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ANALYSIS OF A NUCLEAR-POWERED RAM-JET MISSILE

By Frank E. Rom

SUMMARY

Calculations are made to determine the minimum uranium investment
and corresponding gross welght and reactor operating conditions for a
direct-air, shieldless, nuclear-powered, ram-jet missile. The reactor
studied in this analysis is moderated by beryllium oxide and coocled by
air flowing through smooth reactor passages. Studies are made for
reactor average effective wall temperatures of 2200°, 2000°, and 1800° R.
The pay load, plus controls and guidance mechanisms, is assumed to be
10,000 pounds. The design flight Mach number is 2.5 and the altitude is
50,000 feet.

The minimum uranium investment for uniform fuel loading with no
allowance for xenon poisoning, burnup, or control is about 19 pounds for
an average effective reactor wall temperature of 2200° R. The invest-
ment increases to about 23.5 pounds for an average effective wall tem-
perature of 1800° R. The corresponding missile gross weight is about
48,000 pounds for an average effective reactor wall temperature of 2200° R
and about 54,000 pcunds for an average effective reactor wall temperature
of 1800° R. If the uranium investment is permitted to be increased to
25 pounds, the missile gross weight can be reduced to 28,000 and 39,500
pounds for average wall temperatures of 2200° and 1800° R, respectively.

If the uranium and the free-flow ratio are distributed uniformly
in the reactor, the maximum reactor wall temperature which occurs in the
center tube of the reactor is about 4100° R for an average effective
wall temperature of 2200° R. The maximum wall temperature can be re-
duced to 2600° R in the center tube by use of a sinusoidal variation of
free-flow factor with a maximum value of 0.85 at the center of the

reactor.
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If it should be necessary tc use stainless steel liners with a
thickness of 0.005 inch in the holes through the beryllium oxide to
contain uranium or to Erevent erosicn by air, the uranium investment is
increased by = factor of 3 to 4.4 depending on the reactor effective
wall temperature. This factor is increased to S to 8 if 0.01-inch liners
must be used. In n#ddition, the use of stainless steel will limit the
maximum reactor temperature to about 2400° R, which is the upper useful
- limit, in this zruiisation, of the best stainless steel materials. With
& sinusoidal distribution of free-flow ratioc, the effective reactor wall
temperature is about 2000° R for the maximum wa>l temperature of 24000 R,

INTRODUCTION

One of the greatest difficulties facing nuclear-powered flight
arises from the extremely heavy shields required to protect the crew
from lethal reactor radiations. These large shield weights require
high-gross-weight airplanes and high-power reactors., The shield weight
can be reduced by reducing the reactor diameter. The reactor diameter
has a limiting lower value, however, determined by the criticality re-
quirements of the particular reactor composition. The reactor must also
have means built within it to remove the heat generated. If the heat
cannot be removed within the volume determined by criticality require-
ments, then the reactor size is determined by heat-transfer considera-
tions. It is desirable, therefore, to keep power requirements down.

It is difficult to Keep power reguirements low with shielded reactors
because of the very large airplanes required to carry the reactor shield.
Smz1l power requirements also help the nuclear aspects of the reactor
inasmuch as less heat-transfer surface and fewer coolant fluid bassages
are needed. Smaller uranium investments are then regquired to achieve
criticality.

It is therefore obvious that a shieldless nuclear-powered aircraft
greatly reduces the problems of nuclear-powered flight associated with
very large airplane gross weights and high power requirements. The dis-
advantages of such an aireraft are that remote guidance equipment must
be used to fly the airplane and that the shieldless airplane would
probably be used only conce as a guided missile, with the attendant loss
of the fissionable material. The loss of the fissionable materials

of aircraft nuclear power plants.

The ram-jet missile studied in the present report is one type of
shieldless missile which has the advantage of employing the simplest
type of propulsion system. No details concerning the launching of this
missile are considered; however, various schemes might be used. Rocket

boost techniques which are considered for chemically fuelegd ram-jet
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rissiles could be used to bring the missile up to flight speed and
Sltitude. The reactor could be made critical on the ground tefo

launching from a remote location or automatically after the booster drops
off'. Arcthner system might be to carry the ram-jet missile aloft in =
arge mauned zirplane with the reactor inoperative. The ram- jet missile
would tnen be released and accelerated to flight speed and altitude by
rocdet boost, while the reactor would be brought into operation after
the rissile left the uirplane. If the crew in the carrier were shielded
sufficiently, the reactor could be brought into operation before
launching.

-

Reacter control problems, although difficult because completely

tic handling is required, are not so severe as those for crdinary
[oWer reactors because the missile reactor would operate at constant
power and with relatively low burnup.

