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NUCLEAR ENERGY FOR ROCKET PROPULSION

INTRODUCTION

Since the advent of nuclear energy,
there has been considerable discussion
of the possibility of its application
as a power source for the propulsion
of high-velocity rocket vehicles. The
use of nuclear energy for rocket
propulsion appears attractive because
the choiceof propellant is not limited
by considerations of combustion energy,
therefore low molecular weight propel-
lants such as pure hydrogen may be
used. This is advantageous because
the performance of any rocket vehicle
is primarily a function of the exhaust
velocity of 1ts propellant gases, and,
for a given peak gas temperature, the
exhaust velocity 1s 1inversely propor-
tional to the square root of the
molecular weight of the exhaust gas.
For example, for rocket motor operation
at a chamber pressure of 300 psia, a
peak gas temperature of 4500°F, and
nozzle expansion the
liquid-oxygen-hydrazine propellant
system produces

to 15 psia,

an exhaust velocity
of 8300 ft/sec, whereas pure hydrogen
will attain an exhaust velocity of
22,700 ft/sec at the same conditions.
This is an increase in exhaust velocity
factor of 2.73. The required
vehicle mass ratio for any desired
burnout velocity 1s an exponential
function of the exhaust velocity, thus
the mass ratio of the hydrogen-propelled
rocket will be equal to the mass ratio
of the liquid-oxygen-hydrazine rocket
raised to the 1/2.73 (= 0.367) power.
The logical method of determining
the applicability of nuclear energy
to rocket propulsion would seem to be
through an investigation of the per-
formance of feasible nuclear-powered

by a

rocket vehicles over a wide range of
load carrying capacities and vehicle
velocities (that is,

over a wide

range of vehicle sizes). A survey of
the literature* reveals that no such
general investigation has been made.
The purpose of this report is to
present the results of an investi-
gation of this type 1in order to show
the potential range of applicability
of nuclear energy to rocket propulsion
and to point out some of the major
problems that would be involved in
the actual construction of nuclear-
powered rocket vehicles.

The difference
chemical- and nuclear-powered rocket
vehicles is in the method of obtaining
the energy required for vehicle
propulsion. The chemical rocket ob-
tains energy from the combustion or
decomposition of the propellants,
whereas the propellant of the nuclear
rocket provides no intrinsic energy
but is heated by a nuclear reactor.

basic between

The body of this report is divided
into two major parts. The first part
is an investigation of the potential
performance of nuclear-powered rocket
vehicles over a wide range of load
carrying capacities and vehicle
velocities, and nuclear rocket motor
design conditions that might con-
ceivably be achieved in a reasonable
period of time are used. The second
part covers an investigation of several
nuclear reactor designs based on the
conditions assumed in the first part
of the report. Four reactor core
designs were considered; each has a
lower ratio of heat transfer surface
area to heat transfer structure volume
than 1ts predecessor.

*E. p. Carter, The Application of Nuclear Energy
to Rocket Propulsion; a Literature Search, Y-931
(Dec. 29, 1952).



SUMMARY

The results of the rocket vehicle
study (Part I) indicate that nuclear-
powered rocket vehicles will be lighter
than comparable chemically powered
vehicles for vehicle velocities greater
than 15,000 ft/secwith payload weights
of 1,000 to 10,000 1b, or for vehicle
velocities greater than 7,000 ft/sec
with payload weights
10,000 pounds.

The reactor core design study
(Part I1) shows that high reactor core
bulk power densities might be achieved
without an undue gas pressure drop
across the reactor or an excessive
temperature drop from the fuel element
to the gas. The best core design
appears to be one that utilizes thin,
parallel, solid graphite plates as
the heat transfer elements.

greater than

Since the propellant gases are
predominantly hydrogen, the use of
graphite as the basic structural
material will require the development
of a hydrogen-resistant coating to
be applied to the surfaces of the
graphite heat transfer elements of the
reactor core in order to inhibit chemi-
cal reactions between the gas and the
graphite. The feasibility of the
reactor core designs considered thus
depends on the efficacy of the protec-
tive coatings proposed for the graphite
heat transfer elements. Thus, the
first step in a program of development
of a nuclear rocket should be an
experimental investigation of protec-
tive coatings for graphite for operation
in hydrogen.



SYMBOL

PART 1
NOMENCLATURE

MEANING

Acceleration of rocket vehicle

Vehicle acceleration at end of rocket motor oper-
ation

Initial vehicle acceleration (at takeoff)
Exhaust nozzle exit area

Exhaust nozzle throat area

Propellant tank surface area

Mean specific heat of propellant gases
Propellant tank diameter

Nuclear rocket motor outside diameter
Design safety factor

Rocket motor thrust at propellant burnout
Initial thrust of nuclear rocket motor
Acceleration of gravity at sea level
Thermal-mechanical energy conversion factor
Propellant gas specific heat ratio

Thermal conductivity of propellant tank insu-
lation (see Fig.

Weight of rocket vehicle

Vehicle weight at end of rocket motor operation
(at burnout)

Weight of turbines, pumps, valves, propellant
lines, and exhaust gas vane system

Weight of fins
Pead load weight
Total loaded vehicle weight

Total loaded weight of minimum size (4-1in. dia)
vehicle

Total propellant weight

Nuclear rocket motor weight

Weight of propellant tank reinforcing structure

Propellant tank skin weight

Molecular weight of propellant gases

Number of equal increments of thrust, or number of
equal -power rocket motors required tospropel
vehicle (stepped thrust system)

Maximum absolute pressure within propellant tank

Propellant gas absolute pressure at nozzle exit

Absolute gas pressure within rocket motor prior
to expansion through nozzle

Rocket motor specific power

UNITS
ft,/sec2
ft/sec2
ft/sec2
fe?
ft?
fe?
Btu/1b*°F
ft
in.
1b
ib

32.2 ft/sec2
778 ft-1b/Btu

Btu/hr*ft*°F

1b
1b

1b

Ib
1b
Ib
1b

1b
1b
1b
1b
1b/Ib*mole

1b/in.2
1b/in.2
1b/in.?2

megawatt/1b



SYMBOL

MEANING

Propellant pump discharge pressure
Maximum power required to propel vehicle

Nuclear rocket motor power output

Universal gas constant

Nuclear rocket motor operating {(burning) time
Propellant tank wall thickness

Gas temperature within rocket motor prior to
expansion

Gas temperature at nozzle exit
Propellant temperature at reactor inlet
Gas temperature drop through turbine
Vehicle velocity

Velocity of vehicle at end of rocket motor
operation (at burnout)

Propellant gas exhaust velocity

Axial component of pump turbine gas exhaust
velocity

Maximum theoretical propellant gas exhaust
velocity

Propellant tank volume

Initial (maximum) propellant weight flow rate
Propellant weight flow rate

Turbine gas weight flow rate

Fraction of total propellant not used as
propulsive material

Fraction of total propellant lost by evaporation

in the propellant tanks

Fraction of total propellant used as the vehicle

propulsive jet

Liquid propellant density

Liquid propellant specific gravity
Propellant tank material density
Propellant tank material specific gravity
Over-all nozzle efficiency

Over-all efficiency of propellant pumps

Over-all efficiency of pump turbines

Bulk power density within rocket motor reactor core

Propellant tank material yield strength

UNITS

1b/in. 2
megawatt
megawatt
b fed 1
1544 [ — } [— ) [—

fi2 lbsmole °R

sec

°F (or °R)
ft/sec

ft/sec

ft/sec

ft/sec
ft/sec

£t

1b/sec
1b/sec
1b/sec

1b/fe3

1b/ £¢3

megawatcs/ft3
1b/in.?



PART 1.

DISCUSSION

In an examination of the possible
use of nuclear energy as
source for rocket propulsion of
vehicles, it 1s of little use to at-
tempt to design nuclear-powered rocket
motors to operate at high propellant
specific impulse values without an
investigation of the over-all per-
formance characteristics of the vehicle
in which the motor is to be used.

Nuclear reactors must be of a
certailn minimum size and weight in
order to function at all, but once
this size range has been reached, the
power output is limited only by the
capacity of the ‘““non-nuclear’” com-
ponents of the system (that is, pumps,
heat exchangers, etc.) and by the
maximum temperature limitations imposed
by available materials of construction,

The minimum reactor rocket motor
diameter and weight will be of the
order of 4 ft and 6,000 1b for a use-
ful rocket reactor, therefore any
rocket for which a nuclear reactor
drive 1s proposed must start with a
weight handicap of about 6,000 1b as
compared to chemically powered rockets.
Thus, in spite of the high performance
offered by the possible use of low
molecular weight propellants in nuclear
reactor rocket motors, it will be
necessary to go to rockets of over-all
gross weights of the order of hundreds
of thousands of pounds before the
nuclear rocket can demonstrate a
significant advantage over its chemi-
cally powered brothers*. Such large
(by present standards) rockets are of
interest only for tasks that require
exceedingly long ranges or heavy
payloads.

the power

»

The validity of this conclusion was clearly
shown by the results of a nuclear rocket study
performed by Consolidated Vultee Aircraft Corp.
(Convair Report FZA-9-504, Feb., 8, 1952) in which
it was shown that nuclear powered rockets of V-2
size, payload, and general geometry, with arbitrary
reactor weights as low as 4000 lb, will have about
the same performance as the chemically powered V-2,
This result is not surprising because the nuclear
rocket cannot prove to be significantlybetter than
e chemical rocket in a vehicle as small as the V.2
with payloads as small as those carried by the V-2,

VEHICLE PERFORMANCE

The present study is concerned
with the investigation of the per-
formance characteristics of single-
stage nuclear rockets, over a wide
range of vehicle burnout velocities
and dead load capacities, using
each of six different propellants,
The optimum propellant to produce a
given burnout velocity is that which
yield a vehicle design with minimum
total loaded weight (take-off weight)
for the maximum dead load weight.
The results are presented in the form
of curves that give the ratio of
loaded to dead load weight as a func-
tion of burnout velocity for the six
propellants considered. For com-
parison, the performance of several
chemically powered rockets 1s plotted
on the same scales. These curves
show that hydrogen is the best propel-
lant for use in nuclear rocket vehicles
despite its low liquid density and
attendant tankage weight. Production
and handling problems as well as
propellant cost may indicate that
ammonia, hydrazine, or an ammonia-
hydrogen bipropellent system is more
desirable than pure liquid hydrogen,
depending upon the specific vehicle
design and required performance.

Since, by present standards, the
required vehicle size is quite large
for the performance range in which
nuclear rockets are most practical,
it was considered reasonable to
neglect the effects of atmospheric
drag. Further, all calculations were
based upon flight in a gravitational-
field-free space. Chemical rocket
performance was computed on the same
basis.

GENERAL CONCEPT OF VEHICLE
GEOMETRY AND OPERATION

The single-stage vehicle is shown
schematically in Fig. 1.

The dead load carriedby the vehicle
1s located in the rocket nose just
forward of the propellant and propel-
lant tanks., The propellant pumps,
turbines, reactor, fins, and other
major propulsion unit and control
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mechanisms are all located aft of
the main propellant and tank section.
The propellant carried in the tank
section is pumped to the reactor by
means of centrifugal pumps driven by
turbines that are powered by reactor
bleed gas. The propellant is then
vaporized and heated to the desired
temperature within the reactor, 1is
expelled through a converging-diverging
exhaust nozzle, expands approximately
adiabatically to supersonic velocity,
and produces the thrust to drive the
rocket. Fins may be carried by the
vehicle during flight through the
atmosphere 1n order to assure that
the center of pressure will be aft of
the center of gravity; however,
movable gas-deflector vanes located
in the propellant exhaust stream are
provided for stability and control of
the vehicle’s flight during the take-
off period and during the power-on
portionof flight above the atmosphere.
In certain cases 1t may be desirable
to drop the fins after they are no
longer useful as vehicle stabilizers;
however, this weight saving was not
considered i1in the calculations made
for this report.

Brief consideration of the vehicle
flight program is in order, as the
required shield weights are influenced
by the flight duration, vehicle ac-
celeration, and reactor “burning” time.,
(See section on “Shielding Consider-
ations.” )

The flight program chosen as repre-
sentative of the launching and *‘burning’
portions of flight of the vehicle
generally follows the familiar V-2
flight pattern. The vehicle initially
stands in a vertical position on the
ground, propellant 1is slowly bled
through the reactor during reactor
warmup, the propellant fill lines and
cther external control connections
with the rocket are broken, the reactor
is brought up to full power, the
rocket rises vertically through the
initial acceler-

¥

atmosphere with an
ation of 3 to 5 times the normal
gravitational acceleration, and the
completion of burning occurs well
above the effective atmosphere. Burning
times considered are of the order of
200 to 500 sec for vehicles 1in the
performance range most suitable to
nuclear-energy rockets.

The vehicle performance for several
different possible propellants was in-
vestigated over a wide range of dead
load capacities. The performance 1is
indicated by the take-off weight re-
quired to propel a given dead load to
a given velocity, A high-performance
vehicle is defined as one that has a
low ratio of total loaded weight to
dead load weight for a given dead load
and burnout velocity.

In order to determine the total to
dead load weight ratio as a function
of vehicle burnout velocity and dead
load capacity, it is necessary to



relate the familiar vehicle mass ratio
equation to equations that describe
the weight of the vehicle components.

The mass ratio equation is obtained
as follows:

o3 dm

8. dt

m evb/(a.vL+ﬁve)

mp evb/(auL+ﬂv¢)

Vv, -—-—-— ]
Ve --— —— [

dv
_—
> P

~ am
g, dt

Assume a vehicle of instantaneous
mass, m/g_, that moves in a gravi-
tational-field-free space and expels
mass at a rate (l/gc)/(dm/dt)in a
direction opposite to that of the
vehicle motion. Further assume that a
fraction @ of the mass flow rate 1is
being expelled with a velocity v,
relative to the vehicle, and a fraction
B with a velocity v _. It willbe shown
later that a and B correspond, re-
spectively, to the fraction of vehicle
propellant mass lost by evaporation
and other causes, and to the fraction
of total propellant mass used as the
vehicle propulsive jet. By conser-
vation of momentum, we can write

(1) mdv = -pv, dn - av, dnm

= —(ﬁve toav,) dm .

By integrating from initial vehicle
velocity and mass, v, and m,, to final
velocity and mass, v, and m,, we have

fmb dm fvb dv
m _;_._ v (ﬁve + avL)

0 0
(2) In — = -

or

o ymvg) /By ravy)

My
The total mass expelled is obviously
that of the propellant and is designated
by m . Now, for a rocket initially at
rest v 0, and since my - my = m

Eq. 2 becomes ?

VEHICLE COMPONENT WEIGHT RELATIONS

For purposes of this study, the
vehicle is divided into six basic
component weights, which are the (1)
dead load weight, m;; (2) the propel-
lant tank, m, and tank structural and
reinforcement weight, m_; (3) the fin
weight, m,; (4) the nuclear reactor
rocket motor weight, m_; (5) the
propulsive systemequipment weight, m_;
and the (6) propellant weight, mp
The total loaded vehicle weight can
thus be written as

(4) m, = my, + m, + m

0 L t s ¥ My

tm,otomy

Dead Load Weight, m, . The dead
load 1s defined as the sum of the weights
of the wseful payload carried, the
shield required, the guidance equip-
ment and instrumentation, and all the
supporting and enclosing

+ mr L]

necessary
structure.

Propellant Tank and Tank Structural
Weight, m, + m_. The prime function
of the propellant tank is to carry the
propellant required to propel the
vehicle to the desired burnout velocity.
Thrust loads from the reactor motor
are to be transmitted through the
pressurized tank to the forward end of
the vehicle, partly by the tank skin
and partly by the tank reinforcing
structure, The reinforcing structure
would typically consist of stringers,
stiffeners, and thrust columns, and
its weight was taken as 15% of the
weight of the tank.(!) A positive
tank pressure should be maintained



to provide satisfactory pump 1inlet
pressures and to ensure that the tank
skin will always be under temnsile
loading so that buckling will be
avoided.

Tank volume of that
necessary for the required amount of
propellant must be provided for liquid

in excess

gas space above the initial
and propellant that is

expansion,
liquid surface,
vaporized by heating of the tank walls
resulting from aerodynamic skin
friction.

For the purposes of this study, 1t
was specified that the total 1initial
propellant volume should be 97% of the
total tank volume, thus 3% of the tank
volume would be provided for ligqguid
expansion and excess gas space., The
ratio of cylindrical tank length to
tank diameter was taken as 5:1, and
2:1 ellipsoidal tank end caps were
specified.

At first glance, it seems desirable
to consider the use of a double-walled
tank construction (insulated or vacuum
jacketed) for the extremely low boiling
point propellants in order to prevent
the loss of propellant by evaporation.
However, it can be shown that 1in
nearly all cases involving large
vehicles, the increased tank weight
required to maintain the specified
mass ratio (and hence burnout velocity)
with a double-walled construction will
be greater than the propellant weight
saved by the reduction of evapo-
ration. (23> Thus, double-walled tank
construction was deemed undesirable,
and in the case of the low boiling
point propellants, it was found possible
to provide sufficient thermal
lation to reduce evaporation loss to

insu-

an acceptable level without utilizing
such construction.

Heat transfer from a heated metal
surface to nondynamic liquid hydrogen
and nitrogen has been investigated at
the Los Alamos Scientific Laboratory*
By using values of heat transfer rates
given in the Los Alamos report, 1t 1is
possible to determine the fraction of
propellant lost by evaporation during
any arbitrary heating time for a given
temperature difference between the

tank wall and the propellant. These
losses will be a function of the tank
size since heat transfer area varies
as the square of the tank dimensions
while total propellant weight varies
as the cube. The propellant is ex-
pelled as the rocket’s reaction mass,
therefore the available heat transfer
surface of the tank constantly de-
creases with time, and the time-average
heat transfer area is less than the
total cylindrical surface area - the
difference depends on the choice of
burning time or vehicle acceleration.
Based upon V-2 skin heating data, it
is felt that a total heating time of
30 sec is a reasonable estimate for
calculations based upon a maximum tank
skin temperature of 250°F,(%)

For very long range vehicles
operating at reasonable accelerations
(that 1is, 3 g, to 9 g_), the minimum
burning times will be of the order of
200 sec, therefore the time-average
heat transfer area will be roughly
85%0f the total tank cylindrical area.
The results of calculations made by
using heat transfer data from the Los
Alamos report are presented in Fig. 2,
which shows the fraction of propellant
lost by evaporation as a function of
tank size for four of the six propel-
lants considered. The two propel-
lants not shown are hydrazine and
water, whichwere omitted because their
boiling points are so much higher than
those of liquid ammonia, methane, or
hydrogen that the available tempera-
ture differences and hence heat
transfer rates are insufficient to
cause any significant evaporation 1in
tanks of greater than 6 in. in diameter
under the specified heat transfer
cond 1tions.

