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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 choice of propellant is not limited 
by considerations of com bus ti on energy, 
therefore low molecular weight propel-
1 an t s 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 its propellant gases, and, 
for a given peak gas temperature, the 
exhaust velocity is inversely 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 to 15 psia, the 
liquid-oxygen-hydrazine propellant 
system produces 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 
by a factor of 2.73. The required 
vehicle mass ratio for any desired 
burnout velocity is 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 l/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 
rocket vehicles over a wide range of 
load carrying capacities and vehicle 
velocities (that 1s, 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 in 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 1n 
the actual construction of nuclear­
powered rocket vehicles. 

The basic difference between 
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 
decomposition of the 
whereas the propellant 

combustion or 
propellants, 

of the nuclear 
rocket provides no intrinsic energy 
but is heated by a nuclear reactor. 

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 its predecessor. 

•E. P. Carter, The Application of Nuclear Energy 
to Rocket Propulsion; a Literature Search, Y-931 
(Dec, 29, 1952). 
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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 lb, or for vehicle 
velocities greater than 7,000 ft/sec 
with payload weights greater than 
10,000 pounds. 

The reactor core design study 
(Part II) 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. 

2 

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 e l em en t s. 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. 
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PART I 
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. 2) 

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 

Dead load weight 

Total loaded vehicle weight 

Total loaded weight of minimum siZe (4-in. 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 to•propel 
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/sec 2 

ft/sec
2 

ft/ sec2 

ft 2 

ft 2 

ft 2 

Btu/lb'°F 

ft 

1n. 

lb 

l b 

32.2 ft/sec 2 

778 ft-] b/Btu 

Btu/hr'ft'°F 

lb 

lb 

lb 

l b 

lb 

l b 

lb 

lb 

lb 

lb 

lb 

lb/lb'mole 

lb/in. 2 

lb/in. 2 

lb/in. 2 

megawatt/ lb 
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SYMBOL 
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CT 

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-a]] 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 

lb/in. 2 

megawatt 

megawatt 

sec 

OR 

OR 

°F (or 
0

R) 

ft/ sec 

ft/ sec 

ft/sec 

ft/sec 

ft/sec 

ft3 

lb/sec 

] b/ sec 

lb/sec 

megawatts/ft 3 

lb/in. 2 



PART I. VEHICLE PERFORMANCE 

DISCUSSION 

In an examination of the possible 
use of nuclear energy as the power 
source for rocket propulsion of 
vehicles, it is 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 
certain 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 lb for a use­
ful rocket reactor, therefore any 
rocket for which a nuclear reactor 
drive is proposed must start with a 
weight handicap of about 6,000 lh 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 he 
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 validity of this conclusion was clearly 

shown by the resul~s of a nuclear rocket study 
perfor•ed by Consolidated Vultee Aircraft Corp 
~Convair Report FZA-9-504, Feb, 8, 1952) in which 
1~ waa shown that nuclear powered rockets of V-2 
••ze, payload, and general geometry with arbitrary 
reactor weights as low as 4000 lb, ~ill have about 
th~ same per~ormance as the chemically powered V-2. 
Th1s result 18 not surprising because the nuclear 
rocket. cannot prove to be significantly better than 
a. cheoncal rocket in a vehicle as small as the Y-2 
Wlth payloads as small as those carried by the V-2. 

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 perf~rmance of several 
chemically powered rockets is plotted 
on the same scales, These curves 
show that hydrogen is the best propel­
Ian t 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 de ad load carried by the vehicle 
is 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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FIG. 1 

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 
t e mp era t u r e w i thin the rea c tor , is 

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 in 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 
portion of flight above the atmosphere. 
In certain cases it may be desirable 
to drop the fins after they are no 
longer useful as vehicle stabilizers; 
however, this weight saving was not 
considered in the calculations made 
for this report. 

Brief consideration of the vehicle 
flight program is 1n 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.") 
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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 1s slowly bled 
through the reactor during reactor 
warmup, the prope ll ant fi 11 lines and 
other external control connections 
with the rocket are broken, the reactor 
is brought up to full power, the 
rocket rises vertically through the 
atmosphere with an initial acceler­
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 in the 
performance range most suitable to 
nuclear-energy rockets. 

The vehicle performance for several 
different possible propellants was 1n­
vestigated over a wide range of dead 
load capacities. The performance is 
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 determi~e the total to 
dead load weight ratio as a function 
of vehicle burnout velocity and dead 
load capacity, it 1s 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: 

a dm 

dt 

( 3) 

m 

VL --- D 
v e D .________.> - dv 

dt 
J- u'm 

gc cit 

Assume a vehicle of instantaneous 
mass, mjgc, that moves in a gravi­
tational-field-free space and expels 
mass at a rate (1/g )/(dmjdt) in a c 
direction opposite to that of the 
vehicle motion. Further assume that a 
fraction a of the mass flow rate is 
being expelled with a velocity vL, 
relative to the vehicle, and a fraction 
j3 with a velocity v • It will be shown 

e 
later that a and p 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) m dv = -~ve dm- avL dm 

= -(~ve + avL) dm • 

By integrating from initial vehicle 
velocity and mass, v

0 
and m

0
, to final 

velocity and mass, vb and mb, we have 

f •b dm = _ ivb dv 

(j3v + av L) m0 m vo e 

mb vb vo 
(2) ln-

mo f3v e + avL 

or 

mb 

The total mass expelled is obviously 
that of the propellant and is designated 
by m , Now, for a rocket initially at 

p . 
rest v 0 = 0, and s1nce m0 - mb = mp, 
Eq. 2 becomes 

VEHICLE COMPONENT WEIGHT RELATIONS 

For purposes of this study, the 
vehicle is divided into six basic 
component weights, which are the ( l) 
dead load weight, mL; (2) the propel­
lant tank, mt, and tank structural and 
reinforcement weight, m

8
; (3) the fin 

weight, m1 ; (4) the nuclear reactor 
rocket motor weight, mr; (5) the 
propulsive systemequipment weight, me; 
and the (6) propellant weight, mp. 
The total loaded vehicle weight can 
thus be written as 

(4) m0 = mL + mt + m8 + mf 

+ m + m + m 
e p r 

Dead Load Weight, mL. The dead 
] oad is defined as tbe sum of the weights 
of the useful rayload carried, the 
shield required, the guidance equip­
ment and instrumentation, and all the 
necessary supporting and enclosing 
structure. 

Propellant Tank and Tank Structural 
Wei g h t , m f + m s • The prime fun c t ion 
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.(l) A positive 
tank pressure should be maintained 
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to provide satisfactory pump inlet 
pressures and to ensure that the tank 
skin will always be under tensile 
loading so that buckling will be 
avoided, 

Tank volume in excess of that 
necessary for the required amount of 
propellant must be provided for liquid 
expansion, gas space above the initial 
liquid surface, and propellant that is 
vaporized by heating of the tank walls 
resulting from aerodynamic skin 
friction. 

For the purposes of this study, it 
was specified that the total initial 
propellant volume should be 97% of the 
total tank volume, thus 3% of the tank 
volume would be provided for liquid 
expansion and excess ~as 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 extreme 1 y 1 ow boi 1 ing 
point propellants in order to prevent 
the loss of propellant by evaporation. 
However, it can be shown that 1n 
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 hy the reduction of evapo­
ration.<2·3> 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 insu­
lation to reduce evaporation loss to 
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.<4 > 
By using values of heat transfer rates 
given in the Los Alamos report, it lS 

possible to determine the fraction of 
propellant lost by evaporation during 
any arbitrary heating time for a given 
temperature difference between the 

8 

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,(S) 

For very long range vehicles 
operating at reasonable accelerations 
(that is, 3 gc to 9 gc), the minimum 
burning times will be of the order of 
2 0 0 s e c , t h er e f ore t h e t i m e - a v e r age 
heat transfer area will be roughly 
85%of 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 in 
tanks of greater than 6 1n. in diameter 
under the specified heat transfer 
conditions. 

It can be seen in 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 will be excessive 
if no insulation is provided for the 
tank wall; however, these losses can 
be drastically reduced by the use of 
a 0.010 1n. thick insulation layer 
lining the tank 1nner wall. The 
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insulation layer could be com posed 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, anrl the bulk 
densityas less than 10 lh/ft 3

• Because 
of the thinness and low hulk 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-
1 at ions. 

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

m
5 

= 0.15 mt , 

as previously discussed. Thus, 

( 5 ) mt + m s 1.15 mt 

Tank wall weight lS g1 ven by 

mt = YtttAst 

where 

1 
1 + -

2 
ln 

1 
1 -

2 

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

Now, 
Dj. p s 

t t 
2o-

Thus, 

( 6) mt = 2.819 ~Yt ____ __ 
o-

However, m = 0.97 y Vt for the case 
of 3% tankpvolume in~tially unfilled 
to allow for liquid expansion and 
excess gas space. Here Vt = (4/3) ~D 3 

for the tank geometry previously 
specified. 

Thus, 

( 7) 

or 

m 
p 

253.9y'D 3 
p 

By combining Eqs. 6 and 7, 

10 

( 8 ) m t = 2. 180 

which, when combined with Eq. 5, gives 

Y; Pfs 
( 9 ) m t + m = 2. 50 6 - -- mp 

s y' u 
p 

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 boil at tempera­
tures below -250°F. In 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 75S-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) m + m t s 

o. 0073 05 

y' 
p 

m p 

Fin Weight, mf" 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 is 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) 

Rocket Motor Weight, mr. The 
weight of the rocket motor is defined 
to include the reactor core structure, 
reflector, external pressure shell, 
and rocket exhaust nozzle. For high 
performance vehicles it 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 fie 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, it is necessary to 
determine the variation of rocket 
motor specific power and total weight 
with rocket motor outside diameter. 
When this relationship has been 
established, the total power output 
of any size and weight motor can he 
computed and an analytical expression 
relating weight and power output can 
determined. 

The rocket motor specific power 
for the optimum reactor core design 
is shown in Part II (section on "Rocket 
Motor Structure") to be determined 
from 

Obviously, 
OUtput IS 

(14) 

the total reactor power 

For a fixed maximum bulk core power 
density Tic' 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, it seems possible 
that bulk core power densities of 
300 megawatts/ft 3 might be attainable 
with refined, though sturdy, core heat 
transfer structures, with gas pressure 
drops within the reactor coreof200 to 

300 psi and plate-to-gas mean tempera­
ture differences of 300 to 400°F. The 
results of calculations made by using 
T)c = 300 megawatts/ft 3 are shown in 
Fig. 3 and give total rocket motor 
weight as a function of power output. 
Figure4shows motor weight vs. outside 
d i am e t e r f r o m Eq . 13 . I t was found 
possible to fit an equation of the 
form mr = APr + B to the curve in 
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: 

(15) mr = 0. 85 Pr + 4570 

(
1 25.62 + 182.3) 

52.23 + 5674 - ---
D D2 D3 

r r r 
02) =----------------------------------- + 136.8 . 

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

(13) mr = 0.0706 (D~- 16.35 D~ 

+ 220.9 D - 1573) 
r 

where rocket motor outside diameter, 
Dr, is in inches. 

POWER OUTPUT RANGE 

2000 < P < 6 X 106 megawatts 
r 

DEVIATION OF 

MOTOR WEIGHT 

Maximum "-'20. 6% 

Average "-' 11.7% 

The minimum motor size marked in 
Figs. 3 and 4 is that of a 4- ft-dia 
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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 
minimuf!l ya:lue for practical reactor 

~ t~lo-~ 

construe tion. 
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 

(16) 0.678 

The required gas weight flow rate, 
w , is 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 

(1 7) w 
p 

ma 

v e 

From Eq. 17 it can be seen that the 
max1mum 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 rema1n 
constant throughout the motor operation 
time and 1s g1ven by 

( 18) w = 0 
ve 

The maximum required reactor power 
may then be found from Eqs. 16 and 
18 to be 

(19) m0 a0 (v 111 )

2 

= 0.678-- --
g c v e 1 03 

p 
r 

By combining Eqs. 15 and 19, the 
rocket motor weight may now be related 
to the total loaded vehicle weight as 
follows: 

(20) 

14 

m 
r 

0.5763 (;;,)' + 4570 

When it 1s assumed that the initial 
vehicle acceleration 1s 3 gc, Eq. 20 
becomes 

( 21) mr = 1. 7 29 ---m0 + 4570 
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 lb. 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 3

• 

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: 

Minimum motor weight, mr = 5790 lb 

Minimum motor diameter, D = 48 1n. 
r 

Ratio of bulk core power density to motor 

specific power, given by Fig. 20, ~~ = 820; 

~or ~c = 300 megawatts/ft
3 

(maximum), 
p = 0.366 

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

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

( 22) mo ( c r i t ) 

ve 
= 1042---

Both v and v , the actual and e 111 

theoretical maximum exhaust velocities, 
respectively, are functions of the 



propellant gas properties, and are 
listed in Table 4. By using values 
from this table, m0 fcrit) was deter­
mined for each prope lant considered. 
These calculated critical total loaded 
vehicle weights are listed in Table 1. 

