studies has included intermediate heat
exchangers Ins-Ide the containment vessel with NaK secondary fluid to transport
the energy to the thrustors .
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These studies of the Bi-Brayton system concept have confi rmed the validity of
an alternate system whIch provides for separation of the primary and secondary
fluids , but which limits temperatures in the heat exchanger to less than
1100°F thereby markedly reducing the problems in design and development of the
intermediate heat exchanger. This system concept also provides for efficient
use of an inert gas as the secondary fluid which reduces the problems in

- 
- design and development of the secondary system and would reduce the consequences

- 

- 

if a leak should occur. Comparisons of some of the powerplant characteristics
with the lADS Task II NuERA powerplant are shown on Table 5-4. This comparison
illustr at~- . that a Bi-Brayton system signifi cantly eases many of the component
and material development problems .

Another aspect of the Bi-Brayton system concept -which can be an advantage is
its compatibility wi th a gas cooled reactor adapted from already provem
commercial and rocket reactor technologies . This can be very important in
minimizing the cost of development since development of a completely new
reactor would be more costly. It can also be important because of the possi-
bility of reduction of costs to the Air Force through a common reactor program
shared with the other military services .

An additional benefit of use of the NERVA derivative gas cooled reactor is
that of a reduction in the impact of nuclear aircra ft reactors on the nation ’s
uranium resources . In—house Westinghouse studies have shown that an adaption
of the commercial TRISO coated fuel bead in extruded graphite NERVA derivative
fuel elements is appropriate . A peak burnup capability of 50 percent (compared
to 25 percent in the Fort St. Vram and 75 percent in the large HTGR commercial
reactors) Is wel l achievable. This higher burnup capability than that predicted
for a liquid metal cooled NuERA type of reactor —esults in on the order of 60
percent less U 3O8 raw material required per core.

Another desirable characteristic which was predicted for that Bi-Brayton system
was that of some reduction in propulsion system weight. This preliminary study
has indicated essentially the same total propulsion system and JP fuel weight
as for the Reference 1 aircraft derived wi th a liquid metal cool ed NuERA nuclear
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propuls ion system. However , since this study did not include optimization
of the reactor and shielding, but instead utilized the results from other

5’ Westinghouse funded in-house studies for light weight marine appl i cations,
it is clear that weight reductions would be shown if these optimizations were
accomplished. A propuls ion system we igh t reduction of ten percent (75 ,000

• pounds) appears to be achievable. One area in which weight reductions are
expected is in the area of the “plug shield” for shielding of the piping
penetrations through the shield. Alternate configurations have been identified
which would provide adequate shielding at lower weight , but additional study
would be required to confirm the benefits. The study results therefore confirm
the viability of the Bi-Brayton system as a new alternate wi th the probability
of some reduction in powerplant we i ght. -

As di scusse d i n the Reference 1 cyc l e compar i sons , the use of separate engi ne
systems during nuclear operation and during JP fuel operation is attractive .
The reason for attract i veness is that a separa te JP fuel open cycle engine
does not have to be compromised by the necessity to limit turbine inlet temp-
era-ture ciuring JP fuel operation to be compatible with temperature achievable
from a nuclear energy source. Thus , energy convers ion by a close d Brayton
system during nuclear operation frees the open cyc l e JP eng i ne to make ful l use
of available high turbine inlet temperature capabilities to minimize JP fuel
carried for take—off, landing and emergency cruise. This characteristic not only
minimizes aircraft weight but also helps to minimi ze the development required .

As part of the overall study, parametric studies were accomplished . In additon
to providing input to selection of the reference Bi-Brayton system, the para-

~ietric studies have led to an overall assessment that the overall system charac-
teristics and weight are not highly sensitive to the individual component per-

formances. Stated another way, relatively broad latitude exists to modify the

system, if found necessary, wi thout grossly affecting total system characteristics.

Feasibility and practicality of the system does not depend upon achievement of

extreme component performance levels. Thi s can be of importance i n minimi z ing
development program costs.