A previocus investigation of the nuclear ram-jet missile was nmade in
reference 1. In this study, a particular reactor design with ceramic
fuel clements operating at a temperature of 2360° R replaced the cc

ustor section of an existing chemically fueled ram-jet missile. The
stu“ was of a preliminary nature, and therefore no attempt was made to
cialeulate urcniurm investment or to find the best engine operating con-
diticrs or airframe configuration. The purpose of the present analysis
iz to determine the best combination of engine operating conditions and
asic airplane conTiguration which gives a relatively low-gross-weight
rmissile consistent with minimum fissionable material requiremsnts. The
ciloulutions are carried out for a flight Mach number of 2.5 and altitude
of 20,000 reet for a range of effective reactor wall temperatures of
13007 teo 2200° 2. (The effective wzll temperature is defined as that
unirorm rezctor wall temperature which gives the same air-temperature
rise as the particular wall-temrercture distribution under considerstion.)

DESCRIPTION OF CYCLE

“he nuclear-rowered ram-jet cycle under investigation is conven-
tionzl in &ll respects, except thet a nuclear reactor is used to hezt
the zir in place of a chemical fuel. (See fig. 1.) The diffuser 53cws
dowr. the free-stream zir before the air enters the passages of the air-
cooled reactor. The air is heated Dby contact with the hot walls of the
reactor passages and is discharged from the peower plant through a fully
expanding exhaust nozzle to provide thrust. The 51n61 engine which
includes the diffuser, reactor, and nozzle sections nstitutes the
fuselage to which wings and the necessary tail HJTfaLCS are attached.
Inasmuch ss no crew is carried, no shield is necessary. The reactor is
rcderate d ty beryllium cxide. 3Subseaquent calculztions shew that side
reflection is urnecessary; therefore, only end reflection arounting to

o

3 ivcenes of beryllium oxide at ®ach end is provided. The zir passages

o
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in the reuctor wre assumed to be 0.50 incr in di:
assumed to be held by some su’tat T

passages. In the case where stuoinless steel is
to contain the Tuel or prevent erosion by air,

C.50-inzh internal diameter with 0.005- and C.02-inch wall
to line the air pussuges., The length und the rumber ¢ i
are determined by heat-trunsfer and air-flow reguiremsnts.

- W

METHODS

The object of the analysis is to deterrine the combination of engine

Operating conditions and basic airplane configuration which gives the
minirum uranium investment for a direct-air nuclear-powered ram-jet
missile designed to cperate st an altitude of 5C,C0C feet and flight
Mach number of 2.5. The effective reactor wall temperature is varied
from 1300° to 2200° R. The reactor-inlet air Mach numper and ocutlet

PN

alr temperatures are varied systematically for z range of reactor free-
"L w ratios for eacn of the assigned values of reactor effective wall
temperatures. The gross weight and the uranium investment are found fo
each combination of these variables to determine which combination gives
the minimum uranium investment, The reduction in gross welght afforded
by permitting arn increase in uranium investment is also presented
Approximate maximum wall temperatures resulting from sinusoidal ard

uniform heat-generation distributions are estimated.

H
R

The calculations can conveniently be diviiecd into
(1) internal flow, which zives the thrust per pound of
seccend, (2) yower-rlant external flow, which gives the a
power plant {exclusive of wing drag) per pound of air flow e}
(3) power—planL weilght calculation, which gives the weight of
rlant per pound of air flow per seccnd, (4 wing and tail aer
and welght calculations, ( the over-all missile lift-drag an
weight calculation, (o uranium irvestment P"‘cu*thons, znd (7) ¢
K i for maximum reactor wal e for various heat gen

rivuticns. The szssumpti ails of these caleulsat

1ted in quewaix B. Appendix A contains the list of symt
e

RESULTS AIND DISCUSSICH

are found v us~o
ng range of

Trne uraniur investment and reactor gross welgnet
thods cutliined in asppendix 3 for the followi
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Flight Mach number . . . . . . . . 0 . . L. oo 2.5

)

Altitude, £L . o 0 0 0oL L s s s e e 50,00
Pay load and fixed equipment weight, 1b . . . . . . . . . . . 10,300
Reactor effective wall temperature, R . . . . . . . . 1300 QOOO 2200

The reactor-inlet air Mach number, reactor free-fiow ratic, and
reactor-cutlet air temperature are varied over ranges to include the
values which give the minimum uranium investment for each assigned
reactor effective wall temperature.

In general, the uranium investments are calculated
5tainless steel liners for the air passages through the o
muci as the =zp. lication is for an expendable nissile, the containing
of fission fragments which the stainless steel z<fords is cons
unnecessary. The uranium in some suitable vehicle would Tte oo
rectly on the surface cf the reactor air passages. Calculation
made, however, of the uranium investment in the event that it i; nec-
essary to use stainless steel tubes to contain the fissionsh e materials,
or to vrotect the beryllium oxide moderator or uranium-bearing lining
from erosion or corrosion by air.

Reactor-outlet air terperature for minimum uraniurm investment
The uranium investment and gross weight are plotted in figure ©
functions of all the variables investigated. The uranium investrment

Wy and missile gross weight Wz are plotted against the reactor-
outlet air temperature Tz for ranges of resctor-inlet air Mach numoer
M2, reactor free-flow ratio a, and reactor average wall temperatur

Tw.

results in choking at the reactor outlet. The curves sinow = T.  whion

The maximam value of T3 on each curve represents the value which

gives a minimum uranium investment for each combination of Ty, L%, and

a. In general, the value of T, which gives the minimum uranium ir-
vestment appears fo ve within 500 F of the temperature wnich will re-
sult in choking at the reactor cutlet.