TABLE 1. CALCULATED CRITICAL TOTAL 
LOADED VEHICLE WEIGHTS 

PROPELLANT 

Hydrogen 
Methane 
Ammonia 
Hydrazine 
Water 
Hydrogen and 

ammonia 

•o(crit) (lb) 

29,930 
55,460 
61,670 
68,990 
68,170 

48,460 

For all vehicles of total loaded 
weight less than m0 ( • ) , the nuclear-c r 1 t 
reactor rocket motor weightis constant 
and fixed at 

( 23) mr = 5790 

and this weight was used 1n the solu­
tion of the performance equation. For 
all vehicles of m0 greater than 
mO(crit)' the motor weight as given 
by Eq. 21 was used in the performance 
equation. 

Propulsive System Equipment Weight, 
me. The propulsive system equipment 
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, Pd, the 
propellant volumetric flow rate, wp/Yr 
and the pumping power requirements. 
The pumping power requirements are 
proportional to the product of the 
pump discharge pressure and the 
volumetric flow rate, therefore the 
equipment weight is actually a 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 to a 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 lS a 
maximum at take-off conditions for 
the vehicle flight pattern previously 
discussed, hence equipment weight is 
based upon the initial flow rate. Thus 

(24) 
wo 

me = cl Y 
p 

(P)l/3+c 
d 2 

or, from Eq. 18, 

ao mo 
me= cl --- (Pd)l/3 + c2 

Yp ve 

where c 1 and c 2 are constants to be 
determined. Weight data on chemically 
powered rockets of relatively advanced 

design give c 1 and approximate value 
of 10.5 and c 2 a value of 500. Again, 
specifying that a 0 = 3 gc, Eq. 24 
becomes 

(25) 
mo 

me = 1014-- (P ) 113 + 500 , 
y v d 

p e 
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or 

mo 
me= 16,22-,-(Pd) 11 3 + 500 

YP ve 

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 psi (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 

mo 
(26) me 201 -,- + 500 

Yp ve 

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< 10

) are also shown in Fig. 
5 as a comparison with Eq. 24. It 
will be noted that the pump and turbine 
weight (hence the total equipment 
weight) based upon the Rand study 
1ncreases more rapidly with 

(wo/yp)(Pd)113 

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 g1ven 
by Eq. 24 at any value of 

(wo/yp)(pd)113 

simply by using many small pumps and 
turbines in parallel. 

Propellant Weight, m • As previ­
ously discussed, the pfopellant has 
been assumed to occupy 97% of the 
total tank volume when the tanks are 
fully loaded. Not all of this propel­
lant can be 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 
evaP.oration 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 prac t ica 1 method of coo ling 
the 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 
on the studies of Green and Duwez< 11

• 
12

) 

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, 1n horsepower, are g1ven 
by 

(27) HP p 

0. 262 wpPd 

A.PyP 

where A 1s the over-all pump ef-
f

. . p 
1c1ency, and other symbols are as 

defined previously. 
The pump turbine power output, 

in horsepower, can be approximately 
expressed as 

(28) HPt = 1.415 cpg 6Tt wtA.t 

where 6Tt is the gas temperature drop 
through the turbine, c is the mean 

. f. h p g spec1 1c eat of the gas over the 
turbine operating temperature range, 
wt is the gas weight flow rate, and 
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At 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 ~s determined to he 

0.185 
(29) 

wP ApAt !:::.Tt ypcpg ... 
By assuming the over-all turbine-

pump efficiency, A At, to he 0.60, 
the pump dischargt pressure to he 
1900 psi (as previously), and the 
turbine gas temperature drop to he 
1200°F, Eq. 29 is reduced to 

o. 462 
(30) 

wp ypcpg 

This will he a maximum for hydrogen, 
which has the lowest value of y c of 
any of the propellants cons/d/led. 
For hydrogen, y "'4.4 lh/ft 3

, and 
c "' 3. 4 Btu/lh.P°F for the temperature 
r~~ge 400 to 1600°F. Thus, 

( 31) 
w p 

0.0309 

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 
he used to provide additional total 
impulse to the vehicle. 

Thus, the effective propellant 
weight useful for vehicle propulsion 
is that contained initially in the 
tank volume (m ) less that lost to 
nozzle coolingp (0. 025 m ), pumping 
power (0.025 m ), and :vaporation 

p 
loss (a m ). Tlie parameters a and ~ 
in the ev/hicle mass ratio equation 
(Eq. 2) are determined from the figures 
given above as a "' 0.05 + ae (fraction 
lost), and f3"' 1 -a = 0.95 - ae 
(useful propellants). Assuming the 
axial exhaust velocity vL of the 
noneffective gases to he zero, the 
mass ratio equation becomes 

(32) -= 
v b I ( o . 9 5 -a ) v 

e ~ ~ 

or 

vb/(0.95.a )v 
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 

aiEMICAL FREEZING POINT BOILING POINT LI(UID SPECIFIC 
PROPELLANT FORMULA AT 1 ATh! AT 1 AThl GRAVITY AT GIVEN 

PRESSURE (OF) PRESSURE (°F) TEMPERATURE 

Hydrogen H2 -434.5 -423 0. 071 at -425°F 

Methane 014 -300 -259 0.42 at -265°F 

Ammonia NH
3 -108 -28 0.70 at -60°F 

Hydrazine N2H4 34.5 236 1. 04 at 40°F 

Water" H20 32 212 1. 00 at 40°F 

Hydrogen and 
ammonia 2H2 + NH3 see hydrogen and ammon1a 0.25 for 

H2 at -425°F 
NH3 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 report to 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 is worth mention as 
a possible nuclear rocket propellant 
only because of its 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 is difficult and costly to 
1 i que f y . Th e h e at o f v a p o r i z a t ion o f 
1 i qui d h e 1 i u m a t l a t m p r e s s u r e i s 
only 10.8 Btu/lb, therefore it would 
be of little value as a coolant. The 

by the allowable maximum ratio of 
nozzle exit area to nozzle throat 
area. The nozzle exit area is 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 indicate that a maximum 
feasible nozzle area ratio is of the 
order of 35: l under these restrictions, 
and this value has been used for 
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 

( 33) (·~)1/(k-l)('Pe)
1 /k ~~ 

2 p ~k - 1 c 

specific grav1ty of the liquid at the 
boiling point is only 0.122. This, 
coup 1 e d with the 1 ow b o i l in g p o in t , 
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 

As c an be seen f r om E q . 3 2 , t h e 
over-all vehicle performance is 
primarily a function of the exhaust 
velocities attainable with the propel­
lants considered. The propellant is 
to be vaporized within the reactor, 
heated to the desired temperature, and 
expandedadiabatically, through a 
converging-diverging nozzle, to exhaust 
with velocity ve. 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 

while the velocity ratio 1s related 
to the pressure ratio by 

(34) 

where 

( 35) 
= J 2 gc k Ru 

v Tc 
m k - 1 mw 

and An is the nozzle efficiency. 
The ratio of propellant gas exit 

temperature to chamber temperature 1s 
given by 

(36) 
Te (pe·. (k-1)/k 

Tc = ~) 
The value of k to be used in the above 
equations is the mean of the ratios of 
specific heats at the chamber tempera­
t u r e and a t the g a.s e x i t t e rr. p e r a t u r e , 
hence this relation is 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 1s obtained: 

(37) 
(k; 1) 1/(k-1) 

By combining Eqs. 33 and 36, 

(38) 

Before the velocity ratios can 
be determined for each propellant, 
it is 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 is considered as 
being" frozen" at the equilibrium 
composition existing in the rocket 
motor at maximum gas temperature, 
thus the molecular weight of the 
propellant gas Nill 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 ps1 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 

1/(k-1) 

( 

Ve ) jk+T 
A_ v Jk:i. 

n m. 

~e) 
c· 

The theoretical max1mum 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 1 is ts the maximum 
theoretical exhaust velocities, the 
ratio of actual to theoretical exhaust 
velocities, and the actual obtainable 
exhaust velocity, which is determined 
by us e o f E q s • 3 5 a n d 3 7 a n d a n 
arbitrarily defined nozzle efficiency, 
A_n' of 0.985. 

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 it is felt that the 
possible decomposition should be 
verified by experiwent before this 
prom1s1ng propellant is discarded, 

DETERMINATION OF VEHICLE PERFORMANCE 

The equations relating component 
weights 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. 



PROPELLANT 

Hydrogen 

Methane 

Ammonia 

Hydrazine 

Water 

Hydrog~n and 
ammonia 

TABLE 3. THERMODYNAMIC PROPERTIES AND COMPOSITION OF PROPELLANT GASES 

GAS IN CHAMBER AND NOZZLE EXIT 
Composition 

(mole fraction) 

0.9963 H2 
0.0073 H 

0.449 C2H2 
0.030 CH4 
1. 485 H2 
0. Oll H 

0.073 c 

0.5 N2 
O.Oll H 

1. 494 H2 

1.00 N2 
1. 993 H 2 
0.014 H 

0.9907 H20 
0.0070 H2 
0.0047 OH 
0.0023 02 

0.026 H 
3.487 H2 
0.5 N

2 

Average 

Molecular Weight 

1. 993 

7. 813 

8.48 

10.64 

17.92 

5.23 

SPECIFIC HEAT RATIO AT 

CHAMBER CONDITIONS, kc 

1.298 

1.267 

1. 297 

1.296 

1. 187 

1.298 

GAS EXIT 
TEMPERA1URE, 

r, ( °F) 

450 

620 

450 

450 

1180 

450 

SPECIFIC HEAT 
RATIO AT EXIT 
CONDITIONS, k 

e 

1.400 

1.354 

1. 398 

1. 397 

1. 258 

1. 399 

I AVERAGE SPECIFIC 
I HEAT RATIO BETWEEN 

CHAMBER AND EXIT, k 

1. 349 

1.3ll 

1. 348 

1. 347 

1. 223 

1.349 

a 



From Eqs. 10, 11, 21 or 23, and 26 
combined with Eq. 4, the total loaded 
vehicle weight is: 

(39) for m0 > mO(crit) 

( 
0.007305) 

m0 (mL + 5070) + mp 1 + y; 

+ .,/o. 01 
20 l 

+--­
y'v 

P e 

and for m0 < mO(crit) , 

(mL + 6290) + 
0.007305 + ------

y' 
p 

+ •• ( 0. 01 +·~) ')"IV 
p e 

By combining Eqs. 39 with Eq. 32: 

(40) for m0 > m 0 (crit), 

m 
p 

and for m
0 

< m 

m 
p 

22 

201 
- l. 729 

O(crit) ' 

These can be represented by: 

( 41) for mo > mO(crit) ' 
( mL +.,5070) A + -

mo 
p 

\ 

¢( 1) b) 
BP cp mp 

and for mo < mO(crit) 

C' + 6290) 
AP + 

mo mp 

m 
~ <P(vb) 

B p p 

where the terms A , B , and C are 
" . f h p lf p . iunct1ons o t e prope ant propert1es 
alone, for fiven 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, m

0
/mL, 

Eqs. 41 were solved for m0 /mL as: 

(42) for m0 > mO(crit) , 

mo 

[ w, 
<P AJ [•' t 5070 l 

mL cP) <P - mL 

and for mo < 
mO(crit) 

mo l s/ AJ[•' + 6290] 

mL mL 

The results of computations made by 
using Eqs, 42 to determine vehicle 
performance are shown graphically in 
Figs. 6a through 6f which portray 
m

0
/mL vs, v 6 for each of the s1x 

propellants and for several different 
values of dead ]oad weight. Values of 

vb were determined from postulated 
values of <P used in the solution of 
Eqs. 42. 