5-33 

.5.5-- - -- -- -.5



This study also investigated the concept of a containment vessel which could
be wholly or partially removed during wartime where crash safety issues may be
secondary to mission accomplishment with maximum capability . The fundamental
concept of considering what modifications might be acceptable in wartime to maxi-
mize military capability appears to be highly appropriate . Methods of providing
for remova l of most of the containment vesse l were def ined. However , it does
not appear that removal of the containment vessel is attractive . The require-
ments placed upon the containment vessel to survive crash are severe which

• l imit the design latitude. The identifiable concepts to allow removal require
longer time for removal than would seem to be desired in wartime and would
probably negate the va lue of increased payload. Thus , although it appears that
at least a major portion of the containment vessel could be made removable , it

does not appear to be desirable. However, the concept of providing character-

istics necessary in peacetime but of quickly altering them in wartime appears
to have potential for significant enhancement of military capability . Several
other alternatives have been identif led and may be worthy of further study in

the future. At least the possibility of enhancement of capabilities in wartime

- 

5 should be recognized in evaluations of the worth of nuclear powered aircraft.

The evaluations have shown that the Bi-Brayton system concept is a feasible
system concept which eliminates the need for a high temperature heat exchanger
and which has the potential to allow reductions in aircraft take—off gross
weight. However, these studies have by design been scoping in nature and
further studies are needed to optimize the concept and its critical components.
Some of the critical areas which should be studied to provide a data base com-
parab le to that ex isting for other systems are :

(1) Reactor optimization for the Bi-Brayton aircraft propulsion
system application .

(2) System optimization studies to minimize weight.

(3) Shielding optimization , including consideration of a plug shield
versus spiral piping and versus location of turbomachinery inside
the shielding .

(4) Reac tor a~d system configuration for lowest costs consistent
with the aircraft application .
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(5 ) Further turbcmachinery design definiti on.

• (6) Component mounting wi thin the containment vessel , Inc lud ing

arrangement to minimize containment vessel diameter.

(7) Cost evaluations for compari son with lADS Task II cost comparisons.

(8) Ai rcraft optimization to make full use of Bi-Brayton System
-

- 
- 

characteri stics .
- 4

- ‘ (9) Post-impact safety studies (similar to the Reference 12 studies for the
Nu-ERA system).
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6.0 REMOVABLE CONTAINMENT VESSEL

The prima ry function of the Nuclear Subsystem (NSS) containment vessel is to

- 
‘5 ensure protection of the general publ ic from radi oacti ve mater ial release even

in the event of an aircraft accident. Containment vessel impact tests have been
performed by both the Air Force and NASA and design correlations developed .
Safety analyses of post-impact conditions have also been accomplished for the

- Air Force and NASA. All of these studies give confidence that the necessary
containment vessel can be developed . However, the severity of the requirements

results in a heavy vessel whose wei ght is an important frac tion of the total
system weight.

In time of war , the greatest danger to the populace could come from the enemy.
It is therefore reasonable to consider what peacetime protection features mi qhl-
be removed and still provide the necessary wartime safety while enhancing Ifli lltdry
payload of the aircraft. During the Innovative Airc raft Design Study (lADS),
Tas k II, the possibility of a removable containment vessel was identified by the
Air Force but not investigated . Because of its potential , an examination of the
concept was included as part of this study. For evaluation of the concept, the
LADS , Task IL, reference aircraft and its powerplant were used as a basis. In
that aircraft the payload is 400,000 pounds and the conta inment vessel weighs
99,500 pounds. Clearly, a significant improvement in paylaod capability might
be ac hi eved if the conta inment vessel coul d be removed.

The design constraints placed upon the containment vessel (Table 6-1) were con-
sidered in the evaluations. The function of a containment vessel imposes severe
mechanical and thermal demands on its design . It must not rupture under loads
which far exceed the elastic limit and it must contain very high temperature
materials after deformation without rupturing. For the mechanical requirements ,

it should be ductile and as devoid as possible of stress raisers . Any signifi-
cant weight additions to allow removal of the vessel would detract from the suit-
ability øf a concept because those weight penalties would subtract from the peace-
time payload capability of the aircraft . For the purposes of the study , it was
assumed that the aircraft center of gravity could be suitably maintained either
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TABLE 6-1
‘5