It can be seen 1in Fig. 2 that the
propellant loss in negligible for all
the propellants considered except
for hydrogen and the hydrogen-ammonia
system. The evaporative losses of
these two propellants willbe excessive
if no insulation is provided for the
tank wall; however, these losses can
be drastically reduced by the use of
a 0.010 in. thick insulation layer
lining the tank inner wall. The
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insulation layer could be composed of
ground cork or sawdust bonded to the
tank skin by a pyroxylin plastic com-
pound. The thermal conductivity of
this material is estimated as less
than 0.15 Btu/hr*ft-°F, and the bulk
densityas less than 10 1b/ft®. Because
of the thinness and low bulk density
of the insulation layer as compared
to the tank wall structure, the insu-
lation weight will be small compared
to the total tank weight and is there-
fore neglected in tank weight calcu-
lations.

The tank and structure weight can
be related to the propellant weight
by

m, = 0.15m, ,
as previously discussed. Thus,
(5) m, +m_ = 1.15 m,

Tank wall weight is given by

my T Yt Ag,

where
D \? 1
5 7| - 1 +=
A . = 5uD?% + D + 4 In 2
st 2 1 1
- 1 - =
2 2

for a tank with a cylindrical length
to diameter ratio of 5, and 2:1 el-
lipsoidal end caps as specified.

Now,
pDf
tt=
20
Thus,
pD°f
(6) m, = 2.819 Y
o
However, m_ = 0.97  V, for the case

of 3% tank volume initially unfilled
to allow for liquid expansion and
excess gas space. Here V, = (4/3) 7D?
for the tank geometry previously
specified.

Thus,
(7)

or

— 3
m, = 1.203 7D,

_ n3
m, = 253.9 ¥D

By combining Eqs. 6 and 7,

10

Ye Pfy
2.180 —

(&) m, =

t 0% o mp
p
which, when combined with Eq. 5, gives
Yy Pfg
(9) m, tm, = 2.506 — m,
7p

It is obvious from Eq.9 that a material
with a high yield-strength to density
ratio is desired in order to minimize
tank weight. Further, the strength
characteristics of the material must
not be adversely affected by low
temperatures, because two of the
propellants considered boilat tempera-
tures below ~250°F. 1In addition, it
is desired that a material with a
reasonably low density be selected so
that the tank walls will be thick
enough to have some semblance of
stiffness, and thus assure that local
skin buckling will not occur under
the anticipated conditions of loading.
The best material is 75S, heat-treatable
aluminum alloy, hardened to the T6
condition., The yield strength,
ultimate strength, and modulus of
elasticity of 755-T6 all increase
slightly (10 to 15%) with a change in
temperature from 70 to -400°F, while
the impact strength and per cent
elongation to failure do not change
significantly over this temperature
range. The yield strength at 70°F
for sheet and plate thicker than 0,040
in. and thinner than 2.0 in. is
67,000 psi,(6'7'8'9) and the specific
gravity of the metal is 2.79. By using
these values and by specifying that
the safety factor be 2.0 and the tank
pressure be equal to 35 psia, Eq. 9
can be reduced to obtain

(10) N 0.007305
m n, =————n
t s yp p
Fin Weight, nm For weight study

purposes, the fin weight can be taken
as 1% of the total loaded weight of
the vehicle., This figure, though
somewhat arbitrary, was based upon
considerations of the fin weight of
existing chemically powered rocket
vehicles. It i1s quite conceivable
that fins would not be found useful
for stabilization and control of large



nuclear-powered rockets if an exhaust-
gas deflector system is used during
the power-on portion of flight. The
fin weight, as defined, is given by

(11) mp = 0.01 m, .

Rocket Motor Weight, nm . The
weight of the rocket motor is defined
to itnclude the reactor core structure,
reflector, external pressure shell,
and rocket exhaust nozzle. For high
performance vehicles 1t is desirable
to obtain rocket motors with high
power-output to total-weight ratio
(specific power) so that the motor
weight will become a small fraction of
the total loaded vehicle weight. The
speci fic power of the rocket motor is
not a constant for any given reactor
core design, however, but varies with
the size of the motor itself.

In order to determine the nuclear
rocket motor weight as a function of
the output power, 1t 1s necessary to
determine the variation of rocket
motor specific power and total weight
with rocketmotor outside diameter.
When this relationsh
established, the total power output
of any size and weight motor can be
computed and an analytical expression
relating weight and power output can
determined.

The rocket motor specific power
for the optimum reactor core deslgn
is shown inPart IT (section on ‘‘Rocket
Motor Structure’”) to be determined
from

ip has been

1
52.23 + 5674 <——
D
(12)

Obviously, the total reactor power
output 1s
(14) P .=mnp.

For a fixed maximum bulk core power
density Me s the rocket motor power
output and total weight for any given
motor size can be determined from
Eqs. 12, 13, and 14, thus the motor
weight can be obtained as a function
of the power output. From the results
of the stacked-plate reactor core
study in Part II, i1t seems possible
that bulk core power densities of
300 megawatts/ft®> might be attainable
with refined, though sturdy, core heat
transfer structures, with gas pressure
drops within the reactor coreof 200 to
300 psi and plate-to-gas mean tempera-
ture differences of 300 to 400°F. The
results of calculations made by using
M. = 300 megawatts/ft® are shown in
Fig. 3 and give total rocket motor
weight as a function of power output.
Figure 4 shows motor weight vs. outside
diameter from Eq. 13. It was found
possible to fit an equation of the
form m_ = AP_ + B the curve 1in
Fig. 3 with reasonable accuracy
over the range of primary interest
for the vehicle study. This equation
andits deviation from the motor weight
vs. power output relationship shown
in Fig. 3 are given by:

R
Lo

(15) m, = 0.85 P_+ 4570
25.62 182.3>
+
2 3
D’ D?

+ 136.8 .

e
2

=

Total rocket motor weight (see
Part II) is given by the sum of the
motor component weights as

(13) m, =0.0706 (D3 - 16.35 D2
+220.9D_ - 1573)

where rocket motor outside diameter,

D_, is in inches.

21.35)3

D

r

DEVIATION OF
MOTOR WEIGHT
Maximum ~20.6%
Average ~11.7%

POWER OUTPUT RANGE

2000 <P_<6 x 10% megawatts

The minimum motor size marked in

Figs. 3 and 4 is that of a 4-ft-dia

11
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motor. Because of limitations set by
the maximum allowable uranium density
within the core volume (see Part II),
this diameter has been set as the
minimumﬁyadue for practical reactor
construction.

The reactor power output must be
equal to the total power required to
vaporize and heat the propellant gases
flowing through the reactor. This
power output (in megawatts) is ex-

pressed by
w v
p, = 0.678 % <__'_>
8. \10°

The required gas weight flow rate,
w_, 1s determined by the desired initial
thrust; hence by the initial accelera-
tion. For flight in a gravitational-
field-free space, the flow rate and
vehicle acceleration are related (by
a simple force balance) by

2
(16)

ma
(17) w, = .
e

From Eq. 17 1t can be seen that the

maximum flow rate will always be
required at takeoff, for any given
vehicle acceleration, since the total
vehicle mass decreases steadily with
time. For constant-thrust rocket
motors, this flow rate will remain
constant throughout the motor operation
time and is given by

(18)

The maximum required reactor power

may then be found from Eqs. 16 and
18 to be
meay sV, 2
(19) P =10.678 <-—>
cVe \103
By combining Egs. 15 and 19, the

rocket motor weight may now be related
to the total loaded vehicle weight as
follows:

2

Mg ag vu
m, = 0.5763 < > + 4570
8.Ve \10°

(20)
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When it is assumed that the initial
vehicle acceleration is 3 g_, Eq. 20

becomes
_m
103

1,729 — — _ n
ve

Equation 21 can only be used for
vehicles which require more power than
that available from the minimum size
reactor discussed previously (see also
Part II). For all vehicles with lower
power requirements, the reactor weight
will necessarily remain constant at
the minimum value of 5790 1b. In
order to propel these vehicles, the
reactor would be required to operate
at bulk core power densities consider-
ably lower than the assumed maximum
of 300 megawatts/ft?,

The total loaded vehicle weight
corresponding to the minimum size
rocket motor operating at maximum core
power density can be determined from
the known minimum rocket motor size,
weight, and specific power (see Fig.
20, Part II), that is, the known
maximum total power output, and from
the relation between reactor power
and total loaded vehicle weight as
given by Eq. 19. The minimum motor
values are: '

2

(21) m, = + 4570 .

0

Minimum motor weight, m_ = 5790 Ib

Minimum motor diameter, Dr = 48 in.

Ratio of bulk core power density to motor
specific power, given by Fig. 20, ﬂc/$'= 820;
for 1, = 300 megawatts/ft3 {(maximum) ,

p = 0.366

Thus, maximum power output of minimum
size motor, m P = 2120 megawatts.

From Eq. 19 and the information
given above, the critical total loaded
vehicle weight is found to be

Ve

1042 —

o)

Both v, and v_, the actual and
theoretical maximum exhaust velocities,
respectively, are functions of the

(22)

Mo(erit)



and are
By using values

propellant gas properties,
listed in Table 4.
from this table, crit) ¥as deter-
mined for each propeilant considered.

These calculated critical total loaded
vehicle weights are listed in Table 1.

TABLE 1., CALCULATED CRITICAL TOTAL
LOADED VEHICLE WEIGHTS
PROPELLANT Ro(erit) (1b)
Hydrogen 29,930
Methane 55,460
Ammonia 61,670
Hydrazine 68,990
Water 68,170

Hydrogen and
ammonia 48,460

For all vehicles of total loaded
weight less than Mo Cerit) the nuclear-
reactor rocket motor weightis constant
and fixed at

(23)

and this weight was
tion of the performance equation. For
all vehicles of m;, greater than
o(critfl the moto? weight as given
was used in the performance

equation.
Propulsive System Equipment Weight,

m,. The propulsive system equipment

5790

used in the

m =
r

solu-

weight is defined to include the
pumps, turbines, valves, piping,
exhaust-gas deflector vanes, vane
motors, support structure, and pump

section structure of the vehicle.
There will be little difference in
these component weights as compared
to a chemical system even though the
pumps and other equipment are to be
used on nuclear-powered rather than
chemically powered vehicles. The major
weight difference will be that entailed
by the probable requirement that the
pumps and some of the plumbing be
jacketed with propellant as the coolant
in order to remove the heat generated
within the structure by neutron and
gamma radiation from the reactor core.
This radiation heating problem indi-
cates that the pumps and turbines

should be located several feet forward
of the rocket motor and shielded from
core radiation by at least 4 ft of
liquid propellant (see Part II).

In general, the equipment weight
will be a function of the propellant
pump discharge pressure, P,, the
propellant volumetric flow rate, w, /y
and the pump1ng power requ1rements.
The pumping power requirements are
proportional to the product of the
pump discharge pressure and the
volumetric flow rate, therefore the
equipment weight is actuallya function
of only these two variables. A study
performed by Rand Corporation(lo)
shows that the weight of the pump
turbines, piping, valves, and vane
control system will vary approximately
linearly with the pumping power re-
quirements, while the pump weight will
vary roughly as the product of the
volumetric flow rate raised to a power
slightly greater than 1.0 and the pump
discharge pressure raised toa power
on the order of 0.3. The equipment
weight is herein assumed to vary as
the product of the pump discharge
pressure raised to the 1/3 power and
the propellant volumetric flow rate -
an approximation sufficiently good
for the purposes of this study.

The volumetric flow rate is a
maximum at take-off conditions for
the vehicle flight pattern previously
discussed, hence equipment weight is
based upon the initial flow rate. Thus

Yo
(24) me = Cl——— (Pd)l/3 + C2
yp

or, from Eq. 18,

Qy My

m, = c, (Pd)l/3 t ¢,

v
YpVe
where ¢, and ¢, are constants to be
determined. Weight data on chemically
powered rockets of relatively advanced

design give c, and approximate value

of 10.5 and ¢, a value of 500. Again,
specifying that a, = 3 g_., Eq. 24
becomes
m
(25) m_ = 1014 (P)'/3 + 500 ,
e ,ypve

15



or

Mo

- 1/3
m, = 16,22 (Pd) + 500 .

[

Yple

The pump discharge pressure must,
of course, be equal to the desired
gas pressure within the rocket motor
prior to expansion plus the gas
pressure drop through the nuclear
reactor motor core plus the pressure
drop in the supply plumbing. For a
desired gas pressure of 1500 psi and
a gas pressure drop of 200 ps1i (see
Part II), it would seem conservative
to specify a pump discharge pressure
of 1900 psi; a plumbing pressure drop
of 200 psi is thus allowed. For this
specified discharge pressure, the
equipment weight is related to the
total vehicle weight by

m

(26) m, = 201 + 500

YpVe

Figure 5 shows propulsive system
equipment weight for several existing
and proposed chemically powered
rockets as a function of the volumetric
flow rate times the pump discharge
pressure to the 1/3 power., Pump plus
turbine weight curve based on the
results of a study performed by Rand
Corporation(lo) are also shown in Fig.
5 as a comparison with Eq. 24, Tt
will be noted that the pump and turbine
weight (hence the total equipment
weight) based upon the Rand study
increases more rapidly with

(wy/,) (P

than does the equipment weight as
given by Eq. 24. Even if this is the
case, it should still be possible to
attain equipment weight values as given
by Eq. 24 at any value of

(wo/yp)(Pd)1/3

simply by using many small pumps and
turbines in parallel.

Propellant Weight, n As previ-
ously discussed, the propellant has
been assumed to occupy 97% of the
total tank volume when the tanks are
fully loaded. Not all of this propel-
lant canbe used for vehicle propulsion,
however, since some will be used for

16

nozzle cooling, some for powering the
pump turbines and auxiliary equipment,
and some will be lost by evaporation
within the propellant tank.

The minimum practical vehicle
diameter is 4 ft (minimum rocket
motor diameter), therefore it can be
seen from Fig. 2 that propellant
evaporation losses are negligible for
all the propellants except hydrogen
and the hydrogen-ammonia combination.
The evaporative loss with these two
propellant systems is a function of
the tank diameter and hence of the
propellant weight. In order to show
this effect in the performance calcu-
lations over a large range of vehicle
sizes, the evaporation loss was deter-
mined for each point that had been
computed for the performance curves
for the hydrogen and the hydrogen-
ammonia propellants,

The most practical method of cooling
rhe nozzle walls of the nuclear
reactor rocket motors considered ap-
pears to be by the use of gas-trans-
piration cooling of a porous nozzle
wall structure. Calculations based
onthe studies of Green and Duwez(!'!+1%)
indicate that the nozzle coolant
weight flow rate can be as low as 2%%
of the rocket motor propellant weight
flow rate and still provide adequate
cooling for a properly designed
porous-wall nozzle.

The propellant pumping power re-
quirements, in horsepower, are given
by

0.262 w P,
p
(27) HPP =———7:——————
pp
where A is the over-all pump ef-
ficiency, and other symbols are as
defined previously.

The pump turbine power output,
in horsepower, can be approximately
expressed as

(28) HP, = 1.415 ¢, AT, w,\,

where AT, is the gas temperature drop
through the turbine, ¢ is the mean
specific heat of the gas over the
turbine operating temperature range,
w, 1s the gas weight flow rate, and
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A, is the over-all power conversion
efficiency of the turbine.

By combining Eqs. 27 and 28, the
ratio of the turbine gas weight flow
rate to the propellant pump weight
flow rate 1s determined to be

Yy

0.185 P,
(29) — =

. v, Kpht AT, YpCpe

By assuming the over-all turbine-
pump efficiency, kat, to be 0.60,
the pump discharge pressure to be
1900 psi (as previously), and the
turbine gas temperature drop to be
1200°F, Eq. 29 is reduced to

w, 0.462
(30) —_——
wP yPCPB

This will be a maximum for hydrogen,
which has the lowest value of ¥ ¢ of
any of the propellants considered.
For hydrogen, v = 4.4 1b/ft®, and
Cpg = 3.4 Btu/1b*°F for the temperature
range 400 to 1600°F, Thus,

(31) — = 0,0309

2

The average per cent propellant
lost to pumping power requirements for
all propellants considered will be
taken as 2%% of the total propellant
weight, The propellant required in
the nuclear rocket motor as a fast

neutron and gamma radiation shield
(see Part II) has been neglected in
the calculations, although it could
be used to provide additional total
impulse to the vehicle.

Thus, the effective propellant
weight useful for vehicle propulsion
is that contained 1initially in the
tank volume (m_) less that lost to

. P .
nozzle cooling (0.025 m_), pumping
p .
power (0.025 m_), and evaporation
loss (a m_ ). The parameters a and 8
in the vehicle mass ratio equation
(Eq. 2) are determined from the figures
given above as a = 0.05 + a, (fraction
lost), and 8 =1 - a = 0.95 - a,
(useful propellants). Assuming the
axial exhaust velocity v; of the
noneffective gases to be zero, the
mass ratio equation becomes

m 0.95-

(32) e
My

or

n evb/(0.95-a¢)ve

° = ®(v,)
v,/(0.95.a ) b
mp e e e _ 1

The propellants considered herein
are listed in Table 2 together with
some of their physical properties. All
the propellants were chosen primarily
because of their high hydrogen content,
which yields a low molecular weight

TABLE 2. PHYSICAL PROPERTIES OF LIQUID PROPELLANTS
CHEMICAL FREEZING POINT BOILING POINT LIQUID SPECIFIC
PROPELLANT FORMULA AT 1 ATM AT 1 ATM GRAVITY AT GIVEN
PRESSURE (°F) PRESSURE (°F) TEMPERATURE
Hydrogen H, -434.5 -423 0.071 at —425°F
Methane CH, -300 ~259 0.42 at -265°F
Ammonia NH, -108 -28 0.70 at -60°F
Hydrazine N,H, 34.5 236 1.04 at 40°F
Water H,0 32 212 1.00 at  40°F
Hydrogen and
ammonia 2H, + NH, see hydrogen and ammonia 0.25 for
H, at -425°F
NH; at -60°F
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product when the material is in the
decomposed gaseous form. The bipropel-
lant system of hydrogen and ammonia is
carried throughout this reportto serve
as an indication of the possibilities
of obtaining higher performance at
lower cost than is possible with any
one of the five basic propellants.
Liquid helium 1s worth mention as
a possible nuclear rocket propellant
only because of i1ts chemical inertness
which would eliminate the possibility
of chemical reaction with the graphite
reactor structure at 4500°F., However,
the boiling point of helium is -452°F,
hence it 1s difficult and costly to
liquefy. The heat of vaporization of
liquid helium at 1 atm pressure is
only 10.8 Btu/lb, therefore it would
be of little value as a coolant. The

A . 1/(k-1)/p

E+ 1 P
(33) ——’=< > <—->
A ) 7.

specific gravity of the liguid at the
boiling point is only 0.122, This,
coupled with the low boiling point,
makes the storage problem quite severe,
and heavy insulated double-walled
propellant tanks would be absolutely
necessary. Liquid helium was given
no further consideration in the study
covered by this report.