Reactor-inlet air Mach number and free-flow ratic for rinimum
uranium investment. - The uranium investment and correspendirg missile
grocs wWelght are plotted as fanctions of Ms  for the values of T

which give minimum uranium investment in figure 3. Fcr the range
effective wall temperatures investigated, the best My 1s atcur
The reuctor free-flow ratios which give the minimum urarium inve
are 0.35, 0.40, and 0.45 for reactor effective wall temrerctures
2200%, 20007, and 1300° R, respectively.

Effect of temperaturs on minirum uranium investment ans gross
weight. - The minimum uraniam investment and ccrrest issile S
=S

el

iz T
welght are plotted &g a functicn of effeciive reucto
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in figure 4(3 This figure plots the lowest value of uranium investment
calculated for each of the three assigned effective wall temperatures,
The investment calculations assume uniform urarium distritution, and =»

)
allowance is made for burnup or poisoning because of- the hort res:t
1life. The figure shows that the minimum uranium investment varies fre
19 to 23.5 pounds for reactor effective wall temperatures of 2200C ang
1800° R, respectively. The Lcrrescondlng missile gross weights are
47,800 and 54,400 pounds, respectively

Effect of temperature on engine and airplane variables. - The
reactor-inlet zir Mach number, reactor-outlet air terperat T
flow ratio, core lergth, core diameter, sair flow, i
minus drag per pound of zir flow, thrust per pound
minus drag per total engine weight, and over-sll
ratio are plotted as functions of reactor effecti
the condition of minimum uranium investments in fi
These quantities are tabulated for convenlience:

Reactor effective wall temperature, ©OR 1300 200C 220C
Urarium 1n'esumenf (nc stainless), 1b 23.6 20,7 12.C
Uranium investment (with 0.00S-inch thieck stuin- 108 €05 S7
less steel), 1b
Uranium investrent (wﬂth G.0Ll-inch-thicr stain- 13z BERGE B
less steel), It
VMissile gross weight, 1t l 54,400 144,300 |47, rOC
feaztor-inlet Mach numter | 0.z8 0.z3 I
Reactor-cutlet air temperature, OR i 1590 230
Reactor core diameter, ft : 7,72 Se33
Reactor ~cre length, ft ‘ 5,87 5.18
Reactor free-flow ratio .45 .40
Lo Bru/sec OISO Iol IETSUERIS
en | Sery 421 4171
zir per seconi, 1b/(1b/se) | BERINH B DRl B
pound of air, it/(it/sec) SES AN B SR Iy
engine weight, 1u/1b Coli2| 0,252 oL _n0
ift-drzg ratio Sodd o.h2 St

findirim mis
~ —~ + £~ -
wolight fcr the

wvestrent Lo
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rvestment M1051Le gross welght ik, for Ty of

- 1800° R | 2000° & | 22000 R

Uranium i

27,500 | 26,000

2,500 {25,100

Thus, if the uranium investment for an effective reactor Wall tempersture
of 2200° R iz allowed to increase from 13 to 25 rounds, the grozs weight
is reduced freonm 7,200 pounds to 25,000 pounds. Increasing the sraniam
investment to 35 vounds will reduce the gross welgh‘r only clightly more
Lo 25,000 pounds. In order to reduce the gros welignt for the effective
wall temperature of 1200° R to 30,000 from 54, aOO pounds, the uraznium
investment rust be increased from 23,8 pounds to 35 pounds

Zifwct ¢f ztiinless Steel tubes on uranium inv tmen:
event tnst it is NeCessary Lo ut lu;Lbu stees!
2Lo0cr the Miosicnulile miter? £
to aceount i'or the =“bsorption cross uectlun of oualnle g
(fatricated or 310 stainless steely I.D., 0.5 in.; and "al s, C.01 or
0,805 in.) centaining the fissionable material are inserted in the rCles
oI the veryllium oxide roderator, The uraniunm investment for these £5
iz -ompared with the case with no stz 1nl::s steel 1n figuy 4
figure indicates thact the zddition of 0.005-1inch stainlec te
lrnerinses the urarior lnvestinment by factors oo 4.4 and o1
wail temperatures of 1800C an SO

v o

d 2200° R, restectively. ize,
stment by factors of 7.7 and 5.0 for tns
res,

ZiTest of side reflection. - In the rreviou
£ qSGume“ for the reactor. The eflect
tment ©or a fixed-size ram-jet mis
Cr 1lus reflector dizmeter, =i
nd hence over-all free-flow ra
n t
r

5, adding side reflecting s
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and the resultant investments plotted in figure 6. The reactor plus
reflector diameter is 7.4 feet, the reactor length is 4.0 feet, and the
free-flow ratio based on the total reactor plus reflector frontal area
is constant at 0.35. The end reflector thickness is 3 inches and the
average moderator and reflector temperature is assigned a value of
2200° R. The figure shows that uranium investment increases with in-
creasing side reflector thickness, indicating that the increasing free-
flow ratio which tends to increase uranium investment overrides the
reduction in uranium investment expected by the reflector savings.
Reactors without side reflection, therefore, give the minimum invest-
ment for the ram-jet missile application.