It will be noted from the figures 

that m0 /mL approaches infinity at a 
certain limiting vehicle burnout 
velocity for each propellant. It is 
evident from Eqs, 41 that the maximum 



TABLE 4. PROPELLANT GAS EXHAUST VELOCITIES 

MAXIMUM 'lliEORETICAL RATIO OF AC'TIJAL TO ACWAL ATIAINABLE EXHAUST 
PROPELLANT EXHAUST VELOCITY, vm 'lliEORETICAL EXHAUST VELOCITY AT 98.5% NOZZLE 

(ft/sec) VELOCITY, v jv e m EFFICIENCY, ve ( 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 A p 

Hydrogen 1. 10289 

Methane 1.01739 

Ammonia 1. 01044 

Hydrazi>l.e 1.00702 

Water 1. 007 31 

Hydrogen and ammon1a 1. 02922 
I 

limiting vehicle velocity is obtained 
for an infinite propellant weight if 
the dead load weight is finite, 
Obviously, for an infinite propellant 
weight the total loaded vehicle weight 
will be greater than the critical 
weight, thus the limiting velocity is 
determined by the first of Eqs, 41 as 

AP (43) 
B - C p p 

Furthermore, it will be noted that 
the m0/mL vs, vb curves are asymptotic 
to the curve labeled mL = 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 Eqs. 42 as 

(44) mo <I> 

COMPARATIVE CHEMICAL ROCKET PERFORMANCE 

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

B c B -C p p p p 

0.88762 0.06013 0.82749 

0.95644 0.03245 0.92399 

0.96860 0.02919 0.93941 

0.97388 0.02609 0. 94779 

0.96978 0.02640 0.94338 

0.94290 0.03714 0.90576 

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 (lO) and 1s 

(45) mr = 0.03 m0 

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

4H
2 

+ 0
2 

Oxidizer-to-fuel 
weight ratio 

A /A 
• t 

4.0 
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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 is 

( 46) + 500) 
mL 

and the limiting performance curve, 
for mL approaching infinity, 1s 
obviously g1ven by 

(47) 
B<I>-A 

p p 

The max1mum 
found from 

limiting velocity was 

(48) 
A 

p 
<l>(vb(max)) =B • 

p 

For the hydrogen-oxygen vehicle, 

the terms AP and BP are 

A 
0.007305 

1 + p y' 
p 

l. 02 566 

and 

201 
BP 0. 960 ---,-

Ypv e 
0.90727 . 

The results of calculations made by 
using Eqs, 46, 47, and 48, are shown 
in Fig, 7, which shows m0 /mL vs. v b 

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. In fact, it 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 fhe 
dividing line between superior chemf::al 
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 

Before 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 is 

E = Jmpcpg ('[c- T 0 ) ft-lb • 

This can also be expressed by 
2 

mpvm 
E --- ft-lb 

2 gc 

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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m jm
0

• In order to determine reactor 
p~wer requirements, it is thus neces­
sary to examine the relations between 
thrust, vehicle acceleration, and 
rocket burning time. For a rocket 
moving in a gravitational-field-free, 
airless space, the initial acceleration 
is given by 

where 

hence 

(49) 

Fogc 
ao =---

mo 

w v 
0 e 

Fo =---
gc 

WOVe 
a =---

o m 
0 

However, for constant propellant flow 
rate (and constant thrust) 

Thus, 

(SO) 

w 
p 

t b 

the initial acceleration becomes 

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

= :: (mo 
1 

) 
--1 
m 

' p 

(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 9 gc. Also, in order to 
obtain reasonable performance, it 
seems desirable that the initial 
acceleration be no less than 3 gc. 
Thus the ratio abja

0 
must be equal to 

or less than 3 for all vehicles 
considered. 

Fy combining Eqs. 50 and 51, the 
ratio abja0 ~ecomes 

mo 

(52) 
ab mp 

ao mo 

mp 

and Since abja 0 ; 3, then m0 /mp ~ 1.50 
or m /m

0 
< 2/3. Therefore, for all 

vehi~les ~f m0 /mp < 1.50 (that is, 
propellant weight greater than 2/3 of 
total loaded weight), it is necessary 
to utilize a variable thrust system in 
order to keep the vehicle accelerations 
below the arbitrarily set limit of 

3 a 0 • 

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 
change exhaust velocity; and (4) 
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 is 
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, and 
it is quite difficult to change the 
f l ow r a t e and s t i ll ope r a t e the r e a c t or 
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 oi 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 operatin~ 
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 is not aesthetically 
attractive, it is 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: 

(53) 

and 

(54) 
Ng 

c 

34 

Fbgc wo 

ab =--- v 
mb e N(m

0 - m ) p 

A combination of Eqs, 53 and 54 yields 

(55) 
a

0 
N(m - m ) 

0 p 

or 

and s1nce abja
0 

< 3 by definition, 
then, from Eq. 55 is obtained 

mo 3N 
(56) > ----

m 3N - l p 

The allowable minimum values of m0 /mp 
correspond to maximum values of vbjve 
as shown by Eq. 3~. Table 6 lists the 
permissible values _of m

0
jmJ1 and per 

cent propellant we1ght, lOO(mp/m 0 ), 

together with the maximum allowable 
values of vbfve, for several values of 
N. 

The maximum reactor power required 
is simply the maximum rate of energy 
expenditure; a rate 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 is given by 

(57) 

However, from Eq. 49, 

aomo 

v 
e 

thus 

2 
aomo vm ao 

(58) Po -----
2gc v 2 g c e 

ft-lb/sec • 

mL (::) v2 
m 

v 
e 

Since P0 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 
OF TIIRUST, • N RATIO OF m0 /mp 

1 1.5 

2 1. 20 

3 1. 12 5 

4 1. 091 

5 1.071 

6 1. 059 

. 
Number of equal thrust motors. 

the individual reactors will be given 
by Pr = P0 jN where N is the number of 
equal thrust motors, or equal power 
reactors, and is determined from Eq. 
56 or Table 6. 

The max1mum 
megawatts, 

ao = 3 g c • 

lS 

required power, 
given by Eq. 59 

(59) P0 = 2.034 

ln 

for 

The results of calculations that 
cover the vehicle performance range 
previously considered are shown in 
Figs. 9a through 9f, in which total 
rocket motor power, P 0 = PrN, is 
plotted against vehicle burnout 
velocity, vb, 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 

PROPELLANT WEIGHT (%) MAXIMUM ALLOWABLE 
mplm0 X 100 RATIO OF v,jve 

66.7 1.0437 

83.3 1. 7022 

88.9 2.0873 

91.7 2.3607 

93.4 2.5727 

94.4 2. 7 459 

total energy output of the E-52 air­
craft for a 10-hr flight is approxi­
wately 600 megawat~-hours, while the 
energy output of proposed nuclear 
powered aircraft is of the order of 
2500 megawatt-hours for a 10-hr fligh~ 

SHIELBING CONSIDERATIONS 

If it is desired to carry a crew 1n 
a nuclear-powered rocket vehicle, or 
if radiation-sensitive electronic 
equipment lS 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 in the vehicle 
nose during reactor operation is 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. Initially, 
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 from air scattering 
would be at a maximum. At burnout the 
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propellant tanks would be empty, hence 
no protection from direct radiation 
would exist, hut the vehicle would be 
above the atmosphere and air scat\Frc2 
radiation would be reduced to zero, 
This inversion of conditions would 
take place within the brief, 200- to 

500-sec, operating life of the rocket 
motor. 

The variation of flux intensity 
incident on a unit volume within the 
vehicle nose as a function of time 
would be roughly as shown below. 
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-K OCK ET M CTOlt: I 
ope~ATINGq TIME? t~., 

'FLUX VAlZ.\ATia N A-T 
\/~H\C.I.- E ~cs~ AS A 
l=-U,...,C.T\0~ O"F MOTOR 

O""P~AIIN~ \IM~ 

Very rough calculations indic<Jtt' 
that crew s h i e 1 d we i g h t s of the c• r d ,. r 

o f t e n s o f t h o u s a n d s o f p o u n d s w o u l c1 

be required for a liquid-hydro~cn 

orbital satellite vehicle with dead 
load capacities of hundreds of thousands 
of pounds. It should be pointed out 
that required shielding need not be 

useless dead weight, since it may be 
possible to utilize the useful payload 
as shield material by proper arrange'· 
ment with rPspcct Lo the spaces to b2 
shielded. 

42 

4 .. 

5. 

l 0" 

IL 

REFERENCES 

A, N. McDonald, Determination of 
Propellant Tank Weights andOptimum 

amp Inlet Pressure for Orbiting 
Rocket, l\EPA-457-EAM-C7, p. 6 
(March 10, 1948). 

J. Brit.Interplanet. 
No.6, 288 (1951). 

Feasibility of Nuclear Powered 
Rockets and Ramjets, NA-47-15, 
p. 40 (Feb, 11, 1947). 

R. N. Mulford and J. P. Nigon, 
Heat Exchange Between a Copper 
Surface and Liquid Hydrogen and 
Nitrogen, LA-1416 (May 21, 1952). 

Op. nt., NA-47-15, pp. 155-157. 

L. Teed, The Properties of 
Metalltc Matertals at Low Tempera­
tures, chap. 3, John Wiley and 
Sons, New York, 1950. 

Mechanical Properties of Metals at 
Low Temperatures, NBS-520, chap. 5 
(May 1952). 

G. L Titterton, Aircraft Materials 
cwd Processes, chap. 11, Pitman 
Publishing Co., New York, 1947. 

Strength of Metal Aircraft Elements, 
AI': C- 5 a , c h et p . 3 ( May 1 9 4 9 ) • 

S. L. Gendler, R. M, Salter, H. A, 
Focb, and L. P. Holliday, Long 
Range Surface-to-Surface Rocket 
and Ramjet Missiles -Propulsion 
rznd Fuels, H-180 (May 1, 1950), 

l " C reP n , Jr. and P. Du we z , " F 1 u i d 
Flow Through Porous Metals," J. 
Appl. Mechanics 18, 39 (1951). 

, GrePn, Jr., ''Gas Cooling of a 
Pol'ous Heat Source," J. Appl. 
Mechanics 19, 173 (1952). 

G. P. Sutton, Rocket Propulsion 
Elements, chap. 4, John Wiley and 
Sons, New York, 1949. 

V. N. Huff, S. Gordon, and V. E. 
Morrell, General Method and Thermo­
dynamic Tables for Computation of 
Equdibr1um Composition and Temper­
ature of Chemical Reactions, 
!'\ACA-1037 ( 1951). 

• 

poa
Strike Through

poa
Sticky Note
Accepted set by poa



15. B. Lewis and G. von Elbe, Com­
bustion, Flames, andExplosions of 
Gases, app. A, Academic Press, New 
York, 1951. 

16. Handbook of Chemistry and Physics, 
30th ed., Chemical Rubber Publishing 
Co., Cleveland, 1947. 

17. J. 0. Hirschfelder, F. T. McClure, 
and C. F. Curtiss, Thermochemistry 
and the Equation of State of the 

Propellant Gases, OSRD-547 A-48 
(May 1942). 

18. E. W. Geyer and E. A. Bruges, Tables 
of P r o p e r t i e s of Ga s e s , p • 1 9 f f • , 
Longmans, Green and Co., London, 
1948. 

19. Aerodynamic Summary, Navaho II 
Missile and Booster, NA-AL-1372, 
p. 16- III {Dec. 15, 1951). 

20. Op. cit. NA-47-15, pp. 360-361. 

43 





SYMBOL 

a • 
AH 

Aplate 

A rods 

Asph 

A 

b 

B 

c 

c pg 

c p 

c 

dh 

D c 

DH 

D r 

D • 
E 

f, t' I f/1 

fc 

fe 

fwo 
fv 
fzr 

t. 
Fr 

gc 
G 

h c 
H 

v 

J 

k 
g 

k s 

L 

PART II 
NOMENCLATURE 

MEANING 

Maximum acceleration of rocket vehicle 

Mean total cy 1 indrical 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 radiating to liquid propellant to total 
radiating area of nuclear rocket motor 

Gas constant (= 12 R/mw) 

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 propel] ant gases 

Total width of all graphite plates (= Nc) 

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 esca~ins the reactor core 
in photon and fast neutron rad1at1on 

Reactor core molybdenum volume fraction 

Reactor core void volume fraction 

Reactor core z1rcon1um 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/sec 2 

. 2 
ln. 

. 2 
1n. 
. 2 
ln. 

. 2 
1n. 

in. /
0

R 

in./in. "°F 

1n. 

Btu/lb• °F 

Btu/mole "°F 

1n. 

1n. 

1n. 

in. 

1n. 