PROPELLANT PERFORMANCE
from Eq. 32, the

over-all vehicle performance 1is
primarily a function of the exhaust
velocities atcainable with the propel-
lants considered. The propellant is
to be vaporized within the reactor,
heated to the desired temperature, and
expanded adiabatically, through a
converging-diverging nozzle, to exhaust
with velocity v, . The exhaust velocity
is a function of the nozzle geometry
and the thermodynamic properties of
the propellant gases at the chamber
and nozzle exit conditions,

High exhaust velocities are obtained
by high pressure-expansion ratios, but
the maximum pressure ratio is limited

As can be seen

allowable maximum ratio of
to nozzle throat
The nozzle exit area 1s limited
for aerodynamic reasons by the vehicle
diameter, while the nozzle throat area
is primarily a function of the desired
thrust of the rocket motor. Calcu-
lations 1ndicate that a maximum
feasible nozzle area ratio is of the
order of 35:1 under these restrictions,
and this value has
calculations of propellant performance.

The specified area ratio determines
the maximum attainable pressure ratio
for each propellant gas, and thus
determines the ratio of actual exhaust
velocity to maximum theoretical exhaust
velocity for adiabatic expansion to
zero pressure. The pressure ratio is
related to the area ratio by

by the
nozzle exit area
area.

been used for

P p\(k=1) 7k
Lo
E -1 P,
vhile th ty ratio 1is related

v, Pe \ k=1)/k
(34) — = A 1 - <——>

v "N Pe
where
2 g kR
(35) v o= =2
2 Nk -1 nw €

and A is the nozzle efficiency.

The ratio of propellant gas exit
temperature to chamber temperature 1is
given by

T p K(k-l)/k
(36) =< - <—e—> :
TC pC

The value of k to be used in the above
equations is the mean of the ratios of
specific heats at the chamber tempera-
ture and at the gas exit temperature,
hence this relation 1s required in
order to determine the exhaust gas
temperature.

By combining Eqs. 33 and 34, the
following relation between nozzle area

19



ratio and exhaust velocity ratio i1s obtained:

(37)

By combining Eqs. 33 and 36,

A <k + 1> vien | < v, >
Ae 2 A‘nvﬂ

o] 1/ (k=1)

Ve |k + 1
<K v R -1°
"nYnm

T ey 1/(g=-1)
At E+ 1 7e * R+ 1 Te
(38) . — g
A 2 T k-1 T
e e c

Before the velocity ratios can
be determined for each propellant,
1t 1s necessary to determine the
propellant gas compositions at the
chamber conditions, and to evaluate
the thermodynamic properties of the
gas mixtures at the specified chamber
temperature and at exit temperatures
determined from Eq. 38 by use of
assumed values of the specific heat
ratio.

Throughout the expansion process,
the gas composition 1is considered as
being ‘“ frozen” at the equilibrium
composition existing in the rocket
motor at maxlmum gas temperature,
thus the molecular weight of the
propellant gas will be that of the
equilibrium mixture in the chamber.
The maximum propellant gas temperature
was chosen as 4500°F on the basis of
the strength characteristics of
graphite, the desired reactor structural
material. The chamber pressure was
specified to be 1500 psi primarily for
reasons of fluid flow and heat transfer
within the reactor.

The equilibrium gas compositions
at chamber conditions, the pertinent
thermodynamic properties of the gases
at chamber and exit conditions, and
average values of these properties
between chamber and exit conditions
are given in Table 3 for each propel-
lant. The calculations necessary for
the determination of this information
were based upon equilibrium constants
and gas property data obtained from
refs. 13, 14, 15, 16, 17, and 18.

20

The theoretical maximum exhaust
velocities and the ratio of actual to
theoretical exhaust velocities were
calculated from Eqs. 35 and 37; the
average values of molecular weight and
specific heat ratio given in Table 3
were used. Table 4 lists the maximum
theoretical exhaust velocities, the
ratio of actual to theoretical exhaust
velocities, and the actual obtainable
exhaust velocity, which 1s determined
by use of Egs. 35 and 37 and an
arbitrarily defined nozzle efficiency,

A, of 0.985,
n

The decomposition of methane at
high temperatures may result in the
precipitation of solid carbon on the
heat transfer surfaces of the reactor
at the temperature and pressure con-
ditions assumed for the rocket motor
chamber. The precipitation of carbon
would probably preclude the use of
methane as a rocket propellant; how-
ever, calculations for methane are
included because 1t is felt that the
possible decomposition should be
verified by experiment before this
promising propellant 1is discarded.

DETERMINATION OF VEHICLE PERFORMANCE

The equations relating component
welghts to propellant weight or total
loaded vehicle weight may now be com-
bined with the vehicle mass ratio
equation to obtain an expression
relating the vehicle burnout velocity
to the component weights,
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TABLE 3. THERMODYNAMIC PROPERTIES AND COMPOSITION

OF PROPELLANT GASES

PROPELLANT

GAS IN CHAMBER AND NOZZLE EXIT

Composition
(mole fraction)

Average

Molecular Weight

SPECIFIC HEAT RATIO AT
CHAMBER CONDITIONS, kc

GAS EXIT
TEMPERATURE,
T, (°F)

SPECIFIC HEAT
RATIO AT EXIT
CONDITIONS,kC

AVERAGE SPECIFIC
HEAT RATIO BETWEEN
CHAMBER AND EXIT, ka

Hydrogen

Methane

Ammonia

Hydrazine

Water

Hydrogen and
ammonia

0.9963 H,
0.0073 H

449 C,H,
.030 CH,
485 H,
.011 H
073 C

[ = =]

5N,
011 H
1.494 H,

o O

1.00 N,
1.993 H,
.014 H

=]

.9907 H,0
.0070 H,
.0047 OH
.0023 0,

o o o o

]

.026 H

3.487 H,
0.5 N,

1.993

7.813

10.64

17.92

5.23

1.298

1.267

1.297

1.296

1.187

1.298

450

620

450

450

1180

450

1.400

1.354

1.398

1.397

1.258

1.399

1.349

1.311

1.348

1.347

1.223

1.349




From Egs. 10, 11,
combined with Eq. 4,
vehicle weight is:

21 or 23, and 26
the total loaded

(39) for m, > Mocerity °
0.007305
m, = (mL + 5070) + m (1 +-————7——~>
p 04
P
voN\2
m
201 (I“?/W
tomg) 0,01 +— + 1.729 ;
Yple Ve

and for m, < Mo erity »

0.007305 \

(m, + 6290) + mp(/l +

m, = ——
0 \ )
201
tomg | 0.01 +— .
. ’)pve
By combining Egs. 39 with Eq. 32:
(40) for my > Mo cerity *
m, (
—_— = ®
m vy
P

< 0.007305> <"u * 5070>
1+ - +
7p "
v, j
201 103

0.990 - - 1,729
Yole v, .
and for my, < Moerity ?
2 ey
n Ub
p

< 0.007305> <mL + 6290>
1+ : +
% n,
201 '
0.990 ~— >
Yo,

22

These can be represented by:

(41) form, > m

0 0 (crit)
m, + 5070
A +|{——
mO P \ mp
— = ®v,) = B 7 ;
"p p T “p
and for m, < Mocerity
m, * 6290
A+ | —————
g P m,
— T (1) } =
m (Lb) B
P p
where the terms A , B , and C_ are

functions of the propelfant properties
alone, for given system operating
conditions, and are listed in Table 5.

Since the performance parameter of
interest is the ratio of total loaded
weight to dead load capacity, mo/mL,
Eqs. 41 were solved for my/m; as:

(42) > m

for m, 0(crit)

m, { © }{mL + 5070}
m, [ (B, -C) @ - A m, ’

<
and for my Moerit)y

m, [ o J{mL + 6290}
m, Bp@ - Ap m,

The results of computations made by
using Eqs. 42 to determine vehicle
performance are shown graphically in
Figs., 6a through 6f which portray
moﬂ% vs. v, for each of the six
propellants and for several different
values of dead load weight. Values of
v, were determined from postulated
values of ® used i1n the solution of
Egs. 42,

Tt will be noted from the figures
that my/m;, approaches infinity at a
certain limiting vehicle burnout
velocity for each propellant. It is
evident from Egs. 41 that the maximum




TABLE 4. PROPELLANT GAS EXHAUST VELOCITIES
MAXIMUM THEORETICAL RATIO OF ACTUAL TO ACTUAL ATTAINABLE EXHAUST
PROPELLANT EXHAUST VELOCITY, v, THEORETICAL EXHAUST VELOCITY AT 98.5% NOZZLE
(ft/sec) VELOCITY, ve/vm EFFICIENCY, v, (ft/sec)
Hydrogen 31,010 0.892 27,650
Methane 16,360 0.872 14,260
Ammonia 15,050 0.892 13,420
Hydrazine 13,450 0.892 11,990
Water 12,320 0.807 9,940
Hydrogen and
ammonia 19,150 0.892 17,070
TABLE 5. PROPELLANT CONSTANTS
PROPELLANT Ap BP C; Bp - C;
Hydrogen 1.10289 0.88762 0.06013 0.82749
Methane 1.01739 0.95644 0.03245 0.92399
Ammonia 1.01044 0.96860 0.02919 0.93941
Hydrazine 1.00702 0.97388 0.02609 0.94779
Water 1.00731 0.96978 0.02640 0.94338
Hydrogen and ammonia 1.02922 0.94290 0.03714 0.90576

limiting vehicle velocity is obtained
for an infinite propellant weight if
the dead load weight 1s finite,
Obviously, for an infinite propellant
weight the total loaded vehicle weight
will be greater than the critical
weight, thus the limiting velocity 1is
determined by the first of Eqs. 41 as
b(max)) = ___é_}’___ *
Bp - C,
Furthermore, it will be noted that
the my/m;, vs. v, curves are asymptotic
to the curve labeled m, = ® in Figs,
6a through 6f. This limiting per-
formance curve occurs as the dead load
weight becomes infinite, and is obtained
from the first of Egs. 42 as

(44) "o _ o
m, (B, -C,) ® -4,

(43) P(v

.

COMPARATIVE CHEMICAL ROCKET PERFORMANCE

Calculations were made for an optimum
performance, liquid-hydrogen - liquid-
oxygen, single-stage, chemical rocket

vehicle to provide a comparison with
the nuclear vehicle performance curves,
The equations used for the weight of
propulsive system equipment, fins,
propellant, dead load, and propellant
tank and tank structure were the same
as those used for the nuclear vehicle.
The equation for the weight of the
chemical rocket motor was based roughly
on the results of a rocket vehicle
component weight study performed by
the Rand Corporation (!%) and is

(45) m, = 0.03 m,

for an initial vehicle acceleration of
3 g,, as for the nuclear vehicle. The
chosen operating conditions of the
hydrogen-oxygen rocket motor were

4H, + 0, —> 2H,0 + 2H,

Oxidizer-to-fuel

weight ratio = 4.0

P, = 1500 psi
T, - 5430°R
A /A, - 35
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For these conditions, the average
specific heat ratio of the propellant
gases, between the chamber and exit,
was found to be 1.267, and the average
molecular weight was taken as 10.0.
The propellant exhaust velocity was
then determined to be 13,390 ft/sec.

The type of analysis indicated in
Eqs. 39 through 44 was performed with
the result that the chemical rocket
performance equation 1is

Mo d + 500
(46) - il
my Bp@ - AP my

and the limiting performance curve,

for m, approaching infinity, 1is

obviocusly given by

(47) L
m, B ®d - A
P P

The maximum limiting velocity was
found from

Ap
<I)(Ub(max)) =? .
P

(48)

For the hydrogen-oxygen vehicle,
the terms Ap and Bp are

0.007305
Ay = 1 +——"— -
'yP

1.02566

and
201
Bp = 0.960 - —; =
YpVe

0.90727 .

The results of calculations made by
using Eqs. 46, 47, and 48, are shown
in Fig., 7, which shows my/m, Vs, vy
for several values of dead load weight.
Figure 7 also shows performance curves,
for two ranges of dead load weight,
for several existing and proposed
chemical rocket vehicles. It will be
noted that the hydrogen-oxygen rocket
discussed above is far superior in
performance to any rocket vehicle yet
built, 1In fact, i1t may be considered
as an upper limit on single-stage
chemical rocket performance, barring
the use of such esoteric fuels and
oxidizers as liquid monatomic hydrogen
and liquid ozone,

30

A comparison of the liquid hydrogen
nuclear-powered vehicle performance
curves with those for the hydrogen-
oxygen chemical rocket shows that the
nuclear vehicle is superior for burn-
out velocities higher than 26,000
ft/sec for all dead load capacities.
A closer comparison shows that $he
dividing line between superior chemial
or nuclear rocket performance i% a
function of the vehicle dead load
capacity and that the points of inter-
section of the curves of equal dead
load in the two figures define the
vehicle burnout velocities at which.
the nuclear and chemical rocket per-
formances are equal for the given dead
load. It is thus possible to obtain a
curve showing the regions of superior
performance of each type of vehicle as
a function of dead load capacity and
vehicle burnout velocity. Figure 8
shows such a curve for a comparison
of the liquid-hydrogen nuclear-powered
vehicle with the hydrogen-oxygen
chemical rocket. It is at once obvious
that the nuclear rocket is superior to
the chemical rocket for operation with
high dead loads or for the attainment
of high burnout velocities,

REACTOR POWER REQUIREMENTS

Refore the problems of the reactor
design are considered, it is desirable
to know the power required to ac-
celerate a rocket to any desired
burnout velocity, with a given dead
load weight and propellant.

The total energy required to
produce a given exhaust velocity with
a given amount of propellant 1is

E = Jrnpcpg (r, - Ty) fr-1b .
This can also be expressed by
mpv2
E = ft‘lb .
2 g,

The rate of energy production, or
the power, will be dependent on the
burning time chosen for the vehicle,
The burning time, in turn, is dependent
on the allowable vehicle accelerations,
and hence on the ratio of propellant
weight to total loaded vehicle weight,
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mp/mo. In order to determine reactor
power requirements, it is thus neces-
sary to examine the relations between
thrust, vehicle acceleration,
rocket burning time. For a rocket
moving in a gravitational-field-free,

and

airless space, the initial acceleration
is given by

Foe.
a, =— ,
Mo
where
wove
F, = ;
€¢
hence
Yole
(49) a_ =
0 m
0
However, for constant propellant flow

rate (and constant thrust)

"p
w, = .
ty
Thus, the initial acceleration becomes
Ve / 1\
{50) a, = —\\ .
fo| Mo
m
P

Similarly, the final acceleration,
just as the propellant is consumed, 1is

Ve 1

(51)

Considerations of human capabilities
and of acceleration loading of the
vehicle structures indicate that the
maximum allowable acceleration of the
vehicle (at burnout) should be no
greater than 9g_. Also, in order to
obtain reasonable performance, it
seems desirable that the initial
acceleration be no less than 3 g,.
Thus the ratio a;/a, must be equal to
or less than 3 for all vehicles
considered,

Py combining Egs,
ratio ab/a0 lFecomes

50 and 51, the

0
a m
(52) 2l —r 1},
% )
— 1
"p
and since a/a, £ 3, then m,/m, > 1.50
or mp/m0 < 2/3. Therefore, for all

vehicles of my/m, < 1.50 (that is,
propellant weight greater than 2/3 of
total loaded weight), 1t 1s necessary
to utilize a variable thrust system 1in
order to keep the vehicle accelerations
below the arbitrarily set limit of
Ja,.

Variable thrust may be accomplished
by (1) changing propellants in flight,
thus changing exhaust velocities, but
keeping constant pump and reactor
flow rates; (2) changing pump flow
rates (speed control or throttle
valving) and hence reactor operating
pressure, thus altering the discharge
rate of the propellant; (3) utilizing
a variable nozzle throat diameter to
control reactor chamber pressure, thus
and (4)

change exhaust velocity;
utilizing several individually operated
reactor motors, which may be “fired”
in unison or in any desired combination
so as to obtain a stepwise variation
in thrust, Of these four schemes, (4)
appears to be most attractive. The
plan to change propellants in flight
would incur many difficulties in the
propulsion system design problem,
because the reactor and pumps would
then have to operate satisfactorily
with two fluids of generally different
viscosities, conductivities, heat
capacities, liquid and gas densities,
boiling points, etc, It is perhaps
needless to point out that it 1is
difficult enough to design a reactor
to work satisfactorily with one fluid.

Thrust control by means of changes
in pump flow rates would cause problems
similar to those that would result
from a change in propellants. The
reactor would be required to operate

properly at different system pressures,

33



In reactors of the type considered,
it is quite difficult to change the
flow rate and still operate the reactor
at high power-to-weight ratios because
the material stresses and heat transfer
conditions are sensitive functions of
pressure and flow rate,

The use of a variable nozzle throat
area would be hampered by the same
problems as the use of variable flow
rates because the reactor system
pressure would vary with changes in
the nozzle throat area. Aside from
this consideration, it is not at all
certain that such a nozzle could be
built and operated satisfactorily under
the pressure, temperature, and flow
conditions required for the desired
vehicle performance.

The use of groups of separately
controllable motors as a means of
stepwise thrust control is quite
satisfactory, All motors could operate
at the proper reactor design point and
the thrust could be varied by firing
different numbers of motors at any one
time, Certainly, if it is possible to
build one successfully operating
nuclear reactor rocket motor, a second
could be built and coupled to the
first to form a two-step controllable
thrust unit. Although this method of
thrust variation 1is not aesthetically
attractive, it 1s the most straight-
forward and was adopted for the
purposes of this study.

For N equal increments of thrust
(or N equal thrust motors), the ratio
of final to initial acceleration is
related to the ratio of total loaded
weight to propellant weight as follows:

oVe
(53) F, -
8.
and
Fog. Yo

a, = . = v, . :

(54) F F, WoVle
' N Ng

34

and

Fbgc Yo
ab = = ve_N— .
m, (m0 - mp)

53 and 54 yields

A combination of Egs.

ay My
55 =
(55) a, N(m0 -m_)
or
Mo
0, -
—;: ) Mo ,
N — -1
"p

and since a,/a;, < 3 by definition,

then, from Eq. 55 is obtained
Mo 3N

(56) _— > .
m, 3N -1

The allowable minimum values of mo/mp
correspond to maximum values of v, /v,
as shown by Eq. 32, Table 6 lists the
permissible values of mo/mp and per
cent propellant weight, 100(m_ /m ),
together with the maximum allowable
values of v,/v,, for several values of
N.

The maximum reactor power required
is simply the maximum rate of energy
expenditure; arate which occurs at the
time of takeoff for all rockets regard-
less of the number of incremental
thrust units employed to reduce final
accelerations,

The total maximum power 1s given by

w
(57)  P_,, = P, = —— v} ft-lb/sec .
2g,
However, from Egq. 49,
QoMo
v, = ;
L4
thus
m0>
——n 2
m v
Gomy “i o g <mL "
(58 P, =- = .
° 2gC ve 2gc ve

Since P, is the maximum power required
by the vehicle, the power required of



TABLE 6. ALLOWABLE VEHICLE WEIGHT AND VELOCITY RATIOS FOR
STEPWISE THRUST VARIATION

NUMBER OF EQUAL INCREMENTS | MINIMUM ALLOWABLE | PROPELLANT WEIGHT (%) | MAXIMUM ALLOWABLE
OF THRUST,* N RATIO OF my/m, m,/my X 100 RATIO OF v,/v,
1 L5 66.7 1.0437
2 1.20 83.3 1.7022
3 1.125 88.9 2.0873
4 1.091 91.7 2.3607
5 1.071 93.4 2.57217
6 1.059 94. 4 2.7459

L)
Number of equal thrust motors.

the individual reactors will be given
by P = P /N where N is the number of
equal thrust motors, or equal power
reactors, and 1is determined from Egq.