FUNCTIONS OF THE CONTAINMENT VESSEL

• BARRIER AGAINST RELEASE OF FISSI ON PRODUCTS

— IN EVENT OF RUPTURE OF PR IMARY SYSTEM PIPING

— IN EVENT OF AIRCRAFT CRASH

— POSITIVE CLOSURE OF PENETRATIONS

- SURVIVE CRASH WITHOUT RUPTURE

— SURVIVE POST—IMPACT HEATING WITHOUT RUPTURE

• FOR LIQUID METAL COOLED REACTOR, MUST PREVENT AIR IN-LEAKAGE

S PROVIDE PART OF THE SHIELDING (GAMMA) FUNCTION

• MOUNTING FOR INTERNAL NSS COMPONENTS

—
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through location of the NSS near the CG or through proper distr ibut ion of car go.
However , this would be a design constraint placed upon the aircraft. It was also
assumed that the lost time during removal must be as short as poss ib le , on the
order of a few days at most, or else the payload benefits would not equal the
payload capability lost while the aircraft was out of comission .

Seve ral concepts were identifi ed initially but were found to be unsuitable for
one or more reasons. In essence the requirement to maintain containment integrity
in a cras h at veloc i t ies up to 250 feet/second el iminates most concepts because
it does not appear that their survivability could be assured or they would add
too much weight in the peactime version. For instance , any demountable construc-
tion suc h as marmo n clamps , bolted flanges , etc .- could not be uniformly flexible
and so would have to be substantially stiffer and stronger than the walls with
generous blending to the normal wall thickness. A fair estimate is that such a
design could add 30 to 50 percent to the original weight, substantially cancel-
l ing any payload increase which was the original objective. The al ternative is
to leave the original design alone but arrange to cut parts of it away. Oxygen
flame cutting would be an economical procedure for separating the sections ex-

• cept that the Haynes 188 alloy of the reference vessel is not practical to
flame cut. Further , the functional requi rements of ox idation res istance and
high temperature strength essentially ensures that no satisfactory material
could be flame cut.

Two concepts were identifi ed which appear to have promise . There would seem to
be no technical reason why a containment vessel could not be designed so that
the major protion could be removed by machining. All penetrations would have
to be conf ined to as narrow a diametral band as poss ible. If thi s band could be
held to eighteen Inches., approximately 93 percent of the containment weight could
be removed by machining away the two remaining sectors . The machining could be
done by a portable special cutting machine such as is now used for cutting seal
welds on reactor vessels but des igned for heavier cutting . Figure 6-I is a

schematic representation of such a system. The narrow band of penetrations would
preferably be vertical and perpendicular to the fuselage centerl ine. Structura l
connection to the airframe would be chiefly at the bottom with horizontal support
at the top designed to be flexible vertically in order to minimi ze thermal stress.
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Therma l stress considerations in the penetrations would not be any different be-
cause of the removable feature. It appears that the peacetime weight penalty

‘5 of this concept could be kept acceptably low through proper design. Two problems
could be In getting the cutting machine to the vessel and in removing the cut-
away sections from the airframe. It appears that the accessibility which would
normally be provided to allow NSS removal for refueling would probably be suffi-
cient, or could be modified sufficientl y, for these operat ions. However, in
spite of the probable technical feasibility of this arrangement, the turn around
time to accomplish the containment removal cannot be optimistically estimated at
less than a week and could easily be two or three. The strategic effect of the
long turnaround time must be eval uated against the value of the increased payload.

Another concept was identified which should reduce the turnaround time . A mech-
anical joint with a cross section as shown in Figure 6-2 could probably be de-
signed to meet the requirement of integri ty under severe plastic deformation .
The connec tion cons ists of both an external and internal tapered thread on eac h
mating part plus a canopy seal weld. The connection would be located adjacent

• to the band of penetrations where the former arrangement was machined . The man-
ufacturing and assembly problems of this design are formidable but if the socket
were made in two pieces and later we lded as shown in phantom, it is probable
that these problems could be solved. Such a joint might reduce the turnaround
time by about six days and the handling problems would be essentially the same
as in the first concept.

It therefore appears that a removable conta inment vessel could be des igned and
developed wh ich would allow 75,000 to 90,000 pounds to be removed to increase
wartime payload capability . The peacetime- weight penalty for the removable
feature woul d probably be on the order of 10,000 pounds . An additional penalty

would be that two to seven days would be required to effect the removal .