Effect of nonuniform power distribution. - For a bare reactor with-
out reflection and uniform uranium loading, the power generated per unit
volume of reactor follows closely a sinusoidal variation with “peak power
production in the center of the reactor. Adding end reflectors gives an
axial power distribution which can be approximated by a cut-off sine
wave. For the purposes of the present study, the axial power distribution
in the reactor core is assumed to be approximated by three-fourths of a
full sinc wave. The wall temperature of the central tube is calculated
as a function of the reactor core length for this case according to the
methods outlined in appendix B. The resultant wall temperature and air
temperature variation are shown by the solid lines of figure 7 for one
configuration with an average wall temperature of 2200° R. The maximum
wall temperature is 4100° R for this case.

If the reactor free-flow ratio is varied sinusoidally, by adjusting
the passage distribution, from a maximum value of 0.65 at the center of
the reactor so that the average free-flow ratio is 0.35, the maximum
reactor wall temperature can be reduced. (The air passage diameters are
held constant at 0.5 in. and the distribution of power generated per unit
reactor volume is assumed to be unaffected by the nonuniform distribution
of air passages.) The high free-flow ratio in the center of the reactor
introduces more heat-transfer surface at the center so that the power
generated in this region can be removed with a lower wall temperature.
The wall temperatures at the outer radii of the reactor are increased
inasmuch as the free-flow factor is less than 0.35. The net result is
that the reactor wall temperature is made more uniform by this distri-
bution of free-flow ratio. The maximum wall temperature is reduced to
2600° R by this method, which is 400° above the average wall temperature
of 2200° R. For an average wall temperature of 2000° R, the maximum
wall temperature will then be of the order of 2400° R, assuming con-
servatively that the difference between the average and maximum wall
temperatures is 400° R for this lower temperature. A temperature of
2400° R is within the maximum limits of stainless steel for low stress
levels, so that if it is necessary to use stainless steel as a material
to contain the fissionable material, it is possible to operate the
reactor with an average wall temperature of 2000° R.

3077
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The effect of varying the free-flow ratio on uranium investment has
not been calculated, inasmuch as it is beyond the sccope of the simplified
reactor analysis used in the present repcrt.

SUMMARY OF RESULTS

Minimum uranium investment and gross weight were calculated for a
direct-air, nuclear-powered shieldless ram-jet missile operating at an
altitude of 50,000 feet and flight Mach number of 2.5. The reactor was
moderated by beryllium oxide. It was assumed that the missile carries
a 10,000-pound load made up of pay load and guldance and control equip-
ment. The following information can be drawn from the analysis:

1. The minimum uranium investments and corresponding missile gross
weight, reactor free-fliow ratio, inlet Mach number, and.outlet zir tem-
perature are given in the following table as a function of average
reactor wall. temperature.

Average Minirmum Gross | Reactor Reactor- Reactor-
reactor wall | uranium |weight,/free-flow | inlet air cutlet air
temperature,/investment,| 1b ratio Mach number|temperature,
°R 1b Cr
2200 13 47,600 0.36 0.28 1770
2000 20.8 44,300 .40 .28 1580
130C 23.6 54,400 .45 .23 1590 {

2. For uniform distribution of uranium and uniform free-flow ratio
cf 0.35, the maxirmum wall temperature for a reactor with an average wall
temperature cf 2200° R was about 41000 R.

3. Fer z uniform uranium distribution, but a sinuscidal radial
variation of free-flow ratio with a maximum value of 0.85 at the center
of the ractor and an average value of 0.35, the maximum wall terperature
was approximately 2600° R for an average reactor wall temperzture of
2200° X. On the basis of the conservative assumption that the difference
between the raximum and the average wall temperature was 400° R for the
lower wall temperatures, the maximum wall temperatures were approximately
2100% and 2200° R respectively, for average reactor wall temperatures
of 2000° and 1800% R, for this case.

ss steel must be used to contzin the fissionable

t the berylliium oxide from erocsion by air, an aversge
rature of 2000Y R or less must be used for the grevi-
butions of uranium and free-flow ratio.

S
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5. If stainless steel liners with 0.005-inch walls were used to
line the uir passages in the reactor, the uranium investment was in-
creased by a factor of 4.4 and 3.0 for effective reactor wall tempera-
tures of 180C° R and 2200° R, respectively. If the stainless stee}l
liners were increased to 0.01-inch thickness, the uranium investment was
increased by a factor cf 7.7 and 5.0 above the case with nc liners.

10

o)
.
(o

ne missile gross weight could be reduced appreciably by allcow-
a5e in uranium above the minimum value. The following tavle

ne reduction in gross weight which can be obtained:

Missile gross weight, 1b, for
reactor effective wall temperatures of

[ 1800° R | 2000° R | 2200° R
19.0 | aacl | emeol 47,600
2.6 ... 44,300 | 34,800
23.8 54,400 | 32,100 | 29,100 ‘
25.0 39,500 | 30,400 | 23,000 |
30.0 | 1,500 | 27,500 | 26,000 |

fay
tharn reactors with side reflection for the application tc the ram-jet
r 2ir nuclear-powered missils studied herein.