56 or Table 6.

The maximum required power, in
megawatts, 1s given by Eq. 59 for
a, = 3g,..

™o

mn —

\mp/ v\
(59) P, = 2.034 < > :
v 103

e

The results of calculations that
cover the vehicle performance range
previously considered are shown 1in

Figs. 9a¢ through 9f, in which total
rocket motor power, P, = P N, is
plotted against vehicle burnout

velocity, v,, for several arbitrary
dead load weights.

Although the total power require-
ments shown in Figs. 9a through 9f are
extremely high, for the optimum
operating range of nuclear powered
vehicles, it should be pointed out
that the total energy outputs required
appear quite reasonable when compared
with existing and proposed chemically
powered, high-velocity vehicles. The
operating time of the nuclear rocket
motors required for propulsion of
high-dead-load, high-velocity vehicles
is of the order of 200 to 500 sec,
thus the total energy outputs required
will be approximately 500 to 5000
megawatt-hours. As a comparison, the

total energy output of the B-52 air-
craft for a 10-hr flight is approxi-
mately 600 megawatt-hours, while the
energy output of proposed nuclear
powered aircraft is of the order of
2500 megawatt-hours for a 10-hr flight,

SHIELDING CONSIDERATIONS

If it is desired to carry a crew in
a nuclear-powered rocket vehicle, or
1f radiation-sensitive electronic
equipment 1s required for flight
guidance, some sort of radiation
shielding will be necessary. The
exact size, weight, and shape of such
a shield will depend almost entirely
on the desired use of the vehicle,
therefore no attempt is made in this
report to present a generalized shield
design study. The total radiation flux
incident on the crew compartment and
electronic equipment 1in the vehicle
nose during reactor operation 1s the
sum of two components: (1) direct
radiation, along the vehicle axis,
from the reactor, and (2) radiation
scattered from the atmosphere external
to the vehicle., The relative importance
of these two components will vary with
time and position of the vehicle along
its vertical flight path. 1Initially,
at take-off, the propellant tanks
would be full and would provide com-
plete shadow shielding for the direct
radiation from the reactor, but
radiation resulting fromair scattering

would be at a maximum. At burnout the
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propellant tanks would be empty, hence
from direct radiation
hut the vehicle would be

no protection
would exist,
above the atmosphere and air scatiered
radiation would be
This inversion of conditions would
take place within the brief, 200- to
500-sec,
motor,
The of flux intensity
incident on a unit volume within the

reduced to zero.

operating life of the rocket
variation

vehicle nose as a function of time

would be roughly as shown below.
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FLOUX VARIATION AT
VER\CL. & NosE AS A

FORCTION OF MOTORER,
OPERATING TIME

Very rough calculations indicute
that crew shield weights of the order
of tens of thousands of pounds would
be required for
orbital satellite with
load capacities of hundreds of thousands
of pounds. Tt should be pointed out
that required shielding need not be
useless dead weight,

a liquid-hydrogen

vehicle dead

since it may be
possible to utilize the useful payload
as shield material by proper arrange-
ment with respect to the spaces to be

shielded.
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SYMBOL

PART II
NOMENCLATURE

MEANING

Maximum acceleration of rocket vehicle

Mean total cylindrical area of porous graphite tubes
Total surface area of graphite plates

Total surface area of graphite rods

Total surface area of graphite spheres

Ratio of area radiatinf to liquid propellant to total
radiating area of nuclear rocket motor

Gas constant (= 12 R,/aw)

Coefficient of thermal expansion of graphite heat
transfer structure

Width of flat graphite plates

Mean specific heat of propellant gases

Mean molar specific heat of propellant gases
Total width of all graphite plates (= N¢)
Gas flow passage “hydraulic” diameter

Unit reactor core diameter

Mean diameter of porous graphite tubes
Rocket motor outside diameter

Diameter of graphite rods or spheres

Modulus of elasticity of graphite heat transfer
structure

Gas flow friction factors

Reactor core graphite volume fraction

Fraction of fission energy escaping the reactor core
in photon and fast neutron radiation

Reactor core molybdenum volume fraction
Reactor core void volume fraction
Reactor core zirconium volume fraction
Design safety factor

Total normal load at any one contact point between
any two spheres

Acceleration of gravity at sea level

Propellant gas weight flow rate per unit area

Heat transfer structure surface heat transfer coefficient
Heat of vaporization of liquid propellant
Thermal-mechanical energy conversion factor

Thermal conductivity of propellant gas

Thermal conductivity of graphite heat transfer structure

Unit reactor core length, or length of porous tubes
or solid graphite plates

UNITS

ft/sec2
in.
in.
in.

in.

o

in./ R

in./in. *°F

in.
Btu/1b* °F
Btu/mole *°F
in.

in.

in.

in.

in.

in.

1b/in.

1b

32.2 ft/sec?
]b/sec'in.2
Btu/sec *in.2*°F
Btu/1b

778 ft-1b/Btu
Btu/secin.*°F
Btu/sec*in. *°F

in.
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SYMBOL
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MEANING

Unit reactor core length

Required number of porous tubes in porous tube
reactor core

Nuclear rocket motor weight

Uranium weight required for reactor criticality
(assumed homogeneous distribution)

Molecular weight of propellant gases

Number of flat graphite plates in stacked plate
reactor core

Reynolds number of propellant gas flow through reactor
core (dimensionless)

Flow Beynolds number
Packed sphere reactor core
only
Heat transfer Reynolds
number
Prandt]l’s number for propellant gases (dimensionless)

Absolute pressure of propellant gases within reactor
core

Gas pressure drop across reactor core

Average absolute pressure of propellant gases within
reactor core

Absolute pressure of propellant gases inside the
porous tubes of the porous tube reactor core

Absolute pressure of propellant at reactor inlet
Rocket motor specific power
Reactor power output

Heat generation in the vehicle propellant due to
neutron and gamma ray heating

Maximum radial thermal compressive stress in graphite
spheres

Universal gas constant

Universal gas constant

Maximum compressive strength of graphite

Heat transfer structure stress due to pressure
loading

Yield strength of rocket motor pressure shell material

Heat transfer structure thermal stress due to
internal heat generation

Total combined heat transfer structure stresses
Thickness of porous tube wall or solid graphite plate
Thickness of rocket motor pressure shell

Temperature

UNITS

in.

1b
1b

1b/1b*mole

Ib/in.2

1b/in. 2
Ib/in.?

1b/in.

1b/in.?
megawatts/1b
megawatts

Btu/sec

1b/in.2

1b £ed 1
1544 | J{—— ) {—

2 1b*mole/ \°R

1b 3 1
10.73 [——| [ —— | [ —
R

in. I1b*mole

]b/in.2
1b/in.

1b/in.
I1b/1in.
ib/in.
in.

in,



SYMBOL

2]

MEANING

Average gas temperature within reactor core (defined
1n text

Maximum propellant gas temperature within rocket
motor prior to expansion

Propellant gas temperature at any point within
reactor core

Propellant temperature at reactor inlet
Temperature drop across porous graphite tube wall

Mean temperature difference between graphite heat
transfer structure surface and propellant gas

Temperature drop from center of graphite heat
transfer structure to surface

Separation distance between adjacent parallel
graphite plates

Maximum theoretical propellant gas exhaust velocity
Volume of reactor core
Porous tube wall bulk volume

Volume of material in porous nozzle

Propellant gas velocity through core, based on the
empty core cross section and the weight flow rate w

Volume of 10-in. thick carbon reactor core reflector
Volume of rocket motor pressure shell
Propellant gas weight flow rate

Rate of vaporization of propellant by internal power
generation due to neutron and gamma ray heating

Length dimension

Viscous flow resistance coefficient of porous material

Inertial flow resistance coefficient of porous material

Density of graphite

Uranium bulk density within reactor core
Density of carbon or graphite

Density of molybdenum

Density of nozzle material

Density of reflector material

Density of pressure shell material

Density of zirconium

Graphite heat transfer structure dimensional parameter

(defined in text)

Ratio of maximum sphere cross sectional area to core
cross sectional area

Ratio of void volume to core volume in packed rod
reactor core

Fraction of total reactor power generated within
graphite core heat transfer structure by neutron and
gamma ray heating

UNITS

(=]

[o]

F (or
F (or

o

F (or
in.

ft/sec

.3
in.
fed

.3
in.

ft/sec

.3
in.

. 3
in.
1b/sec
1b/sec

in.
1/in.?
1/in.
1b/ft3
b/ £e3

1b/in.3
1b/in.3
1b/in.3
1b/in.3
1b/in.?
1b/in.3

OR)

R)

R)
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SYMBOL

MEANING

Ratio of total porous tube volume to reactor core
volume

Ratio of total sphere volume to reactor core volume
Reactor core bulk power density

Bulk power density within porous tube wall volume
Reactor core power parameter (defined in text)
Reactor core dimensional parameter (defined in text)
Propellant gas viscosity

Propellant gas viscosity

Propellant gas density at any point within reactor
core

Poisson’s ratio for graphite

Maximum tangential thermal tensile stress in
graphite spheres

UNITS

megawatt/ft3

megawatt/ft3

1b/sec in.
]b'sec/in.2

1b/£e3

]h/in.2



PART I1.

DISCUSSION

The feasibility of nuclear-powered
rocket vehicles is largely a function
of the attainable specific power of
the nuclear-reactor rocket motor.
From the equations determining vehicle
performance (see Part I), it can be
shown that the specific power of the
nuclear rocket motor must be greater
than approximately 0.5 megawatt/lb of
total rocket motor weight for anuclear
rocket vehicle to demonstrate any
significant performance advantage over
conventional chemically powered rocket
vehicles for any reasonable range of
vehicle burnout velocities and dead
load capacities.

The results of analytical studies
of four possible reactor core designs
indicate that specific powers as high
as 4 megawatts/lb are possible with
delicate structural and heat transfer
components 1n the core, and that
specific powers of 1.0 megawatt/lb are
attainable with relatively sturdy com-
ponents 1in at least two of the four
designs considered.

The type of reactor proposed for
a rocket vehicle power plant is, 1in
principle, simple in operation. The
liquid propellant would be fed into
the reactor core at a high pressure,
vaporized and heated to 4500°F (2500°C)
by heat transfer from the hot surfaces
which comprise the main core structure,
and exhausted through a nozzle cooled
by gas transpiration and with an exit
to throat area ratio of 35:1. The
reactor power would be generated
primarily in thin layers of uranium
carbide sandwiched between hydrogen
resistant metallic carbide coatings
and the primary graphite core structure.
A secondary source of power would be
from neutron and gamma heating of the
core structure, and propel-
lant shield.

reflector,

All reactors considered in this
report utilize carbon and graphite as
the reflector, moderator, and heat
transfer structure materials. In
order to keep the power density

NUCLEAR REACTOR ROCKET MOTOR

variation of the reactor core at a
minimum during reactor operation, the
maximum burnup should be held to 1%,
or less, of the uranium mass. Since
a typical required total energy output
of a rocket vehicle reactor is of the
order of 2 X 10°% kw-hr (see Part 1),
the total uranium burnup would be
roughly 1/2 1b of U?*5, Thus the
minimum al lowable critical mass will
be of the order of 50 to 100 pounds.
For homogeneous, carbon-reflected
reactors containing various volume
fractions of graphite, molybdenum
(core support structure), and zir-
conium, columbium, or tantalum (pro-
tective coating material), multigroup
analyses and calculations based upon
the work of Mills(!? indicate that the
minimum required critical mass for
operation of physically feasible
reactors is of the order of 50 to
150 pounds. Since useful nuclear
rocket reactors will necessarily be
relatively large, the uranium density
will always be low., Thus, despite
the required high critical mass, the
majority of the fissions will result
from thermal rather than fast neutrons.
The basic types of nuclear rocket
motor designs have been discussed
elsewhere. 2?3} The type of motor
considered here was chosen because
i1t appears to offer considerably more
promise from the practical standpoint
than any other. In order to obtain
a high power to total-weight ratio in
the reactor, it is obviously necessary
to operate the reactor at a high heat-
transfer-rate to core-volume ratio. This
in turn, requires a high surface-area
to core-structure~volume ratio and a
high gas mass velocity, if it is desired
to operate the core structure at
temperatures approaching the gas
outlet temperature. Other requirements
are that the gas pressure drop through
the core be limited to a maximum value
of the order of 30 to 40% of the
propellant gas pressure at the core
outlet (higher allowable pressure
drops necessitate excessive pump
weights), that the core structure must
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be able to withstand the thermal and
pressure loads imposed by the heat
transfer and gas flow conditions,
and the core material must not react
chemically with the propellant gases
(predominately hydrogen, for all use-
ful propellants) at 4500°F,

Fluid flow and heat transfer condi-
tions are optimized when the power
density is constant across the reactor
core in any plane normal to the fluid
flow. Furthermore, the variation,
with temperature, of gas properties
such as viscosity and thermal con-
ductivity is quite marked in the case
of hydrogen; therefore variations 1in
power density from point to point
within the core would have a pronounced
effect on the reactor rocket motor
performance.(4)

Variation of power density 1n a
direction parallel to the flow through
the core is permissible, provided that
the plane of maximum power density
occurs at the propellant inlet end of
the core and the minimum power density
region occurs at the hot gas outlet.
This maximum aexial variation in power
density should not exceed 25 to 30%.

A neutron reflector 1s necessitated
by the requirement of constant power
density across the core. With such a
reflector it will still be necessary
to vary the uranium concentration
across the core in order to hold the
radial variation 1in power density
within 5 to 10%. The radial power
density in any given plane normal to
the gas flow should also remain con-
stant within 5 to 10% throughout the
time of reactor operation.

From the structural standpoint,
carbon or graphite are the only known
moderating materials with appreci-
able strength at temperatures above
4000°F, ¢5) Graphite was chosen as
the material for the core structure
primarily because of i1ts high thermal
conductivity as compared with carbon.
Carbon was chosen as the reflector
material because of its very low cost
as compared to otherreflector materials
and because of its low thermal con-
ductivity; it must also serve as a
thermal insulator for the reactor
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pressure shell. Because of their
high strength-to-density ratios and
low absorption cross sections for
thermal neutrons, aluminumor magnesium
alloys are suitable for the reactor
rocket motor pressure shell and external
support structure. Proper cooling is,
of course, essential to the use of
these materials. The internal support
structure in the core, which would be
exposed to the propellant gasat 4500°F,
could be made from tantalum, columbium,
molybdenum, or zirconium. Molybdenum
would be preferred because it is more
readily available and less expensive
than tantalum, zirconium, or columbium,
and has more favorable thermal neutron
absorption cross section than tantalum.
The problem of protecting the hot core
elements from chemical reaction with
the predominantly hydrogen propellant
gas 1is by no means solved; however,
there are indications that
factory. protective coatings can be
made. Tests performed by North American

satis-

Aviation with tantalum carbide coatings
on graphite in flowing hydrogen at
3000°C showed that tantalum carbide
will give excellent protection to
graphite and does not react with hot
hydrogen atmospheres.
tests made on uncoated graphite samples
showed serious erosion of the graphite
during tests of 5to 15 min duration. (%)
Unfortunately, tantalum has a high
macroscopic thermal neutron absorption
cross section and 1is thus not well
suited for reactor operation. Colum-
bium, molybdenum, and zirconium, are
chemically similar to tantalum, have
much lower neutron absorption cross
sections, and form carbides with suf-
ficiently high melting points to make
their use in the rocket reactor pos-
sible,

No experimental workhas been done
on the efficacy of protective coatings
of the carbides of zirconium, colum-
bium, or molybdenum in dynamic hydrogen
atmospheres under the temperature and
pressure conditions envisioned for a
nuclear rocket motor. Until information
from tests of this type is available,
no such nuclear rocket motors can be
considered as feasible. It should be
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borne in mind that the required
operational life of the protective
coatings and, in fact, the nuclear
rocket reactors will be of the order
of 30 min or less for most practical
rocket vehicles. Possible methods of
coating graphite with the metal
carbides are (1) the deposition upon
the graphite of a metallic halide
layer of the desired metal froma vapor
phase, followed by heating to decompose
the halide compounds and by continued
heating to form the metallic carbides
by reaction with the graphite surface;
(2) surface coating of the graphite
by impregnation of the surface with
metallic compounds in an organic
solution, followed by heating to
vaporize the solvent, decompose the
metallic compounds, and form the
desired metallic carbides; and (3) in
the case of zirconium, by dipping the
graphite member to be coated directly
into a bath of molten zirconium or
zirconium-aluminum alloy, which would
initiate the exothermic Zr + C = ZrC
reaction.

For the purposes of this study, it
was assumed that a metallic carbide
protective coating could be found that
would provide satisfactory protection
for the graphite structure of the
reactor core at 4500°F in flowing
hydrogen and would not have an excessive
neutron absorption cross section,

The core elements must also contain
the nuclear fuel. It 1s contemplated
that the fuel would be in the form of
a layer of uranium carbide between the
graphite bodyof the structural element
and the external metallic carbide
protective coating. Possible methods
of applying the UC, coating to the
graphite are similar in principle to
those outlined for the metallic carbide
coatings.

Four possible reactor designs
appeared to give a sufficiently high
heat transfer rate per pound of total
reactor weight to make investigation
worthwhile. The four designs are
(1) the porous tube reactor; (2) the
packed sphere reactor; (3) the packed
rod reactor; and (4) the stacked plate
reactor. All four configurations are

similar in principle in that there
exists a high ratio of heat transfer
surface area toheat transfer structure
volume; however, each configuration is
geometrically ‘“coarser” than the
previous one (as listed above). Thus
there is a continuous spectrum of
required pressure drops and tempera-
ture differences when the four designs
are viewed in sequence.

In Part I, it was noted that vehicle
performance (as defined by the ratio
of full weight to dead load weight of
the vehicle)is an exponential function
of the propellant exhaust velocity,
For fixed nozzle geometry, the propel-
lant exhaust velocity is approximately
proportional to the square root of the
absolute temperature of the propellant
gas prior to expansion. The vehicle
performance, therefore, falls off
sharply as the maximum gas temperature
is decreased. The maximum gas tempera-
ture in any reactor of the sort proposed
for nuclear-rocket vehicles is limited
by the maximum allowable operating
temperature of the heat transfer
structure and by the structure-to-gas
temperature drop necessary to attain
the required heat transfer rate. From
data presented in Fig. 10, it would
seem unreasonable to predicate reactor
designs for a graphite structure
operating at temperatures higher than
5000°F, Thus, if the desired maximum
gas temperature is taken as 4500°F (as
in this study), the absolute maximum
allowable structure-to-gas temperature
drop will be 500°F at the gas outlet
end of the reactor.