1n . 

lb/in. 
2 

lb 

32.2 ft/sec 2 

l b/sec· in. 2 

Btu/sec"in. 2 "°F 

Btu/lb 

778 ft-lb/Btu 

Btu/sec• in. "°F 

Btu/sec"in. "°F 

1n. 
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SYMBOL 

L 
c 

m 

m 
r 

m 
u 

mw 

N 

p 

p. 
' 

Po 

p 

p 
r 

q 

R 
u 

R' 
u 

s 

s 
s 

5 tot 

t 
s 

T 
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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 1n stacked plate 
reactor core 

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

Flow Reynolds 

Heat transfer 
number 

number } 

Reynolds 

Packed sphere reactor core 
only 

Prandtl'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 1n graphite 
spheres 

Universal gas constant 

Universal gas constant 

Maximum compressive strength of graphite 

Heat transfer structure stress due to pressure 
1 oading 

Yield strength of rocket motor pressure shell material 

Heat transfer structure thermal stress due to 
internal heat generation 

Total combined heat transfer structure stresses 

1n. 

lb 

lb 

UNITS 

lb/lb•mole 

1 b/ in. 2 

lb/in. 2 

lb/in. 2 

lb/in. 2 

lb/in. 2 

megawatts/lb 

megawatts 

Btu/sec 

lb/in. 2 

1544 (::,) C::J ~J 
10.73 (~ c~~J(o~) 
1 b/ in. 2 

lb/in. 2 

lb/in. 2 

lb/in. 2 

lb/in. 2 

Thickness of porous tube wall or solid graphite plate 1n. 

Thickness of rocket motor pressure shell 1n. 

Temperature 



SYMBOL 

T 
c 

T gx 

6.r 
s 

u 

v • 
v 

c 

V ref 1 

v 
s 

w, wp 

ID vap 

% 

a 

f3 

'Yc 

'Yu 
I 

'Yc 
I 

'YMo 
I 

'Yn 
I 

'Y ref 1 
I 

'Ys 
I 

'Yz, 

s 

E 
p 

MEANING 

Ayerage 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 10 

Volume of 10-ino 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 1n packed rod 
reactor core 

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

UNITS 

OR 

°F (or 
0

R) 

°F (or 
0

R) 

1no 

ft/sec 
0 3 1no 

ft 3 

0 3 
1no 

ft/sec 

0 3 1no 
0 3 
1no 

lb/sec 

lb/ sec 

1no 

1/ino 2 

1/ino 

1 b/ft3 

l b/ft3 

lb/ino 3 

1 b/ino 3 

lb/ino 3 

lb/ino 3 

lb/ino 3 

1 b/ino 3 
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I 
f.J-
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MEANING 

Ratio of total porous tube volume to reactor core 
volume 

Ratio of total sphere volume to reactor core volume 

Reactor core hulk 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 1n 
graphite spheres 

UNITS 

megawatt/ft3 

megawatt/ft 3 

lh/sec"in. 

lh"sec/in. 2 

1 h/ ft
3 

lh/in. 2 

.. 



PART II. NUCLEAR REACTOR ROCKET MOTOR 

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 speci fie power of the 
nuclear rocket motor must be greater 
than approximately 0. 5 megawatt/lb of 
total rocket motor weight for a nuclear 
rocket vehicle to demonstrate any 
significant performance advantage over 
conventional chemically powered rocket 
vehicles for any reasonable range of 
vehicle burnout velocities and dead 
l o ad c a p a c i t i e s . 

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 in the core, and that 
specific powers of 1.0 megawatt/lb are 
attainable with relatively sturdy com­
ponents in at least two of the four 
designs considered. 

The type of reactor proposed for 
a rocket vehicle power plant is, 1n 
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: l. 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, reflector, and propel­
lant shield. 

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 

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 6 kw-hr (see Part I), 
the total uranium burnup would be 
roughly 1/2 lb of U235

• Thus the 
minimum allowable critical mass will 
be of the order of SO 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< l) 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 
it 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 s true ture must 
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he 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 in 
power density from point to point 
within the core would have a pronounced 
effect on the reactor rocket motor 
performance.C 4 ) 

Variation of power density in 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 axial variation in power 
density should not exceed 25 to 30%. 

A neutron reflector is 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 1n 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,CS) Graphite was chosen as 
the material for the core structure 
primarily because of its high thermal 
conductivity as compared with carbon. 
Carbon was chosen as the reflector 
material because of its very low cost 
as compared to other reflector materials 
and because of its low thermal con-
ductivity; it must 
thermal insulator 

so 

also 
for 

serve as a 
the reactor 

pressure shell. ,Because of their 
high strength-to-density ratios and 
low absorption cross sections for 
thermal neutrons, aluminum or 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 gas at 4500°F, 
could be made from tantalum, columbium, 
molybdenum, or zirconium. Molybdenum 
would he 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 is by no means solved; however, 
there are indications that satis­
factory protective coatings can he 
made. Tests per formed by North American 

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. Comparison 
tests made on uncoated graphite samples 
showed serious erosion of the graphite 
during tests of 5 to 15 min duration. ( 6

) 

Unfortunately, tantalum has a high 
macroscopic thermal neutron absorption 
cross section and is 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 workhasbeen 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 1n mind that the required 
operational life of the protective 
co a tin g s and , in fa c t , the n u c 1 e a r 
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 from a 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 
de s i r e d me t a 11 i c c a r b i d e s ; an d ( 3 ) i n 
the case of zirconium, by dipping the 
graphite member to be coated directly 
into a hath 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 is 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 uc2 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 to heat transfer structure 
volume: however, each configuration is 
ge o m e t r i c a 1 1 y 1 1 c o a r s e r " t h a n t h e 
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 a 11 ow a b 1 e 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 s t u d y ) , the a b so 1 u t e 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) 1s the 
only one of interest 1n the three 
designs because, although the calcu­
lated theoretical performance in the 
laminar region is 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 
Re y n o 1 d s n u m be r s and t h ere 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 in 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;(J) 
however, its potentiality had never 
been fully investigated by the use of 
recently available analytical tools 

FIG. 11 

to describe the flow and heat transfer 
conditions in porous heat sources. ( 7 • 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 axia 1 porous graphite 
tubes could be supported at the gas 
exit end by a gr~phite 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 he coated 
with uranium carbide and a protective 
metallic carbide, possibly by a vapor­
deposition process, and the power 
generation would he 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 
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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 is, 
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 
w a 1 1 be c a u s e t h e p r e s s u r e o n t h e 
external (gas supply) side of the 
tubes would be approximately constant. 
Bee ause 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 in 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 increase 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 
to the reactor core bulk power density. 
For a design safety factor of 1.0 this 
equation was found to be 

TJC 10.45 DH 
= 

ET t[DH + t] 2 
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where Er 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 12b, it can be 
seen that reactors of bulk core power 
density greater than 100 megawatts/ft 3 

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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1n the section on the porous tube 
reactor. 

The most interesting result from 
the packed sphere reactor study is 
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 

1. 305 (
!!_)o. 323 (!::.T•)o. 446 

200 360 

<~Y· '" (;;)'"'" 
and is shown graphically in Fig. 13, 
for 6p = 200 lb/in 2 and 6T = 360°F, 

II 

for all 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 3 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, 
if 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 

of more rugged cons true t ion 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 res pee t to required 
wall-to-gas temperature drops and gas 
flow pressure drops. t 

The reactor core of this type would .,. 
consist of numerous cylindrical solid 
graphite rods packed together 1n 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 could be supported 
by either a graphite plate or a prope 1-
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 

( 
~::.p )o . 3 2 s (~::.r ·) 1 • 1 s 4 

2 717 - -
. 200 360 

Ds =------~----------~--~---

<~Y· '" Gl'" 
This equation is shown graphically 
in Fig. 14, for 6p = 200 lb/in 2 and 
6T,. = 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 3 

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 
t he r od d i a m e t e r , t h o u g h s m a 1 1 , 1 s 
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 packed rod 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 is on metallic gridwork or 
on perforated plates; however, both 
methods suffer from the problems of 
local stress concentration at the 
sup p or t poi n t s an d of s e rio us gas 
flow restriction at the gas passage 
outlets if 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 rod in relation 
to the gas outlet pass ages, and although 
this might be accomplished by electro­
plating processes, among other methods, 

t 

(
6 )11 2 

1. 130 _£. 
200 

(
6Tm)JI 

2 

360 

7J 
(N )o· 21 (k )o• 21 mw 

( )
11 2 

c Re g _
2 c 
p 

it would still prove to be a difficult 
a n d e x p e n s i v e t a s k . I t i s be 1 i e v e d 
that the stacked plate reactor system 
offers sufficient constructional 
advantages to offset its slightly 
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smaller coruponent dimensions at com­
parable power density levels. 

Stacked Plate Reactor. A stacked 
p 1 a t e r e a c t o r c o r e s t ru c t u r e c o n s i s t i n g 
of thin parallel plates of graphite 

spaced at equal intervals was ~xt 
considered with the aim of decrea ng 
or eliminating the constructio al 
difficulties that are inherentt'in 
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 
same total surface area. The diffi­
culties and expense of the uranium 
carbide and hydrogen-resistant metallic 
carbide coating 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 is 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 
plate thickness. This relation was 
found to be 

1.009 (

mw )1 I 2 
_ (k )1.01 (N )1.01 
C2 g Re 

p 

( 
6p )1 I 2 (6T m) 1 

I 
2 

200 360 

and is shown in Fig. 15, for 6p = 200 
lb/in. 2 and 6T = 360"F, for several 

m 
values of Reynolds number for all the 
propellants considered. 

For core gas flow in the turbulent 
regime, Fig. 15 indicates that bulk 
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core power densities of the order of 
150 megawatts/ft 3 could be obtained 
with graphite plate thicknesses of 
0 . 0 9 0 i n c h . Th i s t hi c k n e s s i s s a t i s -
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 3

, it would 
be necessary to consider plate thick­
nesses of 0. 035 in., which would seem 
tobe 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, 
simplicity of fabrication and assembly, 
and relative cheapnessof construction. 
The support of the structural pieces 
of the core -porous tubes, rods, 
spheres, or plates - is obviously 
simpler for the stacked plate system 
than for any other. The reactor core 
could consist of a number of hexagonal 
"boxes" stacked together in a 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 simplic{ty 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< l) 

were made for a homogeneous carbor 
reflected reactor over a range of corf 
graphite volume fractions. A conSilan 1 

zirconium (assumed coating mater]al) 
volume fraction of 0. 05 and a conS\ant 
molybdenum (assumed structural ma­
terial) volume fraction of 0.10 were 
used. The reflector 
taken as 10 in., and 
length and diameter 
chosen. 

thickness was 
a t yp i c a l c o r e 
of 90 in. was 

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
quired 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 
on critical mass, 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. OS 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, 

From Fig. 18, the uranium bulk 
density within the reactor core was 
determined as a function of the core 
d i am e t e r . The v a r i at ion o f u r ani u m 
density with core diameter is shown 
in Fig. 19. 

It can be seen from Fig. 19 that 
the uranium density within the core 
r i s e s q u i t e r a p i d 1 y a s t h e c ore d i a me t e r 



FIG. 16 
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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 
m1n1mum 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 
hulk 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 s1ze, 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 he cylindrical, with a 2:1 
e 11 ipso ida 1 top end c a p , and w i t h 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 75ST-6 aluminum with 
a tensile yield strength of 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 
s imp 1 i f y t he e qua t i on s , th e no z z 1 e 
was assumed to have 40% porosity and 
to he constructed entirely of nickel. 
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For a rocket motor external diameter 
Dr, in inches, the total volume of the 
pressure shell is given approximately by 

(1) V ~ [D 2 
- (D - 2 t ) 2 ] (Dr ) 

8 r r 8 

The shell thickness, t
8

, is deter­
mined by allowable stress considerations 
to he 

( 2) 

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. 031 7 D 
8 r 

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

(4) V = 0 1228 D3 
8 • r 

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 VB 

and the solid volume of the nozzle 
will be 

( 6) V (0.30)(1 - porosity)V 
n 8 

= 0.18 V = 0.0221 D3 
8 r 

The v o 1 u me of the 1 0 in. thick 
carbon reflector is given by 

(7) Vrert = 34.45 (D: - 25.62 Dr 

+ 182.3) 

and the core volume is given by 

(8) v = 0.6453 (D - 21.35) 3
• c r 

Now the nuclear rocket motor 
specific power, in megawatts per 
pound of total rocket motor weight, 
1 s g1 ven by 

( 9) p =----
1728 mr 

where mr, the total rocket motor 
weight, is determined from the sum of 
the component weights to be 

(10) mr = y'V + y'V + 1 V 
8 8 n n Yrefl refl 

+ Vc (y~fc + Y~rfzr 

+ Y~Ja~o> 



The material densities and the core 
volume fractions for the rocket motor 
configuration discussed previously 
are g1ven below. 