Lewis Flight Prorulsion Laboratory
g L

National Advistory Cormittee for Aeronautics
Cleveland, Ohio, May 24, 1954,
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APPENDIX A

SYMBOLS
Tne Tollowing symbols are found in this report:
A frontal or flow area, rté
b wing span, ft
CD drag coefficient
C 1ift coefficient
CV nozzle velocity coefficient

c specific heat at constanrt pressure, Btu/(lb)(OR)

d diameter, ft

de hydraulic diameter, ft

F thrust, b

f riction Tactor

g accejeration due to gravity, ft/sec2

H enthuliny, Btu/lb

L 1ift, 1o
I tube or resctor core length, f+t
M Mach numter
* bl
P total pressure, lb/ft°
PA
P pressure number, ————
. Y o
p static pressure, Lu/ft“
q reat generation, Btu/sec
. &/ 5 fp P
1 dyramic pressure, oV~/8g, ib/fth

SNy
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ne Zoeynolds nuner, w'e/Agw

-
o oy L
S curface wreas, Tte

X arbitrury length in directicn of flow, Tt

- et e ] e 5 § ~t i o

y arcoitrury lengtin in radial directicn,
A ~

% tree=-10w ratic

; rutic o specifiic hesnts

N

7 recctcor tube inlet

z reactor Tute
necLzle inlel

o Tozzle 2xilt oor

& air

€3]

3077
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APPENDIX B
ASSUMPTIONS AND METHODS OF CALCULATION
All the assumptions and detaiis of calculating the performance of

the ram-jet missile are presented in this appendix. The calculations
are broken up into the seven parts described in the Methods section.

Internal Flow -

3077

The internal flow path consists of an inlet diffuser, reactor pas-
sage, and exhaust nozzle.

Inlet diffuser. - The inlet diffuser is assumed to swallow all the
air in the free-stream tube entering the engine and decelerate it to the
assumed reactor-inlet Mach number. The diffuser total-pressure ratio
PI/PO used to calculate the total pressure entering the reactor pas-
sages 1s shown in figure 8 as a function of flight Mach number. The
curve of figure 3 coincides closely with the experimental values given
for the two-step cone diffuser in reference 2.

Reactor passage. - Air enters the reactor with total pressure P2
and total temperature To which are assumed to be equal to Py and

Ty, respectively (the pressure and temperature of the air at the diffus-
er exit). The reactor-inlet Mach number Mo within the tube is assign-
ed a range of values of 0.22 to 0.38. The exit air temperature Tz 1s
varied over a range of values up to that corresponding to choking for
each value of inlet Mach number. The tube length-diameter ratio required
to attain the outlet air temperature with the assumed inlet Mach number
1s found by use of figure 9., Figure 9 plots the parameter Re-0.2 Z/de
against TZ/TW for various values of T3/TW and represents the soclution
of the equations of heat transfer to air at constant wall temperature.
The ratio of specific heats is 1.4 and the Prandtl number is 0.686 for
this plct. The derivation of the relation used for this curve is given

in reference 3. The value of Re~0.Z Z/de is found from figure 9 at

the values of T3/Tw and T2/Tw in question. The value of Re-0.2
is defined as follows:

-0.2
-0.? wde
Re™ % = [ —

where d, 1s the zssumed hydrazulic diameter (0.04187 ft), Hyy is the
viscosity of the air evaluated at the effective wall temperature Tw,

‘
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and w/A is the air flow in pounds per square foot per second in the
reactor air passages. The air flow per unit air flow area is given by
the following one-dimensicnal flow relation:

Mop o G#1)
&\ R T, 2 M2

where v 1is assumed to be 1.4. The l/de of the tube is then

. -0.2 Z/

e d

Ve = ——5 5
Re

and the reactor core length which is equal to the tube length is
1=1/de x dg

The total-pressure ratio of the air flowing through the reactor is
fournd by means of curves presented in figure 10. The pressure number

PN’ or is plotted against T/Tw for a range of flow Mach num-

W Tw

bers. The lines which curve downward to the right are lines of constant
air flow per unit area and show the decrease in PN’ which is proportional
to the total pressure, as the temperature and Mach number of the air
flowirg in a tube increase. The pressure ratio, P3/P2 across the tube
is then the ratio of PN,S to PN,Z’ where the value of PN,Z is found
at the assigned values of TZ/TW and M, and PN 3 is found by fol-

>

lowing down the sclid lines to Ts/TW’ Assuming that the entrance, exit,

and end reflector pressure losses amount to 0.10 of the pressure drop,
the over-all pressure ratio PS/PZ is then given by

P P
==1-10 1.2
2 N,2
Nozzle. - The air leaving the reactor is at temperature T and

3
pressure P3 which are assumed equal, respectively, to T4 and P4.