There is an additional consideration which must enter into evaluations of con-
tainment removal. The containment vessel also functions as part of the shield-
Ing. The containment vessel attenuates the secondary ganinas by approximately
one order of magnitude. As stated in Reference 6, the secondary gamas contri-
bute 3.1 mr/hour of the allowed dose rate of 5 mr/hour. Thus , as a first
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approximation , removal of the conta i nment vessel wou ld increase the dose rate to
approximately 32 mr/hour. In order to reduce the dose rate , additional shielding
would have to be installed . Lven if a higher dose rate were allowed during war-

‘5 t ime, which is not certain , some additional shielding would undoubtedly have to
be ins ta l l ed  which would remove much of the weight benefit of containment removal .

Al though it appears that a removable containment vessel could be designed and
developed , when all factors are considered , the potential for weight savings
does not appear to be sufficient to warrant the increased complexity and the
time to accompli sh the removal.

However , this does not mean that the fundamental- idea of wartime modifications
to enhance capability is wrong. That concept appears to have merit and some
consideration was given to identification of other means of reducing weight.

One possibility would simply be operational through the use of the nuclear
powerplants during takeoff and landing to reduce the amount of JP fuel which

• must be carried for these operations. Another possibility is the reduction of
-
. - the emergency fuel carri ed on board. In the Reference 1 study this fuel totaled

- :  95,000 pounds to provide the capability for 1000 mi les crui se without nuclear
power. During wartime a smaller quantity might be carried and reliance placed
upon air—to-air refueling or upon at least partial power from the nuclear system .
Design of the NSS to make the probability of complete loss of power acceptably
low is reasonable. The situation is not fundamentally different from that of a
man-rated nuclear rocket. The reliability requirement placed upon the NERVA
nuclear rocket engine, with confidence that it was achievable , was a 0.995
probability at 90 percent confidence level that the engine would successfully
fullfill the endurance requirements while meeting all mission related require-
ments. It was also a requirement that the engine allow operation in a “mal-
function mode” at reduced power In the event that a malfunction should occur
so that the mission could be safely aborted . A similar philosophy of system
design to minimi ze the consequences of malfunctions , high component reliability ,
redundancy and “malfunction mode” operation could be counted on to allow a
reduction in emergency JP fuel carried on board .
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Another possibility involves a modi fication to the shielding requirement. For
the Reference 1 and a ll recent studi es , the shielding requirements have included
crew protection (5 mr/hour 20 feet in the direction of crew spaces during oper-
ation ) and protection of ground crew (5 mr/hour in any direction 30 minutes after
shutdown). The post-shutdown criterion sizes the side , top ~nd bottom shielding.
In essence the ground crew protection shielding is carried throughout the mis sion
when it is not needed. If this criterion were relaxed and the ground crew protec-
tion shielding kept at the bases for fitting to the aircraft after landing, on-
board shielding wei ght could be reduced. Payload could be increased or a smaller
aircraft could provide the same payload capability .

Limited study has identified these possibilities which appear to have promise.
It is reasonable to expect that further study would i dentify others. Thus , it
appears that considerations of the worth of nuclear powered aircraft could reason-
ably assume that payload could be i ncreased under wartime conditions.
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7.0 TECHNOLOGY DEVELOPMENTS REQUtRED

‘5 

The concept of the Bi-Brayton system was derived specifically to minimi ze the
technology developments which would be requi red for a nuclear aircraft propul-
sion system. The concept was derived such as to make maximum use of technolo-
gies which have already been developed. Therefore, the technology developments
which are requi red for the Bi-Brayton system are significantly reduced compared

- 

5 

5 to other types of aircraft nuclear propulsion systems which have been studied
in recent years .

In this section of the report, the technology developments required are identi-
fied and briefly discussed . Although the studies to date are sufficient to
identify and generally scope the developments required , exact definition of

development needs requires more detailed design studies and trades between
al ternatives . Also included in this section are discussions regarding the pros-
pects for the needed developments to occur without specific ~SAF development

- 
- efforts and assessments of the overall Air Force efforts required .

The requirements placed upon a nuclear aircraft propulsion system are quite con-
stra ining. Furthermore , the aircraft by definition will be large with large

engines . These facts, plus the extreme reliability and safety requirements , man-
date a comprehensive and compl ete development program to completely prove com-
ponents and systems prior to flight . Thus , even though the fundamental tech-
nologies exist , developments are required to adapt proven technologies to the
specific needs of the aircraft propulsion application , and then to prove the

propulsion system as being ready for flight use.