MATERIAL y
1 

(lb/in. 3) fcore 

I I 

Yc and Yre fl c 0.0615 0. 50 
I 

Zr 0.2315 0.05 Yzr 
I 

Mo 0.3686 0.10 YMo 
I 

AI 0.1009 ys 
I Ni 0. 3219 yn 

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 

loaded vehicle weight. 
can be obtained by use 
Fig. 20 and the equation 

This relation 
of Eq. 11 or 

(12) P = m-p r r • 

See Part I for the complete deter­
mination of the rocket motor weight 
equation. 

In practice, Eq. 11 is cumber~ome 
to work with, and it 1s therefore 
desirable to obtain a simple expres­
sion for ~c/p as a function of Dr. 
Itwas found possible to fit an equation 
of the form 

B 
A+­

Dn 
r 

to Eq. 11 with fair accuracy. This 
equation and its deviation from Eq. 11 
are given be low. 

52.23 + (
1 25.62 

5674 ----+ 
D D2 

r r 

182.3) 
D3 

r 
(11) + 136.8. 

( 
21. 35)

3 

1---
Dr 

Figure 20 shows the parameter 
7) c /p as a function of Dr. 

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 

7)c 3.46 X 105 

(13) 200 + 
p D 1. 6 9 

r 

RANGE OF D 
r 

(in.) MAXIMUM DEVIATION (%) 

1000 < D <oo 5 r 

60 < D < 1000 2Y. r 

50 < D < 60 llY. r 

RADIATION HEATING OF PROPELLANT 

In an y n u c 1 e a r f iss ion p roc e s s , 
some of the fission energy is 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 is no 
other coolant available in the rocket 
system. 
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A second source of volume heating 
external to the reactor core is 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.), 1n 
order to minimize the production of 
secondary gamma rays by (n,y) reac­
tions. Neutron thermalization 1s 
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 rna teri al. 

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 propellant shield. 

In order to avoid the use of con­
ventional lead or iron gamma shielding, 
hence additional dead weight in the 
vehicle, it seems desirable to use the 
propellant directly as the gamma­
energy absorber. By assuming that the 
density of hydrogen in the liquid 
propellant is 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 ) 

where 1-L is 
coefficient 

-J.L % 
e P 

the gamma absorption 
of the propellant (in 

cm- 1
), xis the absorber 

(in centemeters), and 1 0 
the radiation intensities 
after attenuation. 

thickness 
and I are 

be fore and 

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

( 2) x 100 • (;,) ln (:•) 
1-Lp 

4.6 

The absorption coefficient for 
water is roughly 0,04 cm- 1 for 3-Mev 
photons; thus the propellant thickness 
for an attenuation of 100 is deter­
minedfromEq.2is llS em, or 3.8 feet. 
Since the volumetric heating in the 
propellant is approximately propor­
tional to the gamma flux at any point 
(if neutron thermalization is neg­
lected), we find that 99% of the total 
power generated within the propellant 
will occur in the first 3.8 ft of 
propellant nearest the reactor. This 

internal heating is sufficient to 
cause vaporization of some of the 
propellant; in order to avoid propel­
lant loss, this vaporization should 
he 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 
she 1 1 . Th is p r ope 1 1 ant 1 aye r act s 
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 
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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 fast­
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 p r e 

where A is the area ratio defined 
above, Pr is total reactor power in 
megawatts, and f is the fraction of e 
fission energy escaping the reactor 
core in the form of photon and fast 
neutron radiation. The loss-energy 
fraction, f, was t&ken as 0.08; thus e 
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-A, and that the total spherical 
area normal to the radiating flux is 
the s ph e r e o f d i am e t e r J2 D . t h e 
effective area ratio is then given by 

A 0. 125 . 

Now, the rate of vaporization of 
propellant will be g1.ven by 

946 AP rfe 
(4) w 

v ap H 
tl 

where w is in lb/sec and H 1.s the vap v 
latent heat of vaporization of the 
propellant, in Btu/lb. 

The total weight flow rate of 
propellant required for the rocket 
vehicle propulsive system is obtained 
from E q s . 1 8 an d 1 9 , P a r t I , t h is 
report, as 
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( 5 ) w 
p 

p 
r 

47.5---

where v is the maximum 
II 

exhaust velocity of the 
theoretical 
propellants· 

used in this study and appears 1.n 
Table 4, Part I. 

When Eqs. 4 and 5 are combined, 
the fraction of propellant vaporized 
external to the reactor core 1s 

w 
( 6) 

v ap 

w 
p 

Af, ( ~ )' 

19.9 
H 

II 

Using values for A and fe as determined 
previous 1 y, Eq. 6 is reduced to 

w 
( 7) 

v a p 

w 
p 

( ;;, )' 
0.199----

H 
II 

Values of it at atmospheric pressure, 
(v /10 3

)
2

, a~d w /w are given in m v a p p 
T a b 1 e 7 f o r e a c h p r ope 11 an t c on s ide r e d . 

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 
the reactor core, while in the ammonia, 
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 H • (II /103)2 w !w 
v .. vap p 

Hydrogen 197 962 0.972 

Methane 248 268 0.215 

Anmonia 587 227 0.077 

Hydrazine 602 181 0.060 

Water 969 152 0.031 

Hydrogen and ammon1a 513 367 0.142 

•if data obtained from refs. 20, 21, and 22. 
v 
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is 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 
drop requirements within the reactor 
core itself; thus lighter weight 
reactors for the same total power 
output can be used. 

REACTOR CORE DESIGN 

Porous Tube Reactor. It 1.s shown 
by the work of Green< 8

) 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 

X 

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 

( 3) T 
avg 

which becomes 

T 
a v g 

1ft =- Tdx 
t 0 

qt 
--=--- + 
2Gc 

pg 

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) 
qt 

-+--------,-----.,..----

' c::') Gc 
p g 

from which the express1.on for the wall temperature drop, 6T8 , 1s obtained: 

_ qt l 1 _ e·(Gcpgtlks)J 
-~ 1 

- (Gc t) · p g p q 

k 
s 

( 2) 
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described 

(4) 

but 

( 5) 

and 

2 
Po 

t 

by --· 2 
pi 

= 2b a ,~.' T G r avg 

Po 
,0-.p 

+--
2 

f::..p 

2 

thus Eq. 4 can be written as 

2pavgf::..p 
( 6) 

t 

(GT 
avg 

I 

f.L 

The stresses induced in the wall by 
external pressure loading are g1ven 
by 

( 7) SL =-2-t-

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

( 8) 
/::..THEE , _____ _ 

2(1 -a-). 
8

th 

For pressure loading, the stresses 
on t h e in n e r an d o u t e r t u b e s u r fa c e s 
are both compressive; however, for 
thermal loading under the conditions 
assumed for reactor operation, the 
inner surface stress will be a com­
press1ve 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 compress1ve stresses; hence 

( 9) 

Only hoop stress is 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 compress1ve hoop 

stresses. 
The total stress, of course, must 

not be greater than the desired 
allowable working stress, hence 
Eqs. 7, 8, and 9 become 

s 
c 

DHf::..p 6T9EB 
(10) 

f. 
+ -----

2t 2(1-a-)" 

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 

(ll) 

for thin walled tubes. 
Tube volume 

(12) 

Power density 

( 13) q 0. 5486 TJn 

Weight flow rate of gas 

w w 
(14) G = 

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

= 0. 678 _!!!__(~)
2 

• 

g c 103 
(15) 

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

1. 4 7 4 g cp r 
(16) G =------

For optimum design of a cylindrical 
homogeneous reactor, the ratio of 
reactor length to diameter should be 
approximately 0. 93. For conven1ence, 



this ratio shall be taken as 1.0; 
hence 

L 
(17) 

D 
1. 0 • 

c 

exp [- c 1 1 -

c2 
= 1 -

Thus, from Eqs. 20, 18, and 2, 6TH can 
be expressed as 

(DH + t)2 p c t 

l r pg 

DH E D3 k 
T c • 

6TH 
c 1 cP g [c, (DH t t) 2 p 

c '] 
r p g 

(21) 

Now,combining Eqs. 12, 16, and 17 
yields an expression for the gas 
weight flow rate 

(DH + t ) 2 p 
(18) 

r 
G = c1 

DH E D3 
T c 

where 

l. 47 4 g 
c 

c 1 

E qu a t i on s 11 , 12 , 1 3 an d 1 7 , w h e n 
combined, yield an expression for the 
core structure power density 

(19) q 

where 

(0. 5486)(1728) 

7T 

Equations 18 and 19, when combined, 
yield 

(20) 

DH E D3 
T c 

k • 

and from Eq. 3, Tavg can be written as 

c2 
(22) T avg 

=--~-

k DH E D3 

• T c 
+ --6T 

c 1 c p g t (DH+t)2Pr H 

The solution of Eq. 10 for !::.p/t yields 

(23) ~ = [.:.:.:._ _ !::.T HEBJ (_:_) • 

t f I (1- u) DH 

Now, by introducing the parameters 

(DH t t ) 2 

A. = 
DH 

and 

p 
r 

e 
E D 3 

T ~ 

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 

(24) 2p••• [c, - 2c 8 c 5 (1 _1-e"''~"')j 
c 6A.et 

" [ c,M + c,(M) 2
] [ 

2c 5DH (1 -1 -e·c 6A6t)l 
cSDH + 

c6A.et c 6 A.et J 
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where 

l. 47 4 g 
c 

as be fore 

c 8 " 

(0.5486)(1728) 

7T 

2b a f.L
1 c 1 

6f3ci 

6g 
c 

k 
s 

2sc 

js 

EB 
(1 -CT) 

as before 

The material properties necessary 
to evaluate the foregoing ronstants 
are E, B, CT, s c , k , , a , and ;3. The 
necessary gas properties are b, JJ- 1

, 

v,. and c Other information required 
p g 

----------~·------------····-

r-2s. c (26) - 7350 
js 

1-------
65.5A.&t l 

The max1.mum theoretical p rope 11 ant 
gas velocity is 

I 2g k }( 

=v 
c u 

v T 
.~ k - 1 rnw c 

(see E q. 35, Part 1 ) and the gas 
constant is 

L856 X 10 4 

b ------·~-
mw 

Nov:, s1.nce 

kR 
u 

( m u) ( c ) 
p g (k-1)1' 

then 

2g Jc T 
c p g c 

thus 

6. o6 x 1 o· 2 

cl = -------
c 

p g 

for any gas at Tc 49o0°R. 
The other required conditions are 

fJ a v g 
1500 psi and T 491'0°R. 

c 

By using 
Eq. 24 can be 

the data given above, 
reduced to 

l JJ- I >ce 1 7 2 7 < ~ce ) 2 ] [ 
1.89 X 10 10 ---+ 0. 83 DH + 

(mw)c (mw)c 
p g p g 

0.02535 

A.6t 

l- 1 _ e" 65. sleet) J. 
65. 5 A.Gt 

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

a v g 
the desired maximum gas temperature, 
T. 

c 
From the National Carbon Co. 

handbook, the following information 
was obtained for National Carbon Co. 
grade No. 30 porous graphite: 

s 520 ps1. 
c 
E 0.2 x 10 6 ps1. 

B 5.9 x 10" 6 in./in.•°F at 4500°F 
CT 0.2 

k 0. 93 X 10" 3 Btu/sec in. °F. • 
Reference 8 gives a = 8. 4 x 10 6 /in. 2 

an d ,8 = 4 • 9 x 1 0 3 /i n . f o r g r ad e No . 3 0 

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

b 
I 

1-L 

v .. 
c 

p g 

0. 93 x 104 in. ;oR 

4.01 x 10" 9 lb•sec/in. 2 at 
2500 to 3000°F 
31,000 ft/sec (see Part I) 
4. 0 Btu/lb· 0 R. 