Tne value of Tz is assigned previously and the value of P3 is

given by the following:

ae]
|
N P
X
|
x
]

rd
O
a
OO
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wnere PQ/pO Is fournd for the flight Mach number from refere

(T
i
P
D
I

Thrust. - The jet thrust per

pound of alr flow rer secon
fully exrarding nozzle is given ty:

>
jol)
L]
o
=
Iy

197

F. Ta\—
= T |1 - :9 i
W ? e

ol

v’ the nozzle velocity coefficient, is assumed to be 0.37 ana
24. The net tnrust per pound of zir flow per seccnd is then

F;

Vo
W g

F
W

Pcwer-Flant External Flow

Tre 2ir fliowing external to the rower plant creates a drag force
whicn must be subtracted from ths net thrust force to obtain the re
thrust force which is available to cvercome the drag of the wing an
tail. For the purgose of the drag fcrce calculations, the power pl
is divided into three sections. They are tne inlet cowl, the cente
section which contains the reactor, and the nozzle or boattail section.
The inlet and boattail sections are assumed to be conical sections,
while the center section is assumed to be cylindrical. The total ex-
ternal power-plant drag is cempcsed of pressure drag on the inlet and
rnczzle secticns and fricticn drag on all three portions of the power
plart.

Tne pressure drag for conical surfaces is obtained from reference

where the generalized pressure drag coefficient CDw/M is plotted as

functicn of cone area ratio (inlet area to maximum area) and cone
lensth-to-diameter ratio.

o

@

The friction drzg is computed assuming that the friction factor f
cased on surface zrez is C.0025. The following relation relates the
friction drag coefficient to the freontal area A, friction factor §, and
surface areca  G.
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Both pressure and friction drag coefficients were c8mputed for
conical surfaces over a range of flight Mach numbers, area ratios, and
length-to-diameter ratios. The friction and pressure drag coefficients,
both based on the maximum frontal area of the cone, were added and
plotted as a function of l/d. These curves indicated a minimum total
drag (sum of friction and pressure drag) at some particular Z/d. {\ The
minimum total drag coefficient found from these curves is plotted in
figure 11 as a function of area ratio for a flight Mach number of 2.5.
Also shown are the corresponding values of length-diameter ratio. (As
an incidental observation, it was found that the cone included angle
which gave minimum total drag was very close to 8° independen§ of ares
ratio and flight Mach number.) The total inlet external drag coefficient
is found directly from figure 11 at the cone area ratio (assuming zero \
spillage), which is found by means of one-dimensional flow relations
from the flight Mach number, the assumed reactor-inlet air Mach number
MZ’ and the reactor free-flow ratic «a.

The drag coefficient CD p Of the boattail is also computed as-
‘ )

suming that the data of figure 11 zpply to an expanding as well as a
compressing flow field. The basis for this assumption can be found in
reference 6 where it is shown theoretically that the pressure drag of
inlet cowls and boattails is the same. The area ratio used in this case
is the ratio of nozzle-exit area to maximum area.

The drag of the cylindrical center section, which is assumed to have
an l/d of 2 is due only to friction and is computed by the following:

Se 1
Cchzf—A—l:Llf(a)c

The total external .drag coefficient of the entire power plant or
fuselage based on the center section frontal ares Al is then

Cp,7=Cp,a * °p,ec * Cp,b

The total fuselage drag per unit air flow is then
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angular wing-body ccruinatl
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e r 5
winﬁ. nazsmuch as th 2

culd nzve o turLll: nt coundar;
e configuration, il i
addition of

The power-.lant oroava Lrhe
cre l welgnt, wnloo g Lontil,
Ronetor weight. - The rezctor core for welght calculztlicn consists
cf = beryllium cxide matrix with 0.852-In:n holss coctuin -
rnside-dizmeter urceniun-tearing stainless-steel tubes wi
walls. 1o side reflection is provided for reasons indic S1Y.
nd refle-tiorn is supplied bty beryllium oxide 3 inches t
ends cf the rszactor with l/a-lncn-dldmcter flow passages continu=ticaz
of the resctor flow pussages. The weight of the various 1 tor Ccoupl-
nente per pound of air flow per seccnd is then given by the following
relutions assuming that the density of beryllium oxide is 181 pounds
rer cablc foot and that of stainliess steel 42C pounds per cubie foct.

i

Ll o2 (=2 - 5.03160 (l;) é (moderator)
d,e W J7

W ;
7; = 1.87 L (i , (tubes)
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W.. N/
— = 90 (—) (%) (end reflectors)

nly for a tuve internal diameter of 0.5 inch and

inch. In calculating the weight of reactors with-
r with tubes of 0.005-inch wall thickness, the
i-inch thickness is assumed for the sake of sim-
s. An allowance of 15 percent of the total
53 made for supporting structure.

] OT
welght of tubes of 0.0
clicity in cal
reszctor weight
Shell welght. - The shell weight is calculated assuming that
(1) The shell diareter is ©qual to the power-vlant center section
rTer

1 length is =qual tec the sum of the lengths of the 4if-
Tuszer, center secticn, 2nd boattail.