7.1 NON-NUCLEAR SUBSYSTEM DEVELOPMENTS REQUIRED

Several features distingu ish the Bi-Brayton systems from the other types of

systems that have been studied for aircraft nuclear propulsion . It is in these

features that the required non-nuclear subsystem developments differ from those
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required for other types of powerplants . In general , the development problems
are eased , but not eliminated . Table 7-1 lists the more significant i tems.

‘5

7.1.1 Turbomachinery 
-

Compact closed cycle Brayton turbomachinery will require development even though
other programs can be expected to provide much of the technology that will be
needed. Compactness , particularly in length , is obviously necessary for the
Bi-Brayton turbomachinery because of the need to minimiz e the containment vessel
diameter and weight. High primary system compressor and turbine efficiencies
are not quite as important in the Bi-Brayton system as in other closed Brayton
cycles , since the reject heat is utilized for thrust , but are still important.
These corsiderations may lead to a desire to incorporate high reaction compressor
blading to ;nin~rnize the compressor length. Similar design and development con-
siderations apply for the secondary system compressor. It appears that cooling
will be required for the primary system turbine blades , or use of cerami c or
refractory materials. This study has assumed the use of cooled turbine blades.
In any event. development will be required for this high temperature turbine .
Gas bearings are desirable for this application , although not mandatory . As
shown in Reference 7, the technology exists for the needed gas bearings , but
development effo~~s are required for the sizes and requirements of this appli-
ca tion.

The need to separate the primary and secondary flows from each other will require
specific development of highly reliable shaft seals. These seals must provide
effective sealing during system operation and during shutdown conditions . A