By solving Eq. 26 graphically, it was 
found that the value of the right side 
of the equation, for the range of 
interest of D8 and t, was always less 
than 3 0 for a 11 v a 1 u e s of A.e t 1 e s s 
t h an 0. 1 and was a 1 ways c 1 o s e to 
zero for all A.et less than 0. 01. 
Thus, when the right hand side of the 



equation is denoted by ~R and the 
equation is rearranged, 

( 27) 
1 • 6 5 • 5 AB t 

- e 
1 

6 5. 5 Ae t 

or for ~R ~ 0, 

(28) 
l _ e.65.5ABt 

6 5. 5 Ae t 

2sc 

fs 
- ~R 

------
7 350 

2sc 
1----

7 350 f 
s 

J 

From Eqs. 24, 26, 27, and 28, it can 
be seen that for temperatures, pres­
sures , and p o ro sit i e s o f t h e or de r of 
magnitude considered, the relation 
between A, e, and t within the reactor 
core is virtually independent of the 
gas properties and t;1e 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) Ae t = 4 . 1 5 x 1 o- 3 

Now, the reactor bulk core power 
density, defined as the ratio of the 
total reactor power output to the 
total core volume, is given by 

( 3 0) 7] c = 

p 
r 

2200-= 
D3 

c 

Combining Eqs. 29 and 30 and re­
introducing the defined expression 
for A, an equation relating porous 
tube diameter and wall thickness to 
reactor core power density is obtained 
as 

(31) 

The maximum possible value for the 
tube core volume fraction, ET, occurs 
for equilateral triangular packing of 
the porous tubes, and is ET = 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: 

(1) 
dF = f' f" v~ 
dx 72 g [J 

c s 

which can be written as 

dF f'f"G 2 

( 2) 
dx 

= ,288 
g p2D 

c s 

by means of the relation 

144 G 
\-; = 

0 p 

However, 

dp dF 

dx 
p--

dx 

thus 

( 3) 
dp 

288 
f'f"G 2 

-- = 
dx g cp[) s 

Now, the gas density P at any point 
x through the reactor core, 1s given 
by 

( 4) p = 
X 

P (mw) 
X 

R'T 
u gx 

Thus, Eq. 2 becomes 

f' j"G 2 R' T 
u gx 

( 5) 
dp 

288 
g D ( mw) 

c s 

p 
dx 

1 d( p 2 ) 
-----

2 dx 

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

T 
- x/ L 

A - Be c 
gx 
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the gas temperature 1s then expressed 
by 

(6) 
(Tc -To) e -x/L 

T =To+ 0-e c) 
gx (e -U 

for boundary conditions of 

X = 0 
' 

T = T 
g 0 

and 

X = L T = T c g c 

Substituting Eq. 6 
the relations p 0 
PL = Pavg - 6p/2, 
x = 0 to x = L 

c' 

into Eq. 5, utilizing 
= p + 6p / 2 an d 

a v g ' 
and integrating from 

288 f'f"L G2 R'T 
c u c 

( 7) 
( e - 1 ) g c lJ s ( mu,) P a v g 

within 5% for T0 = 460°R. 

Now, if the gas exit temperature, 

Tc, is specified to be 4960°R, the 
average reactor gas pressure, p , 
is specified to be 1600 psi, and

8 

~~­
propriate values for R~ and gc are 
substituted, Eq. 6 reduces to 

( 8) 171 f' f" 
(mu)D 

s 

As f o r t he p o r o us tube r e a c t o r , t h e 
weight flow rate per unit area (based 

(15) 
( )(

p 
mw r 

(6p)(D~) =2.352Xl0 4 (k) - --
g c-2 D 

P' c 

upon total core cross section) may 
now be expressed by 

( 9) G =---

and aga1n, as for the porous tube 
reactor, the power generation is given 
as 

(10) 

If Eq s. 
Eq. 2 5 
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P = 0.678 w (v") 2 

r gc ~ 
9 and 10 are combined with 

1n the porous tube reactor 

study and reduced numerically, it Is 
found that 

( 11) G 

p 
r 

0. 242---
c D2 

pg c 

For values of D /D < 0.05, s c -
factor f" in Eq. 8 is g:tven 
0 . 9 < f" < l . 0 . The fa c to r f ' , 
all values of lJ /D , IS given by s c 
relation 

( 12) f' 
800 

N 
Ref 

39 
+ 

(A )0.16' 
Ref 

the 
by 

for 
the 

where NRe f 1s the Reynolds number for 

flow purposes and 1s defined as 

( 13) i\ 
Ref 

D G 
s 

Combining Ens. 11, 12, 
determined to be 

and 13, f' 

(14) 
(

k D
2

) 
j' = 2610 ~ 

p D 
r s 

k ]J2 )0. 1 6 

+ 4 7 . 1 (_____£___:__ 
p D 

r s 

IS 

A combination of Eqs. 8, 11, and 14 
p rod u c e s t h e f o 11 ow in g e q u a t i o n f o r 6p : 

mw o. 84 

(

p )1. 8 4(D ) 
+12 4 . 5 ( k , ) 0 

• " ( ,,) D : D: 
p 

In order to evaluate this and other 
equations, it is necessary to specify 
values of the gas properties (mw, 
cp, kg, and f-L) to be used 1n the 
equat:tons. Since the properties 
change with temperature, they will 
certainly vary widely in the flow 
through the reactor core, where the 
gas is heated from essentially 0 to 
4500°F. This wide temperature varia­
tion indicates that all equations 

involving functions of the gas prop­
erties should be solved by numerical 
integration in which proper values 
for the gas properties are substituted 
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 

(16) T avg L
l JL c 

c 0 

T dx gx 

The so l uti on o f E q . 16 , by us 1 n g 
T from Eq. 6, is gx 

(17) 

Now, by taking T0 as 460°R and T as 
0 0 c 

4960 R, Tavg becomes 3080 R. The 
viscosity, conductivity, molecular 
weight, and molar specific heat for 
each of the propellant gases con­
sidered is given in Table 8 for this 
temperature. The data was obtained 
primarily from refs. 10, 11., 12, 1.3, 
and 14, and by use of the assumption 
that the Prandtl number of the gases 
considered is 0.79 and is invariant 
with temperature. 

The average values of certain 
functions of these properties will be 
found useful later, and are given for 
reference. 

(k )0.21 
g avg 

(k )0.20 
g avg 

(k )0. 18 
g avg 

(k )0.16 
g a v g 

(k )1.48 
g 

(k )1.01 
g 

0.073-

0.083 

0. 107 

0.137 

avg 

TABLE 8. APPROXIMATE PROPELLANT GAS PROPERTIES AT T avg 

LIQUID APPROXIMATE AVERAGE -
GAS ACTUAL cp o /-1.. 

PROPELLANT (Btu/mole' F) (lb/sec 'in.) 
COMPOSITION MID 

Hydrogen 1.0 H2 1. 99 8.0 1. 55 X 10- 6 

Anunonia 0. 75 H2 8. 48 8. 1 2.73 X 10- 6 

0.25 N2 

Hydrazine 0.67 H2 10.64 8.2 2.88 X 10- 6 

0.33 N2 

Methane 0.25 C2H2 7.81 "'10 2. 3 X 10- 6 

0. 75 H2 

Water 1.0 1120 17.92 12.0 3. 75 X 10- 6 

Hydrogen and ammon1a 0.875 H2 5. 23 8.05 2.34 X 10- 6 

0.125 N2 

mean error < 6% 

maximum error< 15% 

9, 11 X 10- 1 O 

mean error < 7% 
maximum error < 11% 

avg 

mean error < 9% 

maximum error < 17% 

2. 32 X 10- 8 

mean error < 14% 
maximum error < 21% 

k G;) (Btu/sec~ in. '°F) 

7.89 X 10- 6 0.031 

3.30 X 10- 6 0.129 

2. 81 X 10- 6 0. 159 

3.7 X 10- 6 0.078 

3.18 X 10- 6 0. 124 

4.51 X 10-6 0.081 
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( k ) 
g (:;) 

avg 

mean error < 18% 
maximum error < 33% 

By using data from Table 8, Eq. 15 
IS reduced to 

+ 58.16 - - -(
mw)(pr) 1

•

84 (D8
)

0

• 

84 

-2 D D c c c p 

If the 
>-- = D /D c s 
be written 

(19) 

P arameters e = P /D r c 
are introduced, Eq. 18 

s. 51 x 10- 3 e 

+ 58. 16 (mw) et. 84 

c 2 >x_o. 84 

p 

and 
can 

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

(20) s,_, =6p + wsphx' 

where Wsphx is the weight of all the 
spheres above the cross-section 

station. Obviously, sx-x will be a 
maximum In the bottom row of spheres; 
thus 

( 21) s 
X-X max 

where a is the maximum acceleration m 
of the rocket vehicle, E Vis the volume 
fraction of the core occupied by the 
spheres and is given by 

(22) 
total sphere volume 

Ev =---------- = 0.740 
total core volume 

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 E A, and 
is given by 

(23) 
maximum sphere cross section 

E = 
A core cross section 

0.907 

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

( 2 4 ) s = 6p + 0 • 4 9 2 D 
X-X C max 

Stresses at the contact points of 
the stacked sphere structure are, In 
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 is 
given in ref. 15 as 

(25) 

It Is 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, sL shall be taken 
as equal to sL /4. Thus 

theo 

( 2 6 ) s L = 0 • 2 3 [ F TE 2 ] t/ 3 

n;o a-2)2 

FT 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 T 

is found to be 

0 • 3 9 2 ( 6p ) ( D; ) 

+ 5.0 x 10- 4 am (Dc)(D!) • 



Thus, combining Fqs. 26 and 27, sL lS 

obtained as 

(28) 0.23 (0.392 !::.p 

+ 5. 0 x 10- 4 am D) j 113 

• 

For solid graphite at a temperature of 
4500°F, E = 1 x 10 6 psi and u ~ 0.2. 
When these values are used, and the 
max1mum vehicle acceleration 1s 
specified as 9 gc (see Part I), Eq. 28 
becomes 

113 
( 2 9) s L = 12 42 ( 2. 7 0 5 f::.p + D c ) • 

From ref. 17, the maximum the rma 1 
stresses that result from internal 
power generation in the spheres are 

2EB !::.T 
s 

(30) 
(1 - u) 5 

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

( 31) <D = !::.T -EB ( 17 
¢m (1 - u) s 15 

which is the tangential tensile stress 
at the sphere surface. The te~pera­

ture drop from the sphere center to 
the sphere surface, f::.T

8
, is given by 

qD; 
( 32) 1':-,T 

s 24k s 

The power generation within the 
solid graphite spheres IS given by 

(33) 
Ep 

q = 0.5486 TJ -
c E V 

where EP 1s the fraction of the total 
reactor power generated within the 
graphite spheres by neutron and gamma 
heating. 

The bulk core power density 1s, as 
for the porous tube reactor, 

(34) 
1728 P r 

Tic 

(:) D~ 

pr 
2200-

D3 
c 

A combination of Eqs. 33 and 34 
yields 

(35) q 

Now, for turbulent gas flow, the 
sphere surface heat transfer coef­
ficient, he, is given from ref. 18 as 

(36) hc=0.023-g NRe (Npr) 0
"

4 k ( )0.8 
dh H 

where N 1s the heat transfer Re 8 

Reynolds number and is given by 

2GL CD s 
(37) 

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

Lc 
(38) - = 1.0 

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

(39) 
Pr Ds 

= 0.218---
f.LC D 2 

pg c 

and for NPr 0. 7 9' as be fore (Table 8), 

0.276 PrDs 
(40) N Re 8 k D 2 

g c 

or 

0.276 e 
N Re 8 k 'A 

g 

The "hydraulic" diameter, dh, is 
defined as four times the total flow 
volurroe divided by the total "wetted" 
sphere surface area, and is given by 

which can be reduced by Eq. 22 to 
obtain 

dh = 0.234 D
8 

• 

Now, combining Fqs. 36, 40, and 41, an 
equation for he is obtained as follows: 
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From Table 8, 
approximately 
reduced to 

k 0
•

2
1 1S seen to btc g avg 

0.083; thus Eq. 42 1s 

( 43) h 
c 2.66 X 

Rhen Eqs. 32 and 35 are combined and 
it is specified that 10~ of the total 
reactor power is generated within the 
~rarbi te spheres (thus E = 0.10), the 
expression for 6T hecom~s 

s 

(44) 6T 
6.80 

s 

Py comhininp Fqs. 30 and 31 with 43 
and 44, the final thermal stress 
equations are obtained as 

(45) 

and 

2.72 EB 
( 1 - CT) 

EB 
( 46) <IJ. 