The shell material is stainless steel with a density of 430
ie T

per pound of air flow per second, from these zzsurntions

wing snd tail zre caleulated by the methods
ence ! wing 1s assured to oe 5 60V deltn wing
Wit ow Zepercent thickness. The tail surfaﬁes gre considered as 3-
il SR s having 15 percent of the
U < mum llLt -drag ratio and the 2orre-
il ent ana wwng lcading as & functicon of
mbo t-2ryy > is pletted including and not
Tnrlusing the effeect of the nonllfulng tdl surfaces.

Tae wing weizht was corputed by tne method presented in referesnce
3 for typleal configuration with a gross weight of atcout 45,000 pounds.
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desired flight condition (fig. 12); and the wa/Lw is found from figure
13. Figure 13 is cbtained from reference 10 where wa/Lw is shown to

be a function of d/b, the ratio of body diameter to wing span.

The wvalue of d/b in terms of quantities already evaluated is found
for a 60° delta wing from the following relation:

— —

(o))
=) E),

All the quantities in this relation have previously been determined in
calculating power-plant thrust and drag, and maximum wing lift-drag
ratio. With the value of d/b found from equation (2) the value
wa/Lw can be found from figure 13.

o) =

The gross weight is then found by use of equation (l) inasmuch as
all the unknown quantities are now determined.

The power-plant air flow is given by:

W
W o= g

(=) () (=)

The reactor heqﬁ release is then:

Q= w(iz - Hp)
where Hz and Hg‘ are the air enthalpies at T3 and TZ’ respectively.

The power-plant or reactor frontal area neglecting the thickness of
the shell skin is:

W W

AL = 7K = TWW/AZ)

The power-plant or reactor diameter is
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The over-all lift-drag ratio of the complete ram-jet missile in
terms of quantities which are known i1s given by:

(-3 )

Uranium Investment

(wl o)

3077

The calculations of the critical uranium mass are made by methods
presented in reference 11 for cylindrical bare reactors. The effect of
BeO reflection is evaluated by a two-group procedure from unpublished
NACA data. These data are presented in figure 14 by a plot of reflector
savings as a function of reflector thickness and ratio of void space
of reflector to void space of core. This figure i1s used to calculate
the equivalent bare core length and diameter when reflectors are used.
Neutron cross-section data for the structural and moderating materials
are obtained from reference 12. The slowing-down length of BeC is
obtained from reference 13, and the uranium cross sections from refer-
ence 14. The thermal energy of the neutrons 1s assumed to be that
corresponding to the assigned effective constant wall temperature. All
absorption cross sections are assumed to vary inversely as the neutron
velocity. The effect of xenon poisoning, burnup, and control is
neglected.

The criticality equation for bare reactors considering thermal
production only is given by

=1 (1)

where
Ki+h thermal multiplication constant
To age of fission neutrons, cm?

B2 buékling constant, em=2

L%h mean square thermal diffusion distance, cm?

The symbols used in this section of the text are conventional for reactor

analyses and conflict with the symbols used in the cycle and aerodynamic
analysis. In addition, it is conventional to use c.g.s. units for
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reactor analyses. The symbols and units used in this section are there-
fore omitted from the list of symbols in appendix A and defined at the
point at which they appear. The thermal multiplication constant is
given by:

2.5 WogY
“th = 5y 58 Be0
NWap™ + 2577 + Z,
where
Ny atoms of Upzc per unit volume of reactor, atoms /cmd
OFU microscopic fission cross section of Uszc, cm?
GAU microscopic absorption cross section of U235, em?
ZASS macroscopic absorption cross section of stainless steel,
(atoms /em3 of reactor) (cm?)

BeO

zAke macroscopic absorption cross section of beryllium oxide

(atoms /cm® of reactor)(cm?)

The mean square thermal diffusion distance is given by:

A
L2 _ tr

th NU U SS BeO

where
Aep reactor macroscopic transport mean free path, cm

Substituting relations (2) and (3) into (1) and solving for NY result
in the following expression:

Bzxtr
3 Bel +3 SS + 3
U = A A
U -Bft, U
2.5 o € - Op

For criticality, the buckling constant BZ is given by the
following relation:
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s _ (2008 V¥, A
S \T5.2aqg 30. 468K

di equivalent bare core diameter, ft

where

H, equivalent bare core length, ft

The equivalent bare reactor diameter di is equal to the actual core

diameter dl plus the side reflector savings h' found from figure 14
at the desired reflector thickness.

LI 1
dZ = dl + h
The equivalent bare core length H, 1is equal to the actual core length
1 plus the end reflector savings h'' which is found from figure 14

for an end reflector thickness of 3 inches and ratic of reflectcr void
space to reactor core void space of 1.0. The egquivalent bare reactor
length is given by

He, = 1+ h"

The buckling constant is then

82 _ 2.405 . 1 C
- 15'24(‘12 + h'") 30.48(1 + h'')

The values of ZAﬁeO, ZASS, Ay and To» as determined for a

reactor free-flow factor (void percent) of 0.40, are tabulated in the
following table for three assumed reactor mean temperatures. The values
of GFU,.and OAU obtained from reference 14 are also included in the

table. The wvalue of T is calculated from the results of reference 13.