The results of the design and
performance studies of the packed
sphere, packed rod, and stacked plate
reactor cores are presented in the
form of plots of the significant and
characteristic dimensional parameters
of each system as a function of the
bulk power density within the core.
The region of turbulent flow (that
is, Reynolds number > 2100) is the
only one of interest in the three
designs because, although the calcu-
lated theoretical performance in the
laminar region 1is more desirable than
that in the turbulent flow region in
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some cases, the structural requirements
(that is, the very small size required
of the core heat transfer elements)
are so stringent as to make physical
construction of the laminar region
designs appear virtually impossible.
The results of the porous tube reactor
design and performance study are shown
graphically in terms of the critical
tube dimensions vs. a simple function
of the reactor core bulk power density.
Flow through and heat transfer within
porous media cannot be handled con-
veniently by the conventional corre-
lations of Nusselt, Prandtl, and
Reynolds numbers and there are no
clear-cut laminar and turbulent flow
regimes. Thus, the equations relating
temperature and pressure drops to heat
transfer and fluid flow appear in
somewhat different forms than those
encountered i1in the packed sphere,
packed rod, and stacked plate studies.

Figure 11 shows a schematic outline
of the type of nuclear-powered rocket
motor discussed.

REACTOR CORE DESIGN SUMMARY

Porous Tube Reactor. The possible
use of porous graphite as a reactor
core structure heat transfer medium
for nuclear rockets is not new; (3)
however, its potentiality had never
been fully investigated by the use of

recently available analytical tools

PRESSLRE < \-\‘\-k/

to describe the flow and heat transfer
conditions in porous heat sources.¢’*8)

The porous tube reactor envisioned
would have a basic heat transfer
matrix consisting of a number of thin-
walled porous graphite tubes, all
parallel and spaced at equal intervals
in an equilateral triangular array
across the reactor core. The propel-
lant would be pumped through the
reflector as a coolant and then into
the spaces external to the tubes. It
would flow radially through the tube
walls, being vaporized and heated in
the process, and would finally flow
axially down the length of the tubes
to the converging-diverging exhaust
nozzle. The axial porous graphite
tubes could be supported at the gas
exit end by a graphite plate. This
plate would be designed to withstand
the load imposed by the pressure drop
across the tube walls and the ac-
celeration forces on the core structure
mass imposed by the contemplated
vehicle accelerations. The surfaces
of the pore passages through the
porous graphite tubes would be coated
with uranium carbide and a protective
metallic carbide, possibly by a vapor-
deposition process, and the power
generation would be primarily on the
pore surfaces of the tube that are
exposed to the propellant gas. Reactor
control might be accomplished by the
use of one or more movable boron

g
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carbide control rods extending into
the reactor core, parallel to the
porous tubes {(that is, axially through
the reactor), where they could be
cooled by liquid propellant flowing
around the rods in the rod hole
Jackets,

The optimum shape of the porous
tubes to be used in the reactor 1is,
of course, not cylindrical. For the
case of straight cylindrical tubes,
the gas pressure drop along the tube
caused by the increasing dynamic head
will cause a large variation in the
pressure differential across the tube
wall because the pressure on the
external (gas supply) side of the
tubes would be approximately constant.
Because of this, the maximum pressure
drop across the wall would be at the
gas exit end of the tubes. For the
same thermal and pressure stress
conditions, the higher pressure drop
across the wall would necessitate
thicker tube walls at the gas exit
end of the tubes than at the top of
the tubes. A thicker wall, however,
will cause a decrease 1n the gas
through-flow. For the case of conical
tubes, the internal gas pressure
remains constant down the tube length;
thus the gas pressure drop across the
tube wall will remain constant. How-
ever, the tube diameter increases from
the top of the tube to the gas exit
end; hence the cone wall thickness must
also 1ncrease to counteract increased
pressure loads, and the wall through-
flow will again be affected.

For purposes of this study, it was
assumed that straight cylindrical
porous graphite tubes of constant
wall thickness would be used, and that
the gas pressure drop across the tube
wall would be constant throughout
the tube length.

The basic result of this study is
given by an equation relating porous
tube diameter and tube wall thickness
tothe reactor core bulk power density.
For a design safety factor of 1.0 this
equation was found to be

M. 10.45 Dy

€ 2
T t[DH + t]
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where <, is the ratio of total porous
tube volume to the reactor core
volume. This equation is shown graphi-
cally in Fig. 12a. Figure 12b shows
the effect of design safety factor
on the bulk core power density for
any given porous tube dimensions.

From Figs. 12a and 126, it can be
seen that reactors of bulk core power
density greater than 100 megawatts/ft>
can be achieved only by the use of
small diameter and very thin-walled
porous graphite tubes operating at low
safety factors. The mechanical dif-
ficulties of fabricating the tubes and
applying uranium carbide and protective
metallic carbide coatings to the pore
and tube surfaces would be very great
compared to the problems associated
with the construction of a solid
graphite, surface coated type of
core structure, It may be concluded
that the porous graphite tube core
structure is not the optimum method
of rocket reactor construction, when
compared with the packed rod or stacked
plate core structure systems.

Packed Sphere Reactor. As an ex-
tension of the porous type of con-
struction, the next possible reactor
design to be considered was that in
which the core structure consists
of a‘“bed” of solid graphite spheres
packed in a tetrahedral geometry. In
this design, the propellant gas flow
is assumed to pass axially through
the reactor core, to absorb heat
energy from the sphere surfaces, and
to emerge at the core bottom at 4500°F
prior to entering the converging-
diverging exhaust nozzle. Each
graphite sphere would be coated with
a thin layer of uranium carbide covered
by a thin, hydrogen-resistant coating
of metallic carbide. The packed sphere
core could be supported by a graphite
plate designed to withstand the pressure
and acceleration loads imposed by the
flow system and vehicle performance.
The pressure loads, of course, appear
primarily as point contact loads be-
tween adjacent spheres and produce
high local stresses. Reactor control
might be accomplished by the use of
boron carbide control rods, as mentioned
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in the section on the porous tube
reactor.

The most interesting result from
the packed sphere reactor study 1is
the relation between the bulk core
power density, the gas pressure drop
across the core, the mean temperature

drop between the graphite spheres and

the gas, and the graphite sphere
diameter. This relationwas found to
be

AP 0,323 AT 0,446
1.305 <—- =
200 360

0,323
mw
(nc)0.823 <__>
-2
C
P

and is shown graphically in Fig. 13,
for Ap = 200 1b/in? and AT, = 360°F,
forall the propellant gases considered.
Values of Reynolds number are given at
several points along the curve. For
turbulent gas flow, the Reynolds number
must be greater than 2100, and it can
be seen from Fig. 13 that the maximum
possible bulk core power density is
thus 100 megawatts/ft® with a sphere
diameter of 0.090 inch,

The difficulties that would be
encountered in the fabrication and
satisfactory coating of millions of
small spheres for any reactor of
sufficient power output to propel a
rocket vehicle, while probably less
than those inherent in the construction
of the porous tube reactor system,
would certainly be great enough to
create serious doubt as to the wisdom,
1f not feasibility, of construction of
the packed sphere type reactor. It
thus seems reasonable to conclude that
the packed sphere reactor does not
appear to be the optimum type for
rocket vehicle propulsion.

Packed Rod Reactor. In an effort
to reduce the number of individual
pieces that would be required for
reactor core construction from that of
the numerous spheres necessary in the
previously discussed system, a reactor
core consisting of axially packed rods
was considered. This system appeared
to offer advantages from the standpoint

D =

s

of more rugged construction and greater
ease of manufacture and assembly than
either of the two reactor types dis-
cussed thus far, and seemed to be no
worse than either in respectto required
wall-to-gas temperature drops and gas
flow pressure drops. v

The reactor core of this type wquld
consist of numerous cylindrical solid
graphite rods packed together in an
equilateral triangular array with
their axes parallel to the axis of the
reactor core and the rocket vehicle.
These rods might be coated with uranium
carbide and a protective metallic
carbide coating, and couldbe supported
by either a graphite plate or a propel-
lant cooled, molybdenum or columbium
metallic structure, or by a combination

of both. The propellant gas flow
would, as in the previous types, pass
axially through the core, and the

propellant would be vaporized and
heated to 4500°F during passage through
the interstices between the packed
rods. The hot propellant gas would
leave the bottom of the reactor core
and pass through the exhaust nozzle;
thus furnishing thrust to propel the
vehicle. Reactor control by propel-
lant-cooled boron carbide rods in-
serted in the core seems feasible.

The relation between the bulk core
power density, the gas pressure drop
across the core, the mean temperature
difference between the graphite rods
and the gas, and the rod diameter was
found to be

Ap 0,328 AT 1,154
2. 717 ~——> —=
i 200 360
0,328
0.828 [ MW
) <:;>
°p

This equation is shown graphically
in Fig. 14, for Ap = 200 1b/in? and
AT, = 360°F, for all the propellant
gases considered. Values of Reynolds
number are given at several points
along the curve.

From Fig. 14, it would appear that
packed rod reactors could be con-
structed to operate at core power
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densities as high as 250 megawatts/ft°>
with rods of 0.090-in. in diameter
and with the gas flow at a Reynolds
number of 5000, This core power
density is high enough to provide
specific power above the minimum limit
for useful nuclear rocket motors, and
the rod diameter, though small, is
sufficient to give some assurance of
constructional feasibility., It would
seem reasonable to conclude that the
packed rod reactor core would be
capable of use as a rocket vehicle
power source. The construction of
such a packedrod reactor, while much
less difficult than the packed sphere
or porous tube systems, would be a
monumental task. The chief con-
structional difficulties would be the
manufacture of the many small-diameter
and satisfactorily coated rods and the
fabrication and assembly of the internal
rod support structure of the core.
The most obvious means of supporting
the rods 1s on metallic gridwork or
on perforated plates; however, both
methods suffer from the problems of
local stress concentration at the
support points and of serious
flow restriction at the gas passage
outlets 1f the rods and support
structure holes fail to line up
properly. It would probably be nec-
essary to utilize a support plate that
accurately located each rodin relation
to the gas outlet passages, and although
this might be accomplished by electro-

gas

smaller component dimensions at com~
parable power density levels.

Stacked Plate Reactor. A stacked
plate reactor core structure consisting
of thin parallel plates of graphite
spaced at equal intervals was Xt
considered with the aim of decrea%ng
constructiofhal
inherent?in

or eliminating the
difficulties that

each of the three reactor types con-
sidered previously. It seems self
evident that the manufacture of a
number of flat plates of given surface
area and thickness will be simpler
and cheaper than the manufacture of a
number of rods of diameter comparable
to the plate thickness and with the
The diffi-
culties expense of the uranium
carbide and hydrogen-resistant metallic
carbide ccating application would also
be less for the flat plate system than
for the packed rod, packed sphere, or
porous tube reactor systems.

The flat plates could be supported
within the core by a propellant-cooled
molybdenum or columbium metallic
structure and/or by graphite support
plates. The use of a propellant-
cooled, boron carbide, control rod
inserted in the core seems feasible.

The most interesting result of the
stacked plate reactor study 1is the
relation between the bulk core power
density, the gas pressure drop, the
plate-to-gas temperature difference,
the gas flow Reynolds number, and the

are

same total surface area.
and

plating processes, among other methods, plate thickness. This relation was
_ found to be
Ap \M2 [aT \3/2 nw \17 2
1,130 | = - 1,009 (= (k )1+ 01 (N )00
200 360 c; g €
t =
1/2 1/ 2 1/2
g =2
“p 200 360
and is shown in Fig. 15, for Ap = 200

it would still prove to be a difficult
and expensive task. It is believed
that the stacked plate reactor system
of fers sufficient constructional
advantages to offset its slightly

60

1b/in.? and ATm = 360°F, for several
values of Reynolds number for all the
propellants considered.

For core gas flow 1n the turbulent

regime, Fig. 15 indicates that bulk
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core power densities of the order of
150 megawatts/ft® could be obtained
with graphite plate thicknesses of
0.090 inch. This thickness is satis-
factory from the fabrication stand-
point and would provide sturdy core
structural elements which could be
manufactured relatively inexpensively,
even on an experimental basis. In
order to attain power densities of the
order of 500 megawatts/ft®, it would
be necessary to consider plate thick-
nesses of 0.035 in., which would seem
to be about the limit of constructional
feasibility. Higher power densities
may, of course, be obtained by operation
at higher allowable gas pressure drops
or plate-to-gas temperature drops.

Compared to the other systems, the
stacked plate reactor core appears
advantageous because of the larger
component sizes {(exclusive of thick-
ness), hence fewer required pieces,
simplicityof fabrication and assembly,
and relative cheapness of construction.
The support of the structural pieces
of the core - porous tubes, rods,
spheres, or plates - 1s obviously
simpler for the stacked plate system
than for any other. The reactor core
could consist of a number of hexagonal
‘““boxes’” stacked together ina cylindri-
cal pattern, each box could be made
from molybdenum and would contain a
specified number of graphite plates
supported by molybdenum channels at
the top and bottom of the plate
sections. This arrangement would be
much less complex than the support
structure which would be required for
the packed rod core, for example,
where it might be necessary to use
individual support pads at each rod
end so that the gas flow would not be
excessively restricted,

Because of the acceptably high power
densities theoretically attainable
from the stacked plate reactor core,
and the reasonable simplicity of the
core structural and heat transfer
elements, it would appear that the
stacked plate type of core structure
offers the most promise for useful
nuclear-powered rocket motors.
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REACTOR NUCLEAR REQUIREMENTS

Approximate critical mass calcu-
lations based on the work of Mills‘®’
were made for a homogeneous carbor
reflected reactor over a range of core
graphite volume fractions. A conshanit
zirconium (assumed coating materjal)
volume fraction of 0.05 and a con;iant
molybdenum (assumed structural ma-
terial) volume fraction of 0.10 were
used, The reflector thickness was
taken as 10 in.,, and a typical core
length and diameter of 90 in.
chosen,

Multigroup analyses of equivalent
reflected reactor configurations were
examined to supplement and to check
the approximate solutions for several
specific values of graphite core
volume fraction. The results of these
calculations are shown in Fig. 16,
Further criticality calculations were
made, over a range of molybdenum
volume fractions, for a fixed graphite
volume fraction of 0.50 and zirconium
volume fraction of 0,05. The results
are shown in Fig. 17. From Figs. 16
and 17, it may be concluded that ex-
cessive critical masses will be re-
gquired for carbon volume fractions
less than 0.35, and for molybdenum
volume fractions greater than approxi-
mately 0.15.

To show the effect of reactor size
approximate criti-
cality calculations were made over a
range of core diameters for a fixed
graphite volume fraction of 0.50 and
fixed zirconium and molybdenum volume
fractions of 0.05 and 0.10, respec-
tively, Multigroup calculations were
performed to obtain the desired data
for reactor cores smaller than 60 in.
in diameter. The results of these
calculations are shown in Fig. 18,
Fig. 18, the uranium bulk
density within the reactor core was
determined as a function of the core
diameter.

was

on critical mass,

From

The variation of uranium
density with core diameter is shown
in Fig. 19,

It can be seen from Fig. 19 that
the uranium density within the core
risesquite rapidly as the core diameter
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becomes smaller than 45 inches. For
purposes of this study, the minimum
core diameter was arbitrarily chosen
as 25 inches. This specified minimum
core size fixes the minimum rocket
motor outside diameter; hence the
minimum vehicle diameter.

ROCKET MOTOR STRUCTURE

In order to determine the effective
specific power of the nuclear rocket
motor, as previously defined, it is
necessary to know the over-all weight
density of the rocket motor and the
bulk power density of the reactor
core. The over-all weight density
of the rocket motor, and hence the
specific power, will depend upon the
size of the reactor because the carbon
reflector thickness is constant and
independent of the reactor diameter
and length. In order to determine the
variation of the specific power with
rocket motor size, the following
conditions were assumed:

1. The material volume fractions
within the core are: graphite, 0,50;
Zr, 0.05; and Mo, 0.10; the remainder
would be void volume for gas flow.
The core length-to-diameter ratio was
assumed to be 1.0,

2. The core would be reflected on
the sides and top with a constant carbon
reflector thickness of 10 inches.

3. The reactor pressure shell
would be cylindrical, with a 2:1
ellipsoidal top end cap, and with a
cylindrical length-to-diameter ratio
of 1.0, This configuration would
provide sufficient thickness above
the core-top reflector for an adequate
surge tank volume of liquid propellant
which would also serve as a fast
neutron shield and gamma radiation
energy absorber. The pressure shell
material could be 758ST-6 aluminum with
a tensile yield strengthof 67,000 psi.

4. The nozzle could be constructed
with porous nickel walls, an outer
shell of 75ST-6 aluminum, and an inner
throat and gas entrance section liner
of porous graphite. In order to
simplify the equations, the nozzle
was assumed to have 40% porosity and
to be constructed entirely of nickel.

66

For a rocket motor external diameter
D_, in inches, the total volume of the
pressure shell is given approximately by
(1) v, = [D? - (D, -2t)% (D) .

The shell thickness, t., is deter-
mined by allowable stress considera%ions
to be B
PoD, fs i
(2) ty T TS .

s
Now, for a maximum system pressure of
1700 psi, a tensile yield strength
of 67,000 psi, and a design safety
factor of 2.5, Eq. 2 reduces to

(3) t, = 0.0317 D, .

Equations 1 and 3 may be combined to
give pressure shell volume as

= 3
(4) v, = 0.1228 D .

For a nozzle with exit-area to throat-
area ratio of 35:1, the minimum nozzle
bulk volume was determined to be
approximately 30% of the pressure

shell volume. Thus
(5) Vn(bulk) = 0.30 Vs

and the solid volume of the nozzle
will be

6) v,

(0.30)(1 - porosity)Vs

0.18 v_ = 0.0221 p?
The volume of the 10 in.

carbon reflector is given by
(1) V, ., = 34.45 (D} - 25,62 D,
+ 182.3)
and the core volume is given by
(8) V= 0.6453 (D - 21.35)°.

Now the nuclear rocket motor
specific power, in megawatts per
pound of total rocket motor weight,
is given by

"

thick

efl

M.V,
1728 m,

where m_, the total rocket motor
weight, 1s determined from the sum of
the component weights to be

(10) m, =y Vo + v Vo + vl 0 Veons
+ Vc (')’(':fc + 7;,fz,
+ 7;oflo) °

(9) 7=



The material densities and the core
volume fractions for the rocket motor
configuration discussed previously
are given below.