CJ;m ( 1 - u) [ 

7. 7 P rD; 

k D3 
- s c 

If the graphite properties, as 
specified previously, are taken to be 

E 1 x 10 6 psi , 
CT 0.2 , 

B 

k s 

and the 
for Eq. 
become 

(47) 

and 

(48) 

3.1 x 10- 6 in./in.·°F, 
4.17 x 10- 4 Btu/sec·in.·°F 

!c and C notation introdnced 
19 is used, Eqs. 45 and 46 

R rm 

e 
2, 53 X 10 4 

-­

(c2 

e 
7.18 X 10 4

-
(c2 

eo. 2 

+ 1.32 X 10 4 -­

fc 1 . 2 

The rate of heat transmission from 
the spheres to the gas must be equal 
to the power generation within the 
spheres plus the power generation 
within the uranium carbide layer; thus 
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a heat transfer balance may be set up 
CiS 

Sinre A h is the "wetted" surface 
area of ~11 the spheres, we have 

272 P rD s 
(SO) 6T 

m 

and, from Fq. 43, Eq. 50 1s reduced to 

(51) 

or 

eo. 2 

(52) 6T = L 02 x 10 5 
m 

(c1.2 

Now, the bulk core power density, 
f)"' may be rewritten from Eq. 34 as 

(53) 

or 

(54) e 2200 T)c 

Now bv solvino- for D 2 from Eq. 19 
• tc s ' 

and !c 2 from Eq. 52, and by introducing 
the parameters (6T m/ 360) and (6p /200), 

T)c is approximately expressed by 

(55) 
32.3 

7)c - ---

(:w \ 
c 2 ) 

\ p 

(
. 6p ) (6T m) o .967 

200 360 

G 1 • o33 

for e > lc/100. 
For hydrogen gas, mw/c 2 is given 

in Table 8 as approximatelyp3.l X 10- 2
; 

thus 

(56) T) I = 1o42 
c H 

2 

( 6~) (.IJ,T m) 0. 967 

200 360 

&l.O 33 

As determined from Eq. 52, !c 1s 

(57) 
e o.l67 

111.0 
( [\T m) 0 . 8 3 3 

·. 360. 



This expression for ~. when combined 
with Eq. 40, yields the following 
relation between heat transfer Reynolds 
number, NRe , and the reactor power 
factor e: H 

(58) NRe 
H 

= 2.49 .x l0-3(6Tm)0.833 
kg 360 

Again from Table 8, k for hydrogen 
at the conditions state~ is given as 
7.89 x 10- 6 Btu/sec·in.·°F; thus 

(59) (
6T )o.833 

= 316 __ m (e)o.833 
360 NReHI 

H2 

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, the 
sphere diameter is given by 

7.471 X 

(~cwp2 )0.5 
(e )0.85 

lo- 2 --------------

( 
~:,p)o.s (6Tm)0.35 
200 360 

When Eq. 60 is solved for e and the 
value substituted into Eq. 55, the 
following relation between sphere 
diameter and reactor power density 1s 
obtained: 

( 
6p )0.323 ('6T m)o .446 

1.305 - -
200 360. 

( 

mw )0.323 
(7]c)0.823 c; 

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 is given at various points 
along the curve. 

Packed Rod Reactor. The pressure 
stresses in 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 
(l) 

dx 

fG2 
288---

gcp2dh 

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

6p 
G2 Lc 

( 2) = 171 f-
mw dh 

for an assumed axial gas temperature 

given by 
(Tc - To) e 

(1 
- x/L ) 

T To + - e c . gx (e - 1) 
For purposes of this study, G is 
based upon flow cross sectional area; 
thus 

w 
( 3) G 

where Ef 1s the gas volume fraction of 
the core and is given by 

(4) 
total core cross section - rod cross section 

total core cross section 

For hydrogen gas, this reduces to 

4.01 
( 

6p )0.323 (D.Tm\.446 

200 \- 360) 
(62) D I = 

s "2 (7] )0.823 
c 

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: 

= 0.678 ~( vm)
2 

g c 103 
( 5) p 

r 

From Eq, 25 in the porous tube reactor 
study, it can be shown that the max1mum 
theoretical exhaust velocity, vm, 1s 
given by 

( 6) 
c T 

p c 

mw 

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

for rod packing in an equilateral 
triangular array. Actually, because 
of laminar flow effects near the 
points of tangency of adjacent rods, 
it was felt more conservative to use a 
slightly higher value for dh than that 
given by Eq. 10. For convenience, dh 
was increased by a factor of 7T/2; thus 

giving 

(ll) 

By combining Eqs, 7, 8, 9, and ll 
with Eq. 2, and by specifying that the 
gas Prandtl number be 0.79, the 
following equation for 6p was obtained: 

(12) (6p) (D ~) l 735 X 10 6 (k1. 4 S • g (
D )o.48 (p )o. s2 

~) ---=. _r 

(;2 D s D c 
p. 

flow rate per unit flow area as: 

(7). G = 0.242 (~) ( m~), 
D~ E f c p 

when Tc is specified as 4960°R, 
The friction factor , f , in 

and 2 1s given by 
Eqs. l 

( 8) 
128 0.0453 

f + 
(NRe)1.48 (N )o.1s 

Re 

for all 10 2 < N < 10 7 where N 1s Re Re 
the Reynolds number of the flow and is 
applicable throughout this section of 
the study to both flow and heat 
transfer expressions. 
defined as: 

Here NRe 1S 

( 9) 

The " h y d r au 1 i c " d i am e t e r , d h , 1 s g 1 v en 

by 

(lO) dh(theo) 

82 

(4) (gas flow area between rods) 

flow channel perimeter 

= 0.103 D 
s 

+ 615 
mw (pr)1.82 (D 5 )

0
·

82 

(
k0.18 -) - -

g -2 D D 
c p c c 

From the propellant gas data in 
Table 8, it was found that k 0 • 18 j g a v g 
is 0.107, and that the average value 
of the k 1 · 48 (mw/c 2

) term is 9.11 x 
l0- 10 with an averfge deviation of 7% 
for the propellants considered, By 
using these values and introducing the 
notation ~ = D jD and e = P jD , Eq. c s r c 
12 becomes 

(13) 

= 1.58 X 10-3 610.52 ~0.48 

+ 65.8(.~) ~ c:; ~ 0.82 

The load stresses on the graphite 
rods are entirely compressive in nature 
(when side loads imposed by vehicle 
maneuvers are neglected) and the 
maximum load compress1ve stress is 
given by: 

(14) 

or 

(15) s L = 6p + ----
1728 gc 

In this reactor, as for the others, 
the core is assumed to be a square 



cylinder; thus 

Lc 
(16) = l. 0 

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

(17) SL = 6p + 0.553 DC . 
The maximum thermal stress resulting 

from internal power generation 1n the 
rods 1S given by 

6Ts EB 
(18) 8 th = 

2 (l - CT) ' 

which is 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 

D2 
s 

(19) 6T 
s 16 k s 

The power generation within the 
graphite rods is given by 

(20) 

where E 
p 

reactor 
graphite 
heating, 

q = 0.5486 
E 

p 

1 - Ef Tic ' 

1s the fraction of the total 
power generated within the 
rods by neutron and gamma ray 
and is taken as EP = 0.10. 

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

pr 
( 21) Tic 2000 

D3 
c 

which, when combined with Eq. 20, 
yields 

Ep pr 
(22) q 1207 

1 - Ef D3 
c 

When Eqs. 18, 19, and 22 are combined, 
the thermal stress 1s given by 

(23) sth 

ForE = 0.10, E/ = 
graphite ;roperties of k s 
Btu/sec•in.·°F, CT 0.2, 
psi, and B = 3.1 x 10- 6 

Eq. 23 reduces to 

0.093, and 
= 4. 17 x 1o- 4 

E = 1 X 10 6 

in./in,•°F, 

(
PDrD

3 

~) (24) sth = 3.87 X 10 4 

c 

or 1n the ~ and e notation, 

e 
(25) sth = 3.87 x 104

-
~2 

Now, for turbulent gas flow, the 
rod surface heat transfer coefficient 
is given by ref. 18 as 

k 
(26) he 0.023 ____!_ (NRe ) 0

"
8 (Npr ) 0

"
4

• 

d.h 

Ry combining Eqs, 7, 9, and 11 with 
Eq. 23 and by using Npr as 0.79 (Table 
8), h becomes 

c 

(27) he= 0.0781 k~· 2 (pr:s)'·' (:), 
D c s 

From Table 8, k 0 • 2
1 1s seen to g a v 1 

be approximately 0.083; thus 

(28) h, = 6.482 X W' (~~·r (;J 
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) he Arods 6T
8 

= 948 Pr 

When Eqs. 28 and 29 are combined 
and the relation 

1s used, the solution of the equation 

for 6TIIl yields 

(30) 6T 
Ill 

and from Eq. 28, 

( 31) 6T • 5.14 

333 PrDs 

he D~ 
Eq. 30 becomes 

x 104 (pr)o.2(~)1.2 
DC DC 
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or by us1ng ~ and f, 

(32) 5.14 X 10 4 

~ 1. 2 

As in the previous reactor studies, 
bulk power density, Tic' rnay be de­
termined from 

( 33) 
(1 

2 2 0 0 ------­
(~D ) 2 

s 

where D! may be determined from Eq. 13 
and ~ 2 may be found from Eq. 32. By 
performing the required operations and 
by introducing the parameters 6pj200 
and 6Tm/360, hulk power density can be 
approximately expressed as 

( 34) 

( ) (
L\T ) o.984 

50 . 7 \ -£~ .3fo 

fore> n witlJ ~ < 100 n. 

For hydrogen gas, Eq. 34 reduces to 

(~!}__) (6Tm \. 0.984 

200 360) 
7) 1 = 164o --------

c H
2 

6Jl.017 
(35) 

Now, from Eq. 32, ~. is determined 
to be 

(36) 
62.3 (!0.1667 

(
6T m '!o. 833 

.. 360; 

Equation 9, combined with Eqs. 7 
and 11, becorrws 

Oo534 
(37) 

h g f.. 

A combination of Eqs. 36 and 37 
yields a relation between the Reynolds 
number and the reactor power factor, 

e' as: 

(38) 
8 ' 57 X 1 () . 3 I 6 T . o. 8 33 

N R e - -- ---·--;;------ ~- ~36·~) 
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For hydrogen at the reactor con­
ditions, this reduces to 

(39) (
6Tm)0.833 

N I - 1086 -
Re H - 360 

2 ' 

G0.833 

It 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) 8
tot 

= 6p + 0.553 D c 

e 
t 3.87 X 104

-, 

~2 

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 

c 
made small by physically slicing the 
core into several short sections) 
compared to (6p + 3.87 x 10 4 Gj~ 2 ) for 
all reactors of interest; hence Eq. 40 
can be rewritten as 

( 41) 

which, when combined with Eq. 36, 
yields 

(20~cfs) (2
6
;0) 

eo.667 = 20.1 ----------

('oTm) 
(42) 

\360 

"hen Eq. 42 is combined with Fq, 34 
to eliminate e, an expression for 
reactor core power density is obtained 
as a function of allowable stresses, 
gas pressure drops, and wall-to-gas 
temperature drops as 

(43) Tfc 
0.523 (

_0J_) (6T m.)J.524 
200 360 

(:w) r( s c ) (~)~1.525 
c 2 200 f 200 

p s 



For hydrogen gas, this reduces to 

(44) 
) (

/W )3.524 
16.87 (' Lp __ m 

200 360 

Since the feasibility of the packed 
rod reactor design will depend in large 
part upon the required sizes of rods 
to be used 1n the graphite core 
structure, the rod diameter, D

5
, is 

derived below. Fy combination of 
Eqs. 13 and 32 (with Eq. 13 modified 
to 

(Lp) (D ~) = 6 5. 8 
mw 

A_ 1. 8 2 

valid for e > .\_/100)' the rod diameter 
was determined as 

(45) D 
s 

(
mw~·so 

c 2 } { t, T m)o . 3 4 1 
0.1054 p, -

( 
!"p \0. so \ 360 

200) 

f0·841 • 

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

( 
Lp )o. 3 2 8 (LT m)t. 154 

200 360 
2.717-------------------

For hydrogen, this reduces to 

(47) 
( 

6p \. 3 2 8 (LT m)l. 1 s 4 
200) 360 

D5 ! = 8.491--------
H2 (~ )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 is feasible only for 
high power-density reactors, the 

parameter ~c must be held to its 
highest possible value. Reference to 

Eq. 34 shows that the bulk core power 
density is maximized for minimum 
values of e; however, the minimum 
allowable value of e is specified from 
Eq. 38 by the requirement that the 
flow Reynolds number be greater than 
5000. Thus, from Eq. 38, we may 
write: 