~
epresentati

~~~ e~
aiing concept was derived as part of this study , but it is recog-

nized that some seal development must be planned as part of the turbomachinery
develo pment.

The power turbines l ocated in each nacelle can be likened to the power turbine

in the typical closed cycle Brayton system . No major problems are foreseen for

the power turbi ne, but some development efforts peculiar to the aircraft applica-
tion wil l undoubtedly be necessary.
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. 1 The BI-Brayton system turbomachinery development program can be expected to make

• extensive use of technology devel oped in past and future closed cycle Brayton
system programs. Of particular value would be the technology resulting from a

• Navy program to develop a compact closed cycle Brayton system for ship propul-
sion. The compressor, turbine , beari ng, seal etc., technologies from such a
Navy program would be directly applicable to the needs of the USAF Bi-Brayton

• 

•

• 
system. However, the aircraft appl i cation will place unique requirements on
the turbomachinery . Therefore a specific USAF development program will be
necessary, but the magnitude of the program could be significantly reduced

• through technology contributions from other programs.

As discussed in Section 5.2, a reduction gear assembly is required between the
power turbine and the fan. Also required is a coupling which allows either the
helium cycle turbine or the air cycle engine , or both, to drive the fan. As
discussed in Section 5.2, these components have been defined and sized based
upon adaptations of proven designs. The developments foreseen for these power
transmission components are associated with translation of existing technology

• into designs to meet the specifi c needs of the Bi-Brayton system. It is there-
fore unlikely that other programs outside the USAF would provide the develop-
ments needed over and above the technology which already exists for these corn-

• ponents.

Technology developments for the air cycle engine are not listed In Table 7-1
because the Bi-Brayton system concept does not require that the air cycle gas
turbi ne operate on nuclea r power. Therefore, air cycle engine developments to
operate at lower turbine Inlet temperature and increased mid-section pressure
drop are not required. Conventional engines of appropriate size can be used.

7.1.2 Heat Exchangers

Probably the greatest differences of the Bi—Brayton system from others are in

the temperature levels which the primary-to-secondary and the secondary-to-air

heat exchangers must operate. In the Bi—Brayton system the primary-to—secondary
(intermediate) heat exchangers are only exposed to 1060°F instead of 1800°F,
This significantly eases the design problems through allowing greater latitude
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in material selection and in the higher capabilities of materials at the lower
temperature. However, the Bi-Brayton intermediate heat exchanger requires

• 
specific development efforts. Its installation inside the NSS containment
vessel requires that It be as small as practical , particularly as short as prac-

• tical , since the length can effect the containment vessel diameter. The location

inside the containment where access for maintenance Is difficult , requires that
It be highly reliable. In addition ) these heat exchangers must include large

• heat transfer surface areas which could lead to high expense unless particular

• attention is paid to design and development for minumum cost. Therefore, although
• the lowered temperatures and the use of inert gas working fluids significantly

eases the problems , specific developments are requred for the intermediate heat
exchangers and are indicated in Table 7-1.

Some of the development necessary for the intermediate heat exchanger may occur
without specific USAF development efforts. The requirements placed upon the
intermediate heat exchangers are very similar to those placed upon the recuperator
in a compact closed cycle Brayton system. The design of the intermediate heat

• exchanger could also be very similar to the design of such a recuperator (Ref-
erence 7). Therefore, if a compact closed cycle Brayton system is developed

for Navy use, much of the development that would be necessary for an aircraft
Bi-Brayton system would be accomplished. However, there would still , be some
development required by the USAF in adapting the technology and proving the heat
exchangers for an aircraft Bi-Brayton system.

7.1.3 System

Several system technology developments are also required. Use of concentric
hot—leg and cold-leg piping in the secondary system is important in minim izing

system weight. Concentric piping also is important In maximizing practicality

because such a piping arrangement maintains the hot-leg piping material temper-

ature at low levels. Such piping has been used in numerous Installations in

the past, but the requirements associated with use In an aircraft application

will require some additional development. Developments pecul iar to the aircraft

• 7-5
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system include the need to design for light weight and to accornodate the flexing
of the wings. In order to minimize energy loss from the hot—leg, a thin liner to
provide a stagnant gas Insulating layer is desirable , the integration of which

• into the piping design will require some development,

Closely related to the piping developments are the valves . Although no control
valves are required directly in the hot or cold—l egs of the secondary system,
shutoff valves for each engine are necessary. These valves must be light

• weight and provide as tight a seal as practical under high ~ P condItions . The

necess ity to install these valves in• 
concentric piping requires special config-

urations . Inventory control valves and/or compressor bleed valves do not have to
be installed in concentric piping nor do they have requirements for extreme leak

• tightness, but they do have requi rements for light we ight and for opera tion in
an unusual env i ronment.

The lower temperature and the use of helium as the working fluid instead of liquid

• metal signifi cantly reduces the development required for the Bi—Brayton secondary
system, compared to other types of nuclear systems for aircraft propulsion . How-
ever , as discussed above, some developments are required for piping and valves
because of the special requirements. These requirements and the secondary system

concentric piping configuration are unique to the nuclear aircraft appl ication and
there is little likel ihood of the necessary developments being accomplished except
by the Air Force.

This current study has served to define the Bi-Brayton system and to provide an
overall evaluation of the suitability of the concept. These results combined with
the results from other past studies of nuclear aircraft propulsion systems pro-
vide information necessary for consideration of the concept. However, additional
studies are required to optimize the system and components. Detailed system
integration and optimization Is therefore required early in the development pro-
gram to establish the detailed component requirements. Then developments can
proceed in a manner which will result in the necessary system characteristics