MATERIAL v’ (1b/in.>) feore
1 !
Yo and ¥, ¢y c 0.0615 0.50
1
Yys Zr 0.2315 0.05
1
Yrto Mo 0. 3686 0.10
71 Al 0.1009
v, Ni 0.3219

By using the above values, and com-
bining Eqs. 4, 6, 7, and 8 with 9 and
10, the specific power is shown to be
related to the bulk core power density

and the rocket motor outside diameter
by

1
D

r

nC
(11) —

52.23 + 5674 <——

This relation
11 or

loaded vehicle weight,
can be obtained by use of Eq.
Fig. 20 and the equation
(12) P . =np.
See Part I for the complete deter-
mination of the rocket motor weight
equation. 4

In practice, Eq. 11 is cumbe ™ ome
to work with, and it 1is therefore
desirable to obtain a simple expres-
sion for nc/ﬁ as a function of D .
Itwas found possible to fit an equation
of the form

e B

= A + ——
14 bz
to Eq. 11 with fair accuracy. This
equation and its deviation from Eq. 11
are given below,

25.62 . 132.3>
2 3
D? D?

P < 21.35>3
1-~
]

Figure 20 shows the parameter
Mm./P as a function of D .

From Fig. 20, it may be seen that
the rocket motor specific power will
be low for small size reactors; hence
the rocket motor weight will be a large
fraction of the total loaded vehicle
weight for small vehicles. The motor
weight per unit vehicle weight drops
as the vehicle size increases; there-
fore it may be concluded that large
nuclear-powered rocket vehicles are
more practical than small vehicles
from the standpoint of motor dead
weight.

The variation of motor specific
power with size is too great to permit
the choice of a “typical” value for
use in the vehicle study (Part I).
For the vehicle study, it is necessary
to know the rocket motor weight as a
function of the reactor power output
and thus as a function of the total

+ 136.8 .
Me 3.46 x 10°
(13) —_= 200 + —4mM —
ﬁ D:.69
RANGE OF Dr (in.) MAXIMUM DEVIATION (%)
1000 <p_ <o 5
60 <D_ < 1000 2%
50 <D_< 60 11%
RADIATION HEATING OF PROPELLANT

In any nuclear fission process,
some of the fission energy 1s given
off as high-energy gamma rays (5 to
7 Mev per photon). This gamma ray
energy, whether absorbed in a con-
ventional shield of dense material or
in the propellant itself, must be dis-
sipated eventually by absorption in
the propellant because there 1is no
other coolant available in the rocket
system.
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A second source of volume heating
external to the reactor core 1is that
caused by thermalization of the high-
energy neutrons that leak out of the
core. It is desirable that these fast
neutrons be thermalized and absorbed
close to the reflector, before they
reach a region of material with high
absorption cross section (pumps,
turbines, lines, valves, etc.), in
order to minimize the production of
secondary gamma rays by (n,y) reac-
tions, Neutron thermalization 1is
best accomplished in media of low
molecular weight and low neutron
absorption cross section; thus the
vehicle propellant {( predominantly
hydrogen, with hydrogen densities com-
parable to the hydrogen density of
water ) can serve as an excellent fast
neutron shield. The thermal neutrons
leaving this propellant shield region
can be absorbed conveniently in a
layer of boron carbide or other suit-
able material,

The rocket motor geometry, as
previously specified, provides for
several feet of liquid propellant above
the core top reflector and inside the
rocket motor pressure shell; thus the
neutron thermalization will be es-
sentially complete within the rocket
motor, and secondary gamma emission
from structure external to the rocket
motor will be small compared to the
primary gamma flux from the reactor
core plus that from (n,y) reactions
within the propelliant shield.

In order to avoid the use of con-
ventional lead or iron gamma shielding,
hence additional dead weight in the
vehicle, 1t seems desirable to use the
propellant directly as the gamma-
energy absorber. By assuming that the
density of hydrogen in the liquid
propellant 1s about that of the
hydrogen density of water and that the
gamma absorption characteristics are
the same, the attenuation of the gamma
flux can be approximately expressed

by
(1) I =1

where g 1is the gamma absorption
coefficient of the propellant (in

cm'l), x is the absorber thickness
(in centemeters), and I, and I are
the radiation intensities before and
after attenuation.

The approximate propellant thick-
ness required for an attenuation of
100 in the gamma flux is given from
Eq. 1 as

1 I, 4.6
(2)  x,, =|—]) In{—] = i
v I v

p p

The absorption coefficient for
water is roughly 0.04 c¢m™! for 3-Mev
photons; thus the propellant thickness
for an attenuation of 100 is deter-
mined from Eq. 2 is 115 ecm, or 3.8 feet.
Since the volumetric heating in the
propellant is approximately propor-
tional to the gamma flux at any point
(1f neutron thermalization is neg-
lected), we find that 99% of the total
power generated within the propellant
in the first 3.8 ft of
This
internal heating is sufficient to
cause vaporization of some of the
propellant; in order to avoid propel-
lant loss, this vaporization should
be made to occur within the pressure
shell of the rocket motor. For the
rocket motor geometry previously
described, which has a 2:1 ellipsoidal
end cap on the motor pressure shell,
the propellant-filled space between
the reflector top and the end cap is
about [(D + 4)/4] ft in thickness;
thus adequate gamma shield thickness
for rocket motor diameters greater
than 8 ft is provided. Rocket motors
of smaller diameter will require
longer, hence heavier, pressure shell
structures per unit reactor core
volume in order to attain the desired
3.8 ft of propellant above the top
reflector and within the pressure
shell. This propellant layer acts
as both a fast-neutron shield and a
gamma radiation shield for the main
propellant tanks.

The power generated within the
propellant is obviously equal to the
total power leaking from the reactor
core as neutron and gamma radiation,
multiplied by the ratio of the effective

will occur
propellant nearest the reactor.
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area radiating to the propellant to
the total radiating area, plus the
power that results from secondary
radiation induced by the primary fasc-
neutron flux in the structure that is
external to the rocket motor. This
power can be expressed in Btu/sec by

(3) Q, = 946 AP f,

where A is the area ratio defined
above, Pr is total reactor power in
megawatts, and f_  1s the fraction of
fission energy escaping the reactor
core in the form of photon and fast
neutron radiation. The loss-energy
fraction, fe, was taken as 0,08; thus
16 Mev/fission are considered to be
to be dissipated external to the
reactor core. This value must approxi-
mately account for power generation
by secondary radiation as well as that
caused by the primary neutron and
gamma flux. Considerations of previous
shielding studies made at ORNL indi -
cate that 16 Mev/fission is a realistic
figure for the purposes of this
study. The effective area ratio,
A, is determined by geometrical con-
siderations, as below.

In Fig. 21, assume that the propel-
lant area normal to the radiating
flux is the circle of diameter D at
plane A-A4, and that the total spherical
area normal to the radiating flux 1is
the sphere of diameter {2 D. the
effective area ratio is then given by

KR 2
(%) o)

A = e = (0,125
(m)(I2 D)2
Now, the rate of vaporization of
propellant will be given by
946 AP f,
(4) w e
vap H

v

where w___ is in 1b/sec and H is the
latent heat of vaporization of the
propellant, in Btu/lb.

The total weight flow rate of
propellant required for the rocket
vehicle propulsive system 1s obtained

from Eqs. 18 and 19, Part I, this

report,; as

70

(5) w = 47,5 ————
P 2
vM

(5)

where v is the maximum theoretical

exhaust velocity of the propellants

used in this study and appears in
Table 4, Part I.

When Egs. 4 and 5 are combined,

the fraction of propellant vaporized

external to the reactor core 1is
2

_ v
Af
Yo “\103
(6) =199~
w H
p v

Using values for A and f, as determined
previously, Eq. 6 is reduced to

2
v
n
w 103>
e 0,199,
w
P v

Values of H_ at atmospheric pressure,
(vm/103)2, and wvap/wp are given 1in
Table 7 for each propellant considered.

It can be seen from Table 7 that
nearly all of the propellant in a pure
hydrogen system will be vaporized
within the rocket motor pressure
shell before the propellant reaches
while in the ammonia,

(7)

the reactor core,
hydrazine, and water systems, there
will be relatively little vaporization
external to the core.

Propellant vaporization outside the

core, but within the pressure shell,

TABLE 7. HEAT OF VAPORIZATION AND
FRACTION OF PROPELLANT VAPORIZED
BY RADIATION HEATING

PROPELLANT B | (v /1092 %yap/",
Hydrogen 197 962 0.972
Me thane 248 268 0.215
Ammonia 587 227 0.077
Hydrazine 602 181 0.060
Water 969 152 0.031
Hydrogen and ammonia | 513 367 0.142

“flu data obtained from refs. 20, 21, and 22.
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1s certainly not detrimental to the
reactor design or theoretical vehicle
performance. The external vaporization
serves to reduce the energy expenditure,
hence heat transfer and gas pressure

From ref. 8, for calculation of the
gas pressure drop across the wall,
it will be found convenient to use an
average gas temperature defined as

drop requirements within the reactor
core i1tself; thus lighter weight
reactors for the same total power
output can be used.

REACTOR CORE DESIGN

Porous Tube Reactor. It is shown
by the work of Green(®’ that, for gas
flow through a porous-wall heat source
of high thermal conductivity, the
temperature distribution across the
porous wall of thickness t is given by

(1) (T - 9t |

1 ¢
(3) T,e =~th Tdx

which becomes

. gt . k,AT”
ave 2Gce Ge
P P
by use of Eqs. 1 and 2, Now from

refs. 7 and 8, the gas flow through
the wall is shown to be approximately

1 = e (Gepgt/kd)(1ax/t)

T,) = —+
0 Ge t
pe

Ge t ’
Pe
<ks>

from which the expression for the wall temperature drop, AT, is obtained:

qt l_e'(c‘-'pgt/ks)

x=0 Ge Ge t
pg Pa
ks

(2) AT, =
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described by

B 2
2 2
Po "p,; 9 ,
(4)*—-t‘—‘—— bap.Tang
6
IG Tav G2 4
6gc 8
but
1ﬁp
(5) Po © pavg _2—_
and
Op
p;, = pavg ’__2_ H

thus Eq. 4 can be written as
2pangp
t

(6)

] fon o, B
= (cT,, ) k boa ' o+ 6gc)

The stresses induced in the wall by
external pressure loading are given

by

ApD
H
(7) s, = P

for thin tube walls, while the thermal
stresses can be closely approximated

by

ATHEB

®) Tth T 2(1 - o)

For pressure loading, the stresses
on the inner and outer tube surfaces
are both compressive; however, for
thermal loading under the conditions
assumed for reactor operation, the
inner surface stress will be a com-
pressive stress, while the outer tube
surface stress will be a tensile
stress. The maximum hoop stress will
thus be the sum of the thermal and

pressure compressive stresses; hence

(9) Siot - SL T Sun

Only hoop stress 1s considered
because the pressure loading axial
stress will, in general, be approxi-
mately one-half as great as the
pressure hoop stress; hence the sum

of the axial pressure and thermal
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compressive stresses will be less than
the sum of the compressive hoop
stresses.

The total stress, of course, must

not be greater than the desired
allowable working stress, hence
Eqs. 7, 8, and 9 become
(10) s, i DHAp AT, EB
f 2t 2(1 — o)’
s

Certain subsidiary relations are
necessary in order to arrive at the
desired parameters that describe the
reactor core system design. These
relations are:

Power generation

NymrDy tL
i1) = v, = ——m———
( Pr = y%u 1728
for thin walled tubes.
Tube volume
€ 77
mi7 2 _ T 2

12) L, + 0L =—— 0I)L

Power density

(13) g = 0.5486 7,

Weight flow rate of gas

(14) G = — —

Ay mDyLm
but the reactor power output must be
equal to the power absorbed and
dissipated by the propellant gas;

hence
2
0,678 2 -2 >
p. = 0. — .
i 8. \10°

A combination of Eqs. 14 and 15
vields a relation between weight flow
rate per unit area of tube surface
and total reactor power:

1.474 g P,

v 2 .
7T< 3> DHLm
10

For optimum design of a cylindrical
homogeneous reactor, the ratio of
reactor length to diameter should be
approximately 0.93. For convenience,

{15)

(16) G =




this ratio shall be taken as 1.0; _ Thus, from Eqs. 20, 18, and 2, AT” can

hence be expressed as
L
(17) = 1.0 .
D
¢
4 (Dy + )% P e, t 0
1 - -
exp ‘1 D” € D3 k
C, < T ¢ *
(21) AT, = 1 - ?’
oeye,, I: (D, + t)? P, c”tJ
Cy
D 3
\_ B €TDc ks J
Now, combining Egs. 12, 16, and 17 and from Eq. 3, T‘vg can be written as
yields an expression for the gas c
; 2
weight flow rate (22) T -
avg
(D, + t)? P, 2c1¢,,
(18) G = <,y 3
D 3 k D €D
H €TDc + s H T ¢ AT” '
where €16, ,t (D”‘Ft)2 P,
1.474 ¢ .
. m— The solution of Eq. 10 for Ap/t yields
1 Pl
v
w< 3) 03 L [230 AT4EB| /3
10 ERE ARG IAVYA
Equations 11, 12, 13 and 17, when
combined, yield an expression for the Now, by introducing the parameters
core structure power density
) (D, + t)?
(D, + t)° P, A ——
(19) q = c, D,
D”t ETDS
€ and
where p
(0,5486)(1728) g = r
c, = . 3
2 ™ €TD¢'

Equations 18 and 19, when combined,

yield
(20) at s
G ¢,
' -cghBt
1 - €6
(24) 2p c, = 2¢cgcy |1 = ¢
ave cehOt

ERCERNICILY { csDy +

and by combining Eqs. 6, 18, 21, 22,
and 23, the final relation involving
gas flow, power generation, heat
transfer, and thermal and pressure
stresses in the reactor core is

)|

ZCSDH
ceNOt

<1_1

_6'66>\9t>]
—e /|
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1,474 g,

¢, =———— as before

v 2
7T < m >
103

(0.5486)(1728)

€, = - as before
T
c; = 2ba p'cl
68c?
C =
4 6gc
€2
C =
5
2¢y pe
6 ks
2sc
C =
7 fs
EB
c, = ——————
8 (1 - o)

The material properties necessary
to evaluate the foregoing constants

are E, B, o The

’

s,, kg, a, and 5.
necessary gas properties are b, u

v, and c

b

H

b Other information required

2sc
(26) I‘f' - 7350 <1 -

65.5A00t

] = -65.5A6¢ }
/

N +1727(M9)2

= [1.89 x 1010

(mw)c (mw)e

re p

for a useful solution of Eq. 24 is
the average system pressure, P , and

. . ave
the desired maximum gas temperature,

T .

¢ From the National Carbon Co.
handbook, the following information
was obtained for National Carbon Co.

grade No. 30 porous graphite:

s, = 520 psi

E=0.2 x 10° psi

B = 5.9 x 10°° in./in.*°F at 4500°F

o= 0.2

ks = 0,93 x 10°3% Btu/sec in. °F.
Reference 8 gives a = 8.4 x 10%/in.?

~and B = 4.9 x 10%/in.

porous carbon,

for grade No. 30
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The maximum theoretical propellant
gas velocity is

—
| 2g k K_
v =
" kR - 1nw ¢
(see Eq. 35, Part 1) and the gas
constant 1s
1.856 x 10*
mnw
Now, since
kRu
(mu‘/((,pg = (k-_l)J’
then
»2 - - B .
v 2gCJch70 ;
thus
6.06 x 10772
CI = —
c
peg

for any gas at 1T _ = 4960°R.
The other required conditions are

p = 1500 and T_ = 4960°R.

psi
avg
above,

By using the data given
Eq. 24 can be reduced to

’ 0.02535 / 1 - - 655Aft
0.83D +—"""" (.- "° ],
d Gt 65.5 NGt

The following values were used in
preliminary calculations for hydrogen
gas:

b = 0.93 x 10* in. /°R

' 4.01 x 10°° lb-sec/in.> at
2500 to 3000°F
31,000 ft/sec (see Part I)
4.0 Btu/lb* °R.

v
n
c
pg

By solving Eq. 26 graphically, it was
found that the value of the right side
of the equation, for the range of
interest of D, and t, was always less

than 30 for all values of AGt

less

than 0.1 and was always close to
zero for all A0t less than 0,01,
Thus, when the right hand side of the



equation is denoted by ®, and the
equation is rearranged,

2sc
1 - ¢-65:5A6¢ I, R
27 = 1 - ——
(27) 65.5 NGt 7350 )
or for @ o0,
1_ -65.5}\.9t 2
(28) T LA
65.5 0t 7350fs
From Eqs. 24, 26, 27, and 28, it can

be seen that for temperatures, pres-
sures, and porosities of the order of
magnitude considered, the relation
between A, &, and t within the reactor
core 1s virtually independent of the
gas properties and tae viscous and
inertial flow coefficients of the
porous material. This relation depends
only upon the desired design safety
factor and the physical properties
of the porous material.

Using the materials properties
data given previously and a design
safety factor of 1.0, Eq. 28 was
solved to determine that

(29) NGt = 4.75 x 10°3
Now, the reactor bulk core power
density, defined as the ratio of the
total reactor power ocutput to the
total core volume, is given by
P"
(30) M, = 2200——= 2200 Ge, .
[+ D3
[

and 30 and
introducing the defined expression
for A, an equation relating porous
tube diameter and wall thickness to
reactor core power density 1s obtained
as

Combining Eqs. 29

re-

n,  10.45 D,

(31) _—_—
€1 t(D, + t)?

The maximum possible value for the
tube core volume fraction, €r, Occurs
for equilateral triangular packing of

the porous tubes, and is €, = 0,907,

Figure 12a shows porous graphite
tube diameters and wall thicknesses
required for any given bulk core
power density, as given by Eq. 31.
Figure 12b shows the effect of the
design safety factor on the power
density for any given conditions of
porous tube diameter and wall thickness.

Packed Sphere Reactor. For flow of
gases through packed spherical beds,
ref, 9 gives the gas pressure drop as
the following dimensionless equation:

dF  f'f" V2
(1) — = -4+
dx  72g_
s
which can be written as
dF "FUG?
o L 1T
x g6'021)5
by means of the relation
Vo= 144 G
0 )2
However,
dp dF
P
thus
d ¥ ‘IIGZ
(3) A FIE A R
dx gchs
Now, the gas density ¢ at any point

x through the reactor core, 1s given

by
) Px(mw)
p e e
*  R'7
u gx

Thus, Eq. 2 becomes

dp f, fﬂGszlzng
(5) p— = 288 —MM88—
dx g, DS(MW)

_ 1 d(p?)