(48) eo .. 833 
m1n 5.834 X 10 5 

k 
g 

(
LT m)o. 833 

360 

Solving for e and combining with 

Eq. 34 yields 

4. 690 X 10- 6 ( 
, (LT )

2 

2~0) 36~ 
(49) ~ 

c max 

( ;;) 
From the data in Table 8, the 

average value of the term k 1 • 22 (mwjc 2 ) 

is found to be 2.32 x 16- 8 for afl 
propellants considered; thus Eq. 49 
reduces to 

(50) 
( 

Lp .) (LT )
2 

= 202
'

2 
200 36~ 

Now, by combining Eqs. 46 and 49, 
the rod diameter for maximum core 
power density is given by 

(51) D 
s 

(

_m_w )o. 500 k 1.01 
-2 g 
cp 

6 • 90 X 1 Q 4 ------------------

(~ \. o. 500 (LT m)o. 5o 2 
200) 360 

For hydrogen, this reduces to 

0. 08 52 
(52) 

Ds!H 2 = (!!_)O.S00(6Tm)O.S02 
200 360 

for max1mum 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 Reynolds 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 c, This model was 
then replaced by two parallel plates 
of separation u, length L, width C 
(where C = Nc), and thickness t. The 
gas flow is 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 is given by 

(l) 
G2 L 

6.p = 171! --­mw dh 

for an assumed axial gas temperature 
given by 

(l _ e- x/L) • 

For semi-infinite parallel flat 
plates, the "hydraulic" diameter is 
simply 

( 2) 

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

( 3) 
w 

G =­
Cu 

The reactor power 1s related to G 
through Eq. 3 and the express1on 

( 4) p 
r 

= 0 • 6 7 8 w ( v m )2 
gc 10 3 

By combining Eqs, 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 (;:)C:). 
The flow friction factor, f, 1n 

Eq. 1 is found from data in ref, 19 to 
be 

128 0.0453 
f = + 

(N ) t.48 (N ) o. 18 • 
Re Re 

( 6) 

where Reynolds number is given by 

( 7 ) 
dhG 

N =-
Re J-L 

Now, when Eqs. 2, 5, and 7 are 
combined and the Prandtl number of the 
propellant gas is specified to be 0.79 
(see Table 8), NRe becomes 

( 8) 
pr 

0. 481-­
Ck g 

Hence, Eq. 6 can be reduced to 

( )

1. 4 8 

( 9) f , 37 9 :,· 

(Ckgy.1s 
+ 0 • 0 5 17 \ --;-:; • 

When Eqs. 1, 2, 5, and 9 are com­
bined and the parameters ~ = Lju and 
8 = P riC are introduced, the following 
relation involving 6.p is obtained: 

1170 k 1.4 8 (mw) 
g -2 

c 
p 

+ 0. 15 97 k o. 18 ( mw) ~ e 1. 8 2 
g -2 c 

p 

From the propellant gas data 1n 

Table 8, k~· 18 lavg is found to be 
0.107, while the average value of the 
k 1. 48 (mwjc 2 ) term is equal to 9.11 x 
1~- 10 (see Eq. 12 - packed rod reactor 
study). By using these values, Eq. 10 
is reduced to 



+ 0.0171 (;;)A B'·" 

The pressure load stresses on the 

graphite plates are entirely compressive 
(if side loads due to vehicle maneuvers 
are neglected) with the maximum com­
pressive stress being given by 

(12) 
Ly a e m 

SL = 6p + -----
1728 ge 

For graphite of specific gravity 

equal to 1. 70, and for a maximum vehicle 
acceleration of 9 g , Eq. 12 reduces to e 

(13) SL = 6p + 0.553 L. 

The maximum thermal stress in the 

rods due to internal neutron and gamma 
ray heating 1s given by 

(14) 
26Ts EB 

sth =-3- (1- o-) 

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 

q t 2 

8 k
5 

(15) 6T 
s 

The power generation within 
graphite plates is given by 

(16) q = 0.5486 Ep~e (
t +t u) 

the 

where E is the fraction of total reactor 
power ~enerated within the plates by 
neutron and gamma heating and is here 
taken to be .0.10, as previously. The 
bulk core power density 1s g1ven by 

pr 
(17) ~e = 1728 

LC( t + u) 

which, when combined with Eq. 16 J 

yields 
E p r 

(18) q 948 _P-
LCt 

When Eqs. 14, 15, and 18 are com­
bined, the thermal stress 1s given by 

(19) 8 th 

79 E p t EB p r 

kLC(1-o-) 
s 

Now, for E P = 0. 10 , k 
5 

= 4. 17 x 10- 4 

Btu/sec•in.•°F, E = 1.0 x 10 6 psi, 
B= 3.1 x 10- 6 in./in.·°F, and a-= 0.2, 
Eq. 19 1s reduced to 

p t 
r 

(20) 
LC 

or, when the parameter 8 = tju 1s 
introduced, 

(21) 
es 
A. 

For turbulent gas flow, the plate 
surface heat transfer coefficient is 

given by 

k 
0.023~ (N ) 0·8 (N )o.4 

dh Re Pr 

as previously. 

When Npr 0.79 (see Table 8) and 

Eqs. 2, 8, and 22 are combined, he 
becomes 

p 0.8 

(23) he 5.83X10-J k~· 2 (-z) (~). 
Table 8 gives k~· 2 lavg as 0.083; 

thus Eq. 23 1s reduced to 

( 2 4 ) h e = 4 • 8 4 x 10 - 4 ( :r Y. 8 

( ~ ) 
As previously, a heat balance may be 
set up between energy transferred to 
the gas and power generated within the 
plates as 

(25) h A 1 t 6T = 948 P , e pae m r 

where Aplate is equal to 2CL. 
Now, when Eqs. 24 and 25 are combined 

and solved for 6T 
m' 

( 2 6 ) 6T • " 0. 97 9 X 10' ( :' r ' ( ; ) 
or, in the A. and e notation previously 
introduced, 

(27) 6T 
m 0. 979 X 10 6 
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The bulk core power density may now 

be determined from Eq. 17 to be 

(28) ~, " 1728 C')(~)C,) ( 1 \ 

+ :) ' 

or, if rewritten with the A, 8, and 8 
parameters, 

(29) 
1728 e 

Au 2 (13 + 1) 

In order to solve for 8 from Eq. 21 
it is necessary to know the relation 
between 6p, sth• and total stress. The 
maximum allowable stress in the 
graphite plates can not be greater than 
the maximum compressive strength 
divided by the design safety factor; 
thus 

sc 
(30) = SL + 5 th 

fs 

or, from Eqs, 13 and 21, 
sc 

( 31) - = 6p + 0 • 55 3 L 
fs e8 

+ 7, 34 X 10 4 -
A 

For practical purposes, the term 
0.553 L can be neglected in comparison 
with (6p + 7. 34 x 10 4 88/A); thus Eq. 
31 can be solved for 8 as 

(32)8=2,72Xl0_ 3 ( SC 

\200 /
8 

6p )!. ,\\ 
200 \ e} · 

Equation 8 may be rewritten as 

( 33) e , 

which reduces to 

( 3 4) 6.lo x 104 e 

for hydrogen at the reactor conditions 
(see Table 8 for values of kg). 

It can be seen from Eq. 33 and 
Table 8 that e must be greater than 
3x 10- 2 for all propellants considered 
in order for flow conditions to be in 
the turbulent regime. Now, for values 
of fJ greater than 3 X 10- 2

, the first 
term of Eq. 11 can be shown to be 
negligible compared to the second 
term; thus Eq. 11 can be reduced to 
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( 35) (flp)(u') • 0.0171(;;)'-8'·" 
fore> 3 X 10- 2 • 

Frorr' Eq. 35, u 2 may be determined as 

(36) 

( ;;) 
8.55 x lo-s 

(:~oJ 
l\ow, frorn Eq. 27, the following 

~olution for A may be obtained: 

eo.z 
( 3 7) 2720 6T ) . 

( 36~ 
"hen Eqs. 36 and 37 are combined 

with Eq. 29, the bulk core power 
density is given as 

( 3 8) 
2.731 

(;~) 

, (6T )2 
(2
6
;o) 36~ 

c 8 + 1 > e 1. 22 

For hydrogen gas, the coefficient, 
2.731/(mwjc 2 ), in Eq. 38 becomes 88.1. 

p 

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 case, the parameter of 
importance from the fabrication stand­
point is the plate thickness, t. Since 
8 = tju (see Eg. 21), the plate thick­
ness may be related to the core power 
density by a combination of Eqs. 29, 
36, and 37 as 

(39) t 
(

tp\0.500 (6Tm·)I.SOO 
200) 360 l. 317 _ __;__ ______ _ 

(
_mw)o.soo 7J f30.2l 

-2 c 
cp 

( )

o.soo 
~ 8 1.01 

-z 
cp 

- 0.4823 • 

(
!:!!__·)o. s oo (6Tm \o. s oo 

200 360) 



For hydrogen, this becomes 

( 
Lp )o. 5o o (t::,T 111 )t. 50 0 

200 360 
7.48------------------­

TJce0.21 

o.o85 e1.o 1 

( 
Lp ) 0

. 500 (6T111 )

0 
·
500 

200 360 

The use of thicker plates (within 
limits) makes for simpler and less 
fragile cons true t ion; thus it would be 
desirable to utilize a low value of e 
in Eq. 39. The minimum value of e, 
however, may be specified from Eq. 33 
as being that value which gives flow 
conditions at a Reynolds number of 
50 0 0 or greater • Thus , from E q. 3 3 , 
we may write 

(41) & · = 1.04 X 10 4 k mtn g 

Now, combining Eqs. 39 and 41 yields 
the following equation for maximum 
plate thickness: 

(42) tmax 

(
!£_)0. 500 (6T111 )l. 500 

200 360 
0.189--------

(~f" k~·" ~, 

(
mw).soo k1.01 __ 

g c2 
p 

- 5500 

( 
Lp .\ o . 5o o ( 6T 111 )

0 
· 

50 0 

200) 360 

l f k 1 . 0 1 ( ;-2 ) o. 500 The average va ue o g mw cp 

is found from Table 8 to be 9.98 x lo-s; 
thus Eq. 42 can be reduced to 

(43) tmax 

(
Lp)o.5oo (6T111 )

1
·
500 

0.189- -
200 360 

( 
mw)o.soo k0.21 --- 7) 

g -2 c 
c 

p 

5.49 X 10-J 

It can be seen from Eqs, 42 and 43 
that thick plates will be given by low 
values of mwjc 2 , all other parameters 
being fixed; thus the plate thickness 
is definitely a function of the 
characteristics of the propellant gas. 

For hydrogen, Eq, 42 reduces to 

(
Lp)O.SOO (/:::,T

111
\o.soo 

200 360J 

Furthermore, hy combination of Eqs. 
29, 36, and 37 with Eq. 41, the maximum 
bulk core power density is given as 

(45) 

G~o)(:~)' 
3, 430 X 10- 5 __ __:_ __ _:____ ___ __ 

(8 + l)(mw)k1.22 
-2 g 
c 

p 

Now, for maximum power densities it 
1s obvious that the value of 8 should 
be as small as possible; however, 8 is 
related to the core void volume fraction 
by 

(46) 
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Critical mass studies indicate that 
reactors with greater than SO% void 
volume within the core require excessive 
amounts of uranium for criticality; 
hence the minimum value for 8 IS 
herein defined as 1.0. Rv the average 
value of kl. 22 (mw/(; 2) a; 2.32 x 10- 8 
for all pr~pellants (see Table 8), the 
maximum bulk core power density 
possible in the stacked plate core, 
for a flow Reynolds number of 5000, 
becomes 

(47) T;c 
max 

147 8 

(8 + 1) 

) (
!'::r )2 

= 739 (26;0 36~ 
for the minimum value of 8 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 

T;c (stacked plates) 
max 7. 31 

(48) 
(packed rods) ( 8 + 1) 

for a flow Reynolds number of 5000 In 
both systems. 

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

( 49) t 

L 130 !':p ~1 2 

( (-
6Tm)

3
1

2 

200) 360 

r; (N ) o. 2 1 
c Re 

( 

mw)1/ 2 
1.oo9 c~ 

(k )0. 21 --

( 

mw)1/ 2 
g -2 

cp 

(k ) 1. o 1 (N ) 1. o 1 
g He 

(
!£._)1/ 2 (6Tm)1

/ 
2 

200 360 

Figure 15 shows the plate thickness 
as a function of the bulk core power 
density for various Reynolds numbers 
for all the propellants considered, as 
given by Eq. 49. 
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