being achieved. This initial system optimization and integration effort should
include consideration of the range of requirements pl aced upon the propulsion
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• system by aircraft ano should consider in detail the component technology capa-
bilities extent. Through trade-off studies , the overall system can then be defined
in detail to provide the necessary capabilities and characteristics while minimiz-

• Ing the development needs.

• An important effort that must also be planned is that of a continuing system

• Integration and optimization in parallel with the technology development efforts.
• The Bi-Brayton system as currently conceptually defined should undoubtedly be

• modified to enhance its characteristics and to minimi ze the component develop-
ments required. The Bi-Brayton system appears to provide broad latitude for
trade-offs of the component requirements such as

• 
to minimize development needs.

A system integration and optimi zation effort conducted in parallel with the early
component technology development efforts can make a significant contribution by

• reapportioning component requirements where found to be desirable as technology
development results become available.

7.2 NUCLEAR SUBSYSTEM DEVELOPMENTS REQUIRED

• 
• 

Al though design definition of the Nuclear Subsystem was not part of this study , a

• brief discussion of its development needs is desirable for completeness. Table 7-2
l ists the more significant technology developments required .

The compact gas cooled reactor concept has been derived from the proven tech-
nology of the NERVA nuclear rocket reactor and from the conmercial gas cooled
reactors. Thus the reactor developments that are necessary are primarily those
associated with adaptation of existing technology rather than development of new
technology. This fact minimi zes the uncertainties and also helps to minimi ze

• the costs of development. However, an extensive program must still be planned
to design and prove the reactor because of its importance and because of the
stringent operational and safety requirements placed upon it. The reactor devel-
opment program is envisioned to include design and analysis , component tests,
reactor tests and complete engine tests.
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The need for l i ght weight shielding is coninon to all types of reactors which

• might be considered for aircraft. Its importance is clear when it is recognized
that the shielding makes up approximately 50 percent of the total propulsion
system weight. In this study, the weight optimized layered shielding defined

• In the Reference 6 NuERA studies has been used. Shielding development should in-
• d ude measurements of the effectiveness of the various materials separately and

in combination with each other. Development should also consider other candidate
materials which have the potential for reducing system weight and/or system cost.

The shielding development program will also need to derive the shielding neces-
sary for the piping penetrations. The concept utilized in this study assumed
the relatively heavy design solution of a “plug” shield in the lines . Other
l ighter configurations are also possible , but their suitability must be proven.
Because the form of the piping penetration shielding is very important to system
weight, specific analytical and experimental developments should be planned to
optimize configuration and materials and to prove the shielding effectiveness.

• Auxiliary systems, such as shutdown cooling , shield cooling and others, wil l re-

quire some development to assure suitability while minimizing weight. No major
problems are foreseen, but devel opment efforts must be planned as part of a com-

plete program.

As discussed in References 3, 4, 5, 13 and 14, in-house Westinghouse studies
have shown that there can be a high degree Of coninonality in development of
light weight reactors for various mobile nuclear powerplant appl ications. This
introduces the possibilities that an Air Force reactor development program could

• be shared ~ith other services or agencies, or could make use of much of the tech-

nology developed through dnother service’s program. However, the potential
benefits of contnonality are not likely unless maximum practical comonality •

• 
.. Is specified at the outset and implemented throughout the reactor development

• program. If this is not done, research and design decisions are likely to be
made in the context of only one application which could then Inadvertent ly
preclude use of the results in another appl ication.
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•
1

Complete commonality of reactors among various applications is of course not
• practical. What can be common is the basic technology development and to some

• extent even component development. The potential for commonality in multiple
• applications is one of the attractive aspects of the NERVA derivative reactor.

• Other potential applications have been shown to be marine propulsion (both high
performance ships and displacement vessels), spacecraf t power , and also station-
ary commercial powerplants (in the latter case, technologies could be common

rather than component designs).

A crash survivable containment vessel has been assumed to be required in all

recent studies of nuclear aircraft propulsion systems. The need for such a

containment vessel and for penetration shutoff valves is therefore common to
all forms of nuc lear subsystems . The success of the extens i ve impact tests of
scale model contai.~?nent vessels by the Air Force and NASA give confidence that
the necessary containment vessel can be developed . However, further develop-
ment effort is very much determined by the e~tent of the safety requi rements

• placed upon the overall system and by the~~ portionment of safety requirements
• between operational and design constraint~

’.

As w ith other components of the overall system, tI~ nuclear subsystem must be
optimi zed as part of the overall system, and development efforts are indicated
for this activity .

7.3 DEVELOPMENT COSTS H
Estimates of development costs are necessarily uncertain before specific tech-
nical , safety and programmatic requirements have been defined . However, past
light weight nucl ear powerplant development programs can provide useful input
to judgments regarding development costs. Two programs in particular are useful
because they were carried relatively far through the development process and be-
cause they were technically successful . These programs were the Aircraft Nuclear
Propulsion and the nuclear rocket programs. Review of the costs of those pro-
grams, the developments they accomplished compared to that which would be re-
quired for a Bi-Bra ’ton aircraft system, and adjusting for the dollar inflation

• 7-10



s ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

since those programs were terminated , results in an approximation that Is prob-
ably reasonable. These considerations indicate an approximate development cost
of 1.75 billion dollars, pl us approximately 0.5 billion dollars for development
facilities , all in 1977 dollars. Of these costs, probably 50 percent might be
borne by the Air Force and 50 percent by the Department of Energy.
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