2 dx

Now, assuming that the gas temperature
through the reactor length can be
approximated by

- L
T =4 - e ™'t
gx ’
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the gas temperature is then expressed
by

(T -T) e
c 0 ~x/L
= o— - c
(6) Tgx T, oD (1 —e )
for boundary conditions of
x =0, 7? = To,
and

x:L, T =T

c g ¢
Substituting Eq. 6 into Eq. 5, utilizing
the relations p, Pove T Ap/2, and
PL = Payg ~ Ap/2, and integrating from
x =0 tox =L

cl

288 f'f"L G2R!T,

(7) Ap =
F (e -1) gz.'l).s(”m) Pavg

within 5% for T, = 460°R.
Now, i1f the gas exit temperature,
T is specified to be 4960°R, the

c L
average reactor gas pressure, P, .,
is specified to be 1600 psi, and ap-
propriate values for R; and g, are

substituted, Eq. 6 reduces to

G2L
c

(8) Ap = 171 f'f"

(mw)Ds

As for the porous tube reactor, the
weight flow rate per unit area (based

study and reduced numerically, 1t 1s

found that
p
(1) G = 0.242

c 2
pg ¢
For values of DS/DC < 0.05, the
factor f”" in Egq. 8 is given by
0.9 < f" < 1.0. The factor f', for
all values of D _/D_, is given by the
relation
800 39

A2 ey G e
°f

where Ng. is the Reynolds number for

flow purposes and is defined as

D G
S

(13)
f i

Combining Egs. 11, 12,

determined to be

kgbi
(14) ' = 2610 P I
r s

) 0.
kD2
+47.1 (25
P D
r s

A combination of Egs. 8, 11, and 14
produces the following equation for Dp

and 13, f' is

16

mw Pr miw Pr 1.84 Ds 0.84
(15)  (8p)(D?) =2.352x10% (k) [— ——\+424.5 (k)10 f— ) — — :
s & <2 J\D € <2 Dc Dc
p/ ¢ p

upon total core cross section) may
now be expressed by

w

(9) G=—o-—

-

and again, as for the porous tube

reactor, the power generation 1is given
as

v [V ’
(10) Pr = 0.678 — {—

g \10°
If Eqs. 9 and 10 are combined with
Eq. 25 in the porous tube reactor
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In order to evaluate this and other
it is necessary to specify
(mw,

equations,
values of the gas properties
Fp’ k , and ©) to be used 1in the

Since the properties
change with temperature, they will
certainly vary widely 1n the flow
through the reactor core, where the
gas is heated from essentially 0 to
4500°F. This wide temperature varia-
tion that all
involving functions of the gas prop-
erties should be solved by numerical
integration
for the gas properties are substituted

equations.

indicates equations

in which proper values

at each point through the core. How-



ever, solutions sufficiently accurate
for the purposes of this study may be
obtained by use of gas properties
evaluated at an average gas tempera-
ture defined as

1 el
(16) Tave =T f T, dx
c 0

The solution of Eq. 16, by using
Tgx from Eq. 6, 1s

(T, - Ty)
(17) T =T + ———
avg 0 (e _ 1)
Now, by taking T, as 460°R and T, as
4960°R, Tﬂvg becomes 3080°R. The

viscosity, conductivity, molecular
weight, and molar specific heat for
each of the propellant gases con-
sidered 1is given in Table 8 for this
temperature. The data was obtained
primarily from refs. 10, 11, 12, 13,
and 14, and by use of the assumption
that the Prandtl number of the gases
considered 1is 0.79 and is 1invariant
with temperature.

The average values of certain

(k)ava! = 0.073
(k7. 2° = 0.083
(k)2 % = 0.107
(k). = 0.137
(k )1.48 <m_w
g =2
p av

g

mean error < 6%

maximum error < 15%

= 9,11 x 1010

mean error < 1%
maximum error < 11%

0.5 .
(kg)‘-°‘ -——> =9.98 x10°%
avg

1.22 mw
w0 (3
P

mean error < 9%

maximum error < 17%

= 2,32 x 10”8

. . avg
functions of these properties will be
found useful later, and are given for mean error < 14%
reference. maximum error < 21%
TABLE 8. APPROXIMATE PROPELLANT GAS PROPERTIES AT T  _ = 3080°R (2620°F)
APPROXIMATE | AVERAGE — k e
LIQUID c M e _—
PROPELLANT COMngiTION AC;IEAL (Btu/mople'oF) (lb/sec *in.) (Btu/sec’in. *°F) —gﬁ)
Hydrogen Lo H, 1.99 8.0 1.55 x 107° 7.89 x 107° 0.031
Anmonia 0.75 H, 8. 48 8.1 2.73 x 10°% | 3.30 x 10°° 0.129
0.25 N,
Hydrazine 0.67 H, 10.64 8.2 2.88 x 10°¢ | 2.81 x 107° 0.159
0.33 N,
Methane 0.25 CH, | 7.81 ~10 2.3 x107% | 3.7 x107° 0.078
0.75 H,
Water Lo MO0 | 17.92 12.0 3.75 x 107° | 3.18 x 10°° 0. 124
Hydrogen and smmonia | 0.875 H, 5.23 8.05 2.34 x 107° 4.51 x 10°° 0.081
0.125 N,
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= 3.62 x 10°7

(k) <mw>
g <2
P

By using data from Table 8,

is reduced to
P"
8.51 x 1073 | —
DC

1.84 0.84

+ 58.16 <mw><fi> 8 (fi) 8
: 2 \D D
Cp c c

If the parameters 6 = P_/D_ and
A= DC/Ds are introduced, Eq. 18 can
be written

(19) (Ap)(D?) = 8.51 x 10°% &

nw 91.84
+ 58.16 |—
=2 N\O.84

p

avg

mean error < 18%
maximum error < 33%

Eq. 15

(18)  (Ap)(D?) =

The load stresses on the graphite
spheres are due primarily to the
pressure loading as given by Eg. 19.
At any sphere midplane cross section
(across the reactor core) the com-
pressive stress will be given as

(20) s,., =0p t Wsphx ,
where Wspp, is the weight of all the
spheres above the cross-section
station. Obviously, s __ will be a
maximum in the bottom row of spheres;
thus
a D ¥ €,

(21) s = Np +__f_ﬁ_i___,

*~*max 1728 EAgc

where a_ is the maximum acceleration
of the rocket vehicle, €y, 1s the volume
fraction of the core occupied by the
spheres and is given by

total sphere volume

(22) €, = =

4 total core volume

0.740

for tetrahedral packing. The fraction
of the core cross sectional area

occupied by the spheres at any section
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through the sphere midplanes is€,, and

is given by

5 maximum sphere cross section
£ =

(23) A core cross section

= 0.907

for tetrahedral packing., When a
specific gravity of 1.70 for graphite
and a maximum vehicle acceleration of
9g, are used,Eq. 21 reduces to

(24) s, = lp+ 0.492D, .

Stresses at the contact points of
the stacked sphere structure are, 1in
general, higher and more highly con-
centrated than the simple midplane
compressive stress given by Eq. 24.
The contact point compressive stress
due to pressure and weight loading 1is

given in ref. 15 as
/3
FLE?
(25) s, =0.918  ——w— .
theo D:(l _0_2)2
It 1s pointed out in ref. 16 that

this theoretical equation has been
found by experiment to predict values
of stresses 4 to 5 times higher than
the normal allowable stresses for the
materials which were tested. In these
sphere loading tests, it was found
that the spheres could withstand
stresses 4 to 5 times the normal
allowable stresses of the material
when the applied stresses were computed
by Eq. 25. Hence, in order to deal
only with numbers which are comparable
to the normal allowable stresses of
the sphere material, s, shall be taken

as equal to s, /4. Thus
theo
1/3
FTE2
(26) s, = 0.23 .
DI(1 - o)

F, is the total normal load at any one
contact point between any two spheres
and is a maximum on the bottom row of
spheres. For tetrahedral packing, F
is found to be

(27) Fp = 0.392 (&p) (DY)
+5.0x 107 a

T

(D) (D?) .

m



Thvs, combining Fas. 26 and 27, s, 1is
obtained as
2
(28) s, = 0.23 (0.392 Ap
(1 -~ o0?)?
1/3

+ 5.0 x 107* a, DC) .

For solid graphite at a temperature of
4500°F, E = 1 x 10% psi and o %X 0.2,
When these values are used, and the
maximum vehicle acceleration 1is
specified as 9g, (see Part I), Fq. 28
becomes

]
(29) s, = 1242 (2.705 Ap + DC) .
From ref. 17,

that result from internal
in the spheres are

ATS

the maximum thermal
stresses
power generation

p . 2EB
" (1 -o) 5

which is the radial compressive stress
at the sphere center, and

EB 17 4k ¢
LAY N (L )
(1 -o0) S\15 3Dk,

which is the tangential tensile stress

(30)

(31 o, -

at the sphere surface. The tempera-
ture drop from the sphere center to
the sphere surface, AT, is given by

D}
(32) AT =
§ 24k
8§
The power generation within the
solid graphite spheres is given by
€P
(33) q = 0.5486 n_—,
€
v
where ¢ 1s the fraction of the total

reactor power generated within the
graphite spheres by neutron and gamma
heating,

The bulk core power density is, as
for the porous tube reactor,

1728 P P
(34) 7, =—" = 2200— .

<z> D3 D3

4) e ‘

33 and 34

A combination of Egs.
yields

e P

pr
(35) qg = 1207— — .
€y Di
Now, for turbulent gas flow, the

sphere surface heat transfer coef-
ficient, h_, is given from ref. 18 as
kg 0.8
(36) h,=0.023— ( Ng, (Np )4,
c dh H

where Nga is the heat transfer
¢H
Reynolds number and i1s given by
2GL D
(37) N = —
Rey 3e,D 1

As for the porous tube reactor, the
optimum core length to diameter ratio
is taken as 1,0, thus

(38) = 1.0

and Eq. 37, when combined with Eqgqs, 11,
22, and 38, becomes

s

)
N. = 0.218 "7
Re”

(39) ;
HCpete
and for Np. = 0.79, as before (Table 8),
(10) y 0.276 P D
ReH - E D2
g ¢
or
0.276 ¢
N, = — .
Rey k A

g
The “hydraulic’ diameter, d,, is
defined as four times the total flow
volume divided by the total “wetted”
sphere surface area, and is given by

1 - €
2 12
dh 3 Ds <——-_> ’
3 €y

(41)
which can be reduced by FEq. 22 to
obtain
dy = 0.234 D_ .
Now, combining Fqgs. 36, 40, and 41, an

equation for h_, is obtained as follows:
PrDs 0.8 1 \

(42) h, = 0.032 k2? 5 — .
& DC DS
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1s seen to be
thus FEq. 42 is

From Table 8, ko 2}

approx1mately o 083
reduced to

(PP 1\
(43) h_ = 2.66 x 10° 3 E
D? \D /

When Fgs. 32 and 35 are combined and

it 1s specified that 10% of the total
reactor power 1s generated within the

(thus ¢ = 0.10), the

graphite spheres

expression for ATS lecomes
2
6.80 P05

(44) AT = .
kg Di

Ry combining Fgs. 30 and 31 with 43
and 44, the final thermal ess
equations are obtained s&s

stre

2
o.72 kB P05

(4‘5) B = ;
rm (1 - o) kng
and
(46) 4 B [T7 P
¢, =
Fm (1 - o) 3
kSDC

’

P No.2/D \1.2
r S
+ 3410\ — - J
D, DC

If the graphite properties, as

specified previously, are taken to be
E =1 x 10° psi ,
o= 0.2 ,
B =3.1x10"% in./in. - °F ,

k = 4,17 « 10°* Btu/sec-in.*°F |,
and the A and ¢ notation introduced
for Eq. 19 1s used, Egs. 45 and 46
become
(47) R, = 2.53 « 10— |

)\2
and
&
(48) ®¢m = 7.18 « 10* —;;
502
+1.32 x 10*
}\1.2

The rate of heat transmission from
to the gas must be egual
to the power generation within the
the power generation
thus

the spheres

spheres plus
within the uranium carbide layer;
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a heat transfer balance may be set up
as

(49) h A

c Aspn AT, = 948 P, .
Since A is the “wetted’ surface
area of all the spheres, we have
272 P D,
AT = ——
n 3
hCDC

(50)

and, from Fg. 43, Eq. 50 1is reduced to

P N0z /D N\ 1.2
(51) AT, =1.02 x10° <——-> — ;
m D, D,
or
G0 - 2
(52) AT = 1,02 x 10° .
n Al-2
Now, the bulk core power density,
7., may be rewritten from Eq. 34 as
P D 2 1
r s
(53) m. = 2200< >< <—> ,
D D 4 Di
or
(54) 0, = 2200 —2 .
(AD )
S
Now by solving for Di from Eq. 19,
and A% from Eq. 52, and by introducing

the parameters (ATm/360) and (&p/200),

M. 1s approximately expressed by

<’AP > <ATm> 0.967
32.3 200/ 1360

2 ﬁc = -
mw
(___> £1.033
2
\CP"
for & > A/100.
For hydrogen gas, mw/c? is given

in Table 8 as approximately 3.1x 1072

< Op > <.&Tm> 0.967
200/ \360

| = .

2 61‘033

thus

(56) 7

¢

As determined from Egq. 52, A 1is

60'167

A= 111.0 7V —
<L,;Tm> 0.833
. 360,

(57)




This expression for A, when combined
with Eq. 40, yields the following
relation between heat transfer Reynolds
number, Np_, and the reactor power
factor O: #

_ AT 0.833
2.49 x 1073
(58) NRe” - i < "‘> (6)0-833

kg 360

Again from Table 8, k
at the conditions state

for hydrogen
is given as

7.89 x 10°% BRtu/sec*in.-°F; thus
<ATM>0J33
(59) N = 316 | —— 6)0833
“eH| 360 ()

H,

Since the primary parameter de-
termining the feasibility of con-
struction of the packed sphere reactor
core is the required sphere diameter,
it is of interest to determine the
relation between sphere diameter and
bulk core power density.

By combining Eqs. 19 and 57,
sphere diameter is given by

mw 0.5
) oo

(60) D, = 7.471 x 1072 :
0.5 0.35
200 360

When Eq. 60 is solved for & and the
value substituted into Eg. 55, the
following relation between sphere
diameter and reactor power density 1is

obtained:
Ap 0.323 ’ATm 0.446
1.305 -——> (——~
200 360

the

(61) D, = .

8
0.323
nw
0.823
(nc) <:;>
‘p

Figure 13 shows the required sphere
diameter as a function of the desired
bulk core power density for all the
propellant gases considered, as given
by Eq. 61. The heat transfer Reynolds
number 1s given at various points
along the curve,

Packed Rod Reactor. The pressure
stresses 1in the packed rod core arise
from axial compressive loads on the
rods. The loads result from the gas
pressure drop from the core top to
bottom. The thermal stresses caused
by volumetric power generation within
the rods are compressive at the rod
center and tensile on the rod surface
under the assumed conditions of reactor
operation,

From ref. 19, the gas pressure drop
is found as the dimensionless equation

dF fG?
(1) —— = 288 e .
dx gcpzdh

In a manner identical to that used in
Egs. 1 through 8 in the section on the
packed sphere reactor, the gas pressure
drop is determined to be

¢* L.
(2) bp o= 171 f — —

nw dh
for an assumed axial gas temperature
given by

(Tc - To) € < -x/L )
= [ _ ¢

Tgx T, e - 1 1 e .

For purposes of this study, G is
based upon flow cross sectional area;
thus

w
(3) G = ——n

_Z> D2 e

<4 ¢ f
where €, is the gas volume fraction of

the core and is given by

total core cross section - rod cross section

(4) €f =

For hydrogen gas, this reduces to

0. 446
4.01 Ap \0-323 AT

(62) D,| = ——r <._ﬁ> " .
H, (nc)mszs 200 360

total core cross section

which, for rod packing in equilateral
triangular array, is 0.093. Now,
since the reactor power output must be
balanced by the rate of energy gain of
the propellant, the following equation
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may be written: for rod packing in an equilateral
triangular array. Actually, because
w <vm>2 of laminar flow effects near the

(5) P, =0.678 — points of tangency of adjacent rods,

r

Ec\10° it was felt more conservative to use a
From Eq. 25 in the porous tube reactor slightly higher value for d, than that
study, it can be shown that the maximum given by Egq. 10. For convenience, d,
theoretical exhaust velocity, v,, 1S was increased by a factor of 7/2; thus
given by giving
c T =
(6) b2 - 1556 g plec . (11) ,dﬁ = 0.162 D .
n ¢ mw By combining Egs. 7, 8, 9, and 11

with Eq. 2, and by specifying that the
gas Prandt]l number be 0.79, the
following equation for Ap was obtained:

D 0.48 P 0.52
12)  (8p)(D?) = 1.735 x 10° (k148 2 (—C> (—5>
(12)  (4p) (D?) PR >
p

C
P 1.82 D 0.82
+ 615 kO.lSM_ J < s> .
& D D
CP c

Now, combining Eqs. 3, 5, and 6
yields an expression for the weight

c

From the propellant gas data in

flow rate per unit flow area as: Table 8, it was found that ko.lsl
<Pr nw is 0,107, and that the average vaing
(7). G = 0.242— — |, of the k!-4% (nw/c?) term is 9.11 x
D2> <€fcp> 10710 wigh an averdge deviation of 7%
c g 1
for the propellants considered. Ry
when T  is specified as 4960°R. using these values and introducing the
The friction factor, f, in Eqs. 1 notation A = D /D_and 6 = P_/D , Eq.
and 2 is given by 12 becomes @ o
(8) ;- 128 N 0.0453 (13) (Ap)(Dg)
(Ng HP*8 (Ng )0 t8 - 1.58 x 10°3 £0-52 \0.48
. 2 ) . . mw H1-82
or all 10° < Np_ < 10" where Ny _ is + 65.8 mw .
the Reynolds number of the flow and is < ;2> A0-82
applicable throughout this section of p

the study to both flow and heat
transfer expressions. Here Ny  1is
de f ined as:

The load stresses on the graphite
rods are entirely compressive in nature
(when side loads imposed by vehicle

th maneuvers are neglected) and the
(9) Ng, = . maximum load compressive stress 1s
H given by:
The “hydraulic” diametgr, dh’ is given (14) s, = Ap + W, ods
by or
(10) dh(theo) (15) A amLc’yC
5 = + ——,
(4) (gas flow area between rods) 1 P 1728 g,

flow channel perimeter In this reactor, as for the others,

= 0.103 D the core is assumed to be a square
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cylinder; thus
(16) . 1.0
D = . .

Furthermore, the maximum vehicle
acceleration is given in Part T as 9g,
If a specific gravity of 1.70 is used
for graphite, Eq. 15 can be reduced to

(17) s, = Ap + 0.553 D, .

The maximum thermal stress resulting
from internal power generation in the
rods is given by

AT, EB

$

(18) Syp = 5 (I—:—;S

which 1s axial compressive stress at
the rod center and axial and tangential
tensile stress at the rod surface.
The temperature drop from the rod
center to the rod surface is given hy
2
DS
AT = .
§ 16 k

(19)

The power generation within the
graphite rods is given by

€

P
qg = 0.5486 ——— 7

1 - ¢

f

is the fraction of the total
reactor power generated within the
graphite rods by neutron and gamma ray

heating, and is taken as €p = 0.10.

(20)

¢ ’

where €

The bulk core power density 1is
given, as previously, by

Pr
(21) m, = 2000 — .
3
DC
which, when combined with Eq. 20,
yields
€p P,
(22) q = 1207 ) 7
- Ef Dc

When Eqs. 18, 19, and 22 are combined,
the thermal stress is given by
2

€p B P.Dg

(1-€5) (1-0) p?

(23) 5,5 = 37.72

For ¢ = 0.10, €, = 0,093, and
graphite properties of k_ = 4,17 X 10°4
Btu/sec*in.*°F, o = 0.2, E = 1 x 10°¢
psi, and B = 3.1 x 10°® in./in.*°F,

Eq. 23 reduces to
p.D?
(24) s, = 3.87 x 10* :
D3
[

or in the A and & notation,

s b
(25) Syp = 3.87 x 107 — .
A2
Now, for turbulent gas flow, the

rod surface heat transfer coefficient

is given by ref, 18 as
ke

(26) h = 0.023 - (Npe ) ® (Np )"
h

By combining Egqs. 7, 9, and 11 with
Eq. 23 and by using N,  as 0,79 (Table
8), hc becomes

P D 0.8 1
0.0781 kg-2< L <———> .
D2 b,

From Table 8, k°%-2| |
be approximately 0.083;

P D 0.8 1
r-s
(28) h, =6.482 X 10°3 < 2> (——».
D2 D

s

(27) h, =

1s seen to
thus

For conservation of energy, the
rate of heat removal from the rods to
the gas must exactly balance the power
generation of the reactor; thus

(29) h, A AT, = 948 P_ .

rods
When Eqs. 28 and 29 are combined
and the relation

3
] wech
ods
4 Ds
is used, the solution of the equation
for AT, yields
333 P_.D
(30) ATM =
hCDC

and from Eq. 28, Eq.

(Pr 0.2/D \1.2
i - s 0 (2 ()
.= 5.14 x 10° (5 > >

c c

30 becomes

(31)
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or by using A and &,

00,2

5.14 x 10* - :

Al-2

(32) AT, =

As in the previous reactor studies,
bulk power
termined from

density, 7., may be de-

a
M. = 2200 ~——- —
(>\Ds)2

(33)

where Di may be determined from Eq. 13
and A? may be found from Eq. 32. By
performing the required operations and
by introducing the parameters Op/200
and AT, /360, bulk power density can be

approximately expressed as

( Ap ('L\)Tm > 0.984
50.7 \556> 360

ﬁw 61.017

(=)

for & > n with A < 100 n.
For hydrogen gas, Egqg.

<AP > <ATM>0.984
200 360.

(34) 7, -

34 reduces to

(35) C‘ = 1640 .
H, G1.017
Now, from Eq. 32, A 1is determined
to be
62.3 EJO,1667
(36) A s

(1\7‘\>0.833
m
360

. /
Equation 9, combined with Egs. 7
and 11, becomes
(37) N 0.534 ¢
ne ST

A combination of Egs. 36 and 37
yields a relation between the Reynolds
number and the
€, as:

reactor power factor,

. 0.833
\ ) go.833
~ 360

8.57 <1073 [T,
(38) N

Re ~ b
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For hydrogen at the reactor con-

ditions, this reduces to
< ATM‘>O' 833
39) N = 1086 \ —— Go-833
(39 Mrel, 360,

2

Tt is obvious that the maximum stress
in the rods will be the sum of the
pressure load and thermal axial com-
pressive stresses at the rod center;

hence Eqs. 17 and 25 can be combined

to yield
(40) Sior = Ap + 0.553 DC
4 154
+ 3.87 X 107 — ,
A2
The total stress must not be

greater than the maximum strength of
the graphite divided by the design
safety factor. Also, the term 0.553
D, in Eq. 40 will be small (or can be
made small by physically slicing the
core into several short sections)
compared to (Ap + 3,87 x 10* 6/ %) for
all reactors of interest; hence Eq. 40
can be rewritten as

Se¢ o
(41) — = ODp + 3.87 x 10% ,
fs A2
which, when combined with Eq. 36,
yields
< S¢ “Ap
200 fs) B <2oo
(42) &%%%7 = 20,1
(ATM>
\ 360
When Eq. 42 is combined with Eq. 34

to eliminate &, an expression for
reactor core power density is obtained
as a function of allowable
gas pressure drops, and wall-to-gas

stresses,

temperature drops as
<£> <ATM>3.524
~0.523 200 360
Te = <mw> K S, > <Ap \>}1.525'
c; 200 1 200




For hydrogen gas, this reduces to

16.87 <£p__> <AT'”>3'524
200/ \ 360
77C|H2 ) : s \ 11.525
c Ap
[(200 fs> - <200>}

Since the feasibility of the packed
rod reactor designwill depend in large
part upon the required sizes of rods
to be used 1n the graphite core
structure, the rod diameter, D_, is
derived below. FEy combination of
Egs.

13 and 32 (with Egq. 13 modified
to

(44)

mw 61.82

Ap)(D?%) = 65.8 —
(Bp) (D) T2 p\1.82
P

valid for & > A/100),

was determined as

mw 0.50
<;> AT 0.341
(45) D =0 1054A——11————(———T> o841
s ) ApNo.s0 \ 360
200

By introducing the limiting stress
condition, Eq. 45 may be combined with
Egs. 42 and 43 to yield a relation
between rod diameter and the stress,
rressure drop, and wall-to-gas temper-
ature drop parameters, and the bulk
core power density as:

s 0.32 1.15
(=) )
200 360

2.717 - .

mw\0.328 (1 )0-828
2 ¢
P

this

the rod diameter

(46) D, =

s

For hydrogen, reduces to

Ppp0-328 AT,">1.154
<20& <360
(47) D = 8.491 :
H, (n )0-828
C

The use of thicker rods means
simpler and sturdier construction;
however, Eq. 46 shows that rod diameter

is an inverse function of the core

power density. Since the nuclear
rocket vehicle 1s feasible only for
high power-density reactors, the
parameter 7, must be held to its
highest possible value, Beference to
Eq. 34 shows that the bulk core power
density is maximized for minimum
values of &; however, the minimum
allowable value of & is specified from

Eq. 38 by the requirement that the
flow Reynolds number be greater than
5000, Thus, from Eq. 38, we may
write:

k
(48) 6983 - 5.834 x 10° z

min <ATm>msn )
360

Solving for € and combining with
Eq. 34 yields

N AT 2
4.690 x 1076 <f§1> < m>
200/ \ 360
(49) 7, = .

max
nu pl-22
— g
=2
P

From the data in Table 8, the
average value of the term k!* 22 (nmw/c?)
is found to be 2.32 x 16°% for all
propellants considered; thus Eq. 49

reduces to

_ L2
Ap Y\ [ BT,
(50) ﬁcmax = 202.2 ‘2‘(‘)—0 —%—

Now, by combining Egs. 46 and 49,
the rod diameter for maximum core

power density is given by

(51) D,

nu 0.500 101
@2 ¢

= 6.90x 10* .

Ap )o.soo <ATm>o .502
<§66, 360

For hydrogen, this reduces to

0.0852

(52) D

S|H2 yﬁm 0.500 ATm>0£o2
<§66> <360

for maximum core power density.
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Figure 14 shows the rod diameter as
a function of the desired bulk core
power density, for all the propellants
considered, as given by Eq. 46. Values
of the flow Beynolds number are shown
at various points along the curve.

Stacked Plate Reactor. To aid in
the analysis of the stacked plate
reactor, the reactor core was thought
of as consisting of N parallel flat
plates of thickness t, separation u,
length L, and width ¢. This model was
then replaced by two parallel plates
of separation u, length L, width C
(where € = Nc), and thickness t. The
gas flow 1i1s taken as being in the L
direction (that is, perpendicular to
the C dimension) between the plates.

The loads that result from pressure
drops within the core appear as com-
pressive stresses on the graphite
plates, while the thermal stresses
will be compressive at the plate
center planes and tensile at the plate
surfaces.

As derived previously (Eq. 2 -
packed rod reactor study), the gas
pressure drop 1s given by

G* L
171 f — —

(1) b - mw d
h

for an assumed axial gas temperature
given by

(T, - T,) e
(e - 1)

For semi-infinite parallel flat

T =T,  + (1 - e %Ly,

gx 0

plates, the ‘“hydraulic’ diameter is
simply
(2) dh = 2U,

In this study, G, the weight flow
rate per unit area, 1is based upon free

flow area only; thus
(3) G =—
S Cu

The reactor power is related to G
through Eq. 3 and the expression

w vm
(4) P_=0.678 ——-<Q——> .
g:.\10%

By combining Egs. 3 and 4 with
Eq. 8 of the packed rod reactor study,
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and by specifying operation at a gas
core outlet temperature of 4500°F, an
equation for G is obtained as

(5 G = 0.190 [— <Pr>
) Co <?p> Cu/ '

The flow friction factor, f, in
Eg. 1 is found from data in ref. 19 to
be

6) f 128 . 0.0453
B 1. 0.18 *
(Ng,) 48 (Ng.) 8
where Reynolds number is given by
d;G
(7) NRe ZT .

Now, when Egqs. 2, 5, and 7 are
combined and the Prandtl number of the
propel lant gas 1is specified to be 0.79

(see Table 8), Ni, becomes
P,

(8) NRe = 0-481—CT

g

Hence, Eq. 6 can be reduced to

cr \t*
g
(9) f = 379(Pr>
0.18
g>

/Ck
+ 0.0517
\ P
r
When Egs. 1, 2, 5, and 9 are com-
bined and the parameters A = L/u and

¢ = P./C are introduced, the following
relation involving Ap 1is obtained:

(10)  (&p) (u?)
= 1170 kl.48 ﬂ )\60-52
g =2
P

mw
+0.1597 k°-‘8<;——>>\9‘-8’ .
g =2
c
14
From the propellant gas data in
Table 8, k°‘18|avg is found to be
0.107, while the average value of the
k1**® (mw/c?) term is equal to 9.11 x
18'10 (see fq. 12 - packed rod reactor
study). By using these values, Eq. 10
is reduced to



(11) (Ap)(u?) =1.066x10"¢ X 6%32

+ 0.0171<JT£>>\6L32
<5

The pressure load stresses on the
graphite plates are entirely compressive
(if side loads due tovehicle maneuvers
are neglected) with the maximum com-
pressive stress being given by

Ly a

(12) Dp + =
s, = —_—,

L TP T 708 o,
For graphite of specific gravity
equal to 1,70, and for a maximum vehicle
acceleration of 9g_, Eq. 12 reduces to

(13) s, = Ap + 0.553 L

The maximum thermal stress in the
rods due to internal neutron and gamma
ray heating is given by

(14) 2.
s = ,
3 (1 -0)
which is axial compressive stress at

the plate center and axial tensile
stress at the plate surface. The
temperature drop from the plate center
to the plate surface is given by

gt?
(15) AT =
8k,

The power generation within the
graphite plates is given by

t + u
(16) g = 0.5486 €pTe - ,
where € 1is the fraction of total reactor

power generated within the plates by
neutron and gamma heating and is here
taken to be 0.10, as previously. The
bulk core power density is given by

Pr
(17) Me = 1728m ,
which, when combined with Eq. 16,
yields
GPP,
(18) g = 948 Teh

When Egs. 14, 15, and 18 are com-
bined, the thermal stress is given by

79 €, P tEB
(19) sth =
k LC (1 - o)
Now, for € = 0.10, k_ = 4.17 x 107*

s

Btu/sec*in.*°F, E = 1,0 x 10% psi,
B=3.1x107% in./in.*°F, and o = 0.2,
Eq. 19 is reduced to
P t
(20)  s,, = 7.34 x 10* —
th LC ’
or, when the parameter & = t/u 1is
introduced,
. 68
(21) Sep = 734 x 10 ek
For turbulent gas flow, the plate

surface heat transfer coefficient 1is
given by
kg
(22) h, = 0‘023'E; (Nge )% Np )%
as previously,
When Np,. = 0.79 (see Table 8) and
Eqs. 2, 8, and 22 are combined, h

becomes

'P 0.8 1
_ -3 o0.2(_" =
(23) hc = 5.83x10 kg < C> <u>

Table 8 gives kg'?|,,  as 0.083;
thus Eq. 23 1s reduced to

p 0.8 1
- e T 2
(24) h_ = 4.84 x 10 <\c > <?l>‘

a heat balance may be

c

As previously,
set up between energy transferred to
the gas and power generated within the
plates as

(25) h_ A AT =

plate m

948 P
,
where Aphte is equal to 2CL.
Now, when Eqs. 24 and 25 are combined
and solved for ATm

P 0.2 ;
u
26) AT = 0.979 x 106<;—5> ——> ,
(26) AT, - 0.97 C -

or, in the A and & notation previously
introduced,

0.2
0.979 x 10° .

(27) AT, =
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The bulk core power density may now
be determined from Eg. 17 to be

(28) m, = 1728 <—1;—><f”><;1—2> 1 41_..t.>

u

or, if rewritten with the A, &, and &
parameters, )

(29) MNe = ERLELI i .
Au? (8§ + 1)

In order to solve for & from Eq. 21
it 1s necessary to know the relation
between Op, s,,, and total stress. The
maximum allowable stress 1in the
graphite plates can not be greater than
the maximum compressive strength
divided by the design safety factor;
thus

(30)

sc
fs
or, from Egs. 13 and 21,

+ s

SL th

sec
(31) ‘;—'= Ap + 0.553L

s + 7.34 x 10* e
. X - -

A
For practical purposes, the term
0.553 L can be neglected in comparison
with (Ap + 7.34 x 10* 85/\); thus Eq.

31 can be solved for & as

2.72 %103 .o _\>
200 f_ 200/\¢

8 may be rewritten as

(32) & =

Equation

0.481
(33) Npe = — &,
g
which reduces to
(34) = 6.10 x 10* &

N
Re'H2
for hydrogen at the reactor conditions
(see Table 8 for values of kg).

It can be seen from Eq. 33 and
Table 8 that & must be greater than
3x 1072 for all propellants considered
in order for flow conditions to be in
the turbulent regime. Now, for values
of € greater than 3 x 107?, the first
term of Eg. 11 can be to be
negligible compared to the second
term; thus Eg. 11 can be reduced to

shown
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C2

(35)  (Ap)(u?) = 0.0171<ﬂ> AG1-82
P

for € > 3 x 1072,
From Eq. 35, u? may be determined as

mw
p
Op
200
Now, from Eq. 27, the following
solution for A may be obtained:

}\91.82

(36) u? = 8.55 x 10~

60.2

<AT )ﬁ
m
360
When Eqs. 36 and 37 are combined

with Eq. 29, the bulk

density 1s given as
o 2
2
2.731 200> 360
<fﬂi> (5 + 1) 6122
<2
P

For hydrogen gas, the coefficient,
2,731/(mw/F§), in Egq. 38 becomes 88.1.

The feasibility of construction of
any of the reactor systems discussed
depends to a large extent upon the
required quantity and sizes of indi-
vidual core structure elements. In
the present the parameter of
importance from the fabrication stand-
point is the plate thickness, t. Since
8 = t/u (see Fq. 21), the plate thick-
ness may be related to the core power
density by a combination of Egqs. 29,
36, and 37 as

\1.5
<Ap 0.500 <ﬁ>1 00
200 360
<inﬂ>0.500 . @0,21
p

(o 0.500 S0
?2
P
Ap‘ 0.500 (ATm>o.soo )
<ﬁ> 360

(37) A= 2720

core power

(38)

Ne =

case,

(39) t = 1.317

= 0.4823




For hydrogen, this becomes

Ap \0+500 (ATM 1.500
9200 360

= 7.48

(40) tIH
2 77(_.80.21

_ 0.085 6*-°! .
“Ap\0-500 <ATM'>°'5°°
<§66> 360

The use of thicker plates (within
limits) makes for simpler and less
fragile construction; thus it would be
desirable to utilize a low value of &
in Eq. 39. The minimum value of O,
however, may be specified from Eqg. 33
as being that value which gives flow
conditions at a Reynolds number of
5000 or greater., Thus, from Eg. 33,
we may write

(41) & . =

min

4
1.04 x 10 kg .
Now, combining Egs. 39 and 41 yields

the following equation for maximum
plate thickness:

.50
<Ap>o.soo(ATm>l 0
200 360
0.500
mw RO-21 o
o2 ¢ ¢
P
Lot mw 0.500
LPI b
c
P

- 5500 .
i o.soo<ATm>°'5°°
200 360

The average value of k;'OI (mw/zz)msoo
is found from Table 8 to be 9.98 X 105
thus Eg. 42 can be reduced to

(42) t_ ., = 0.189

0.500 /AT \1-500
0.189<}££€> <T—1%>
200 360

k0'21 <mw>0-500 7
g - c
2
c
P

5.49 x 1073

\0.5
<_A£\o.soo<ATm>° 0o
200 360

(43) ¢t =

max

It can be seen from Eqs. 42 and 43
that thick plates will be given by low
values of mw/c?, all other parameters
being fixed; tﬁus the plate thickness
is definitely a function of the
characteristics of the propellant gas.

For hydrogen, Eq. 42 reduces to

, 0.500
_[}E 0. soo<ATm>
200 360.

= 12.63

H, Me

(44) t_

ax |

6.43 x 1073

i)o. 500 <ATm>o.soo
200 360

Furthermore, by combination of Egs.

29, 36, and 37 with Eq. 41, the maximum
bulk core power density is given as
(45) m,
\ 2
-5 200/ \ 360
= 3.430 x 10 .
5 + 1)<1T;>k"22
— ) e
¢
p
Now, for maximum power densities it

is obvious that the value of & should
be as small as possible; however, & is
related to the core void volume fraction
by
1 - f,
(46) & = ———,
fo
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Critical mass studies indicate that
reactors with greater than 50% void
volume within the core require excessive
amounts of uranium for criticality;
hence the minimum value for & 1is
herein defined as 1.0. By the average
value of k;'22 (mw/¢?) as 2.32 x 10°8
for all propellants (see Table 8), the
maximum bulk core power density
possible in the stacked plate core,
for a flow Reynolds number of 5000,

becomes

(47) 7n,
1478 <AW‘\<ATM>2
(6 + 1) \200/ \ 360
A AT, \?
130 <_P_> <__>
200 360,
for the minimum value of & of 1.0,

As a matter of interest, Eq. 45 may
be combined with Eq. 49 in the packed
rod reactor study to show that

M, (stacked plates)

max

(48) =

Me (packed rods)
for a flow RBeynolds number of 5000 in
both systems.

To show the relation between flow
Reynolds number, bulk core power density,
and plate thickness, Egs. 33 and 39 may
be combined to eliminate ¢ and yield

172 /AT \3/?
1.130<3§i> <}—J§>
200 360

t = \

mw\/ 2
770 (NRe)O.zl (kg)o.Zl <____>

7.31
(6 + 1)

(49)

'CTZ
p

c
p

Ap \/ 2 <ATM>1/2
<§66> 360
Figure 15 shows the plate thickness
as a function of the bulk core power
density for various Beynolds numbers

for all the propellants considered, as
given by Eq. 49.

1/2
w 1.01 1.01
1.009<jj—> (kg) (Vpe)

£y
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