3077
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Temperature, °R
1800 2000 2200
12,79 [0.0001735] 0.0001647 | 0.00015¢5
z ASS .00450 .00354 .00366
Aer 2.427 2.427 2.427
T, 344 344 344
oFU 316.6 290.5 277.0
oAU 361.5 343.0 326.8

The values for ZJABEO,Z‘ASS, Xtr’ and 19 for any other values of free-
flow ratio are obtained by use of the following relations

5 BeO =(Z BeO) (l - a)
A A a=0.4 \ 0.6

2o = (Z ASS)Q,:O.éL (O_QZ)
)

0.6

Xtr - (Xtr)q=o.4 (1 -a

Ty = &LuOA:Céf@f

With these constants and the dimensions of the reactor, 1t is pos-
sible to calculate the number of uranium atoms per cubic centimeter of

reactor NU. The uranium weight in pounds is then given by

235 vNU
453.6x6.023x10°°

WU =

where v is the reactor volume in cubic centimeters.
The value of" 3 SS glven in the tuble is for 2 wull thickness
¢f 0.0L inch. For ."will thickness of 0.005 inch 2,55 15 ore hal:

vzlue shown in the tuble, and for no stainless steel ZASS is zero.
H“
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Maximum Reactor Wall Temperature

In the foregoing analysis the reactor wall temperature is assumed
to be constant for all reactor heat-transfer surfaces. The assumptions
used in calculating the effect of nonuniform wall temperature distribu-
tions caused by various power and local free-flow ratio distributions is
considered in this section. For a reactor with a uniform uranium load-
ing, the power generated per unit reactor volume follows closely a sinus-
oidal variation with peak power production in the center of the reactor.
Adding reflectors at the ends of the reactor results in a cut-off axial
sinusoidal power generation. For the purposes of the present study, the
axial power distribution in the reactor core is assumed to be approxi-
mated by three-fourths of a full sine wave. Varying the free-flow
factor radially while maintaining a uniform uranium loading is assumed
to have no effect on the power-generation distribution for the purpcses
of the present calculations. Actually, varying the free-flow factor
will give a nonuniform moderator distribution which will affect the
uranium investment. The various combinations of axial and radial power
distributions (based on unit reactor volume) and free-flow ratioc distri-
bution considered are listed in the following table:

Case
I II
Uranium distributicn Uniform Uniform
Radial power
distribution Full sine Full sine
Axial power Cut-off Cut-off
distribution sine sine
(3/4 of a (3/4 of a
full sine full sine
curve) curve)
Radial free-flow ratio Uniform Cut-off
distribution (equal to 0.35) sine
(maximum
equal to 0.65
in center;
average equal
to 0.35)

Calculations are made to determine the approximate maximum reactor
wall temperature for each of these cases., The reactor diameter, lerngth,
average free-flow factor, end reflector thickness, inlet air tergerature
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and pressure, inlet Mach number, and average outlet air temperature are
fixed for both cases in order that the reactors be interchangeable in a

fixed airframe. The value of these quantities used in the actual cal-
culations are listed together with other quantities of interest:

Reactor diameter, ft . . . . . v v v v v v v vt e e e e e e . T7.39
Reactor length, ft . . . . . . . . . . . .« . . . . . v v v e .. . 4.03
Average free-flow ratio . . . . ¢« v v v v v v 4 v v v w o v« . .0.35
End reflector thickness, in. . . « . « . . v v v v v v v . . . .. 8.0
Side reflector thickness, in. . « v v v v v v v v v e e e 0
Inlet air Mach number . . . . . . . . . . v v v v v v v v v v . .0.32
Inlet air temperature, °R . . . . . . . . . . . . . v v v . ... 88
Outlet air temperature, °R . . . . . . . . . . . . . . . . . . .. 1654
Air flow, 1B/Sec v v v v v v v e e e e e e e e e 4
Effective constant wall temperature, °R . . . . . . . . . . . . . 2200
Reactor hydraulic diameter, in. . . . . . . . . . v v v . v . . . 0.5

The air flow distribution across the face of the reactor is assumed
to be such that the air flow is divided evenly among all the tubes re-
gardless of the particular heat input distribution. The air heat-
transfer coefficient for all three cases is assumed to be constant and
equal to the average heat-transfer coefficient assuming that all the
reactor surfaces are at a temperature of 2200° R.

Case I

Uniform uranium distribution and uniform free-flow distribution are
assumed for case I. The axial power distribution of an unreflected reactor
can be approximated by a full sine curve. Inasmuch as the resctors in
the present study have end reflection, it is assumed that the axial power
distribution is represented by three-fourths of a full sine wave. The
radial distribution is represented as a full sine curve since no side
reflection is assumed. The wall temperature for the center tube as a
function of the fraction of the total reactor core length is given by
the following equation:

X
AP EE 0.924 - cos T . 1.275 cin X o
L fa | 1.849(w/S)c, h l

The heat-transfer coefficient is assumed to be constant and equal to
0.02 Btu/(sec)(sq £t)(°F) which is calculated assuming that the wall
temperature i1s uniform. The mass flow of air per unit flow area is also
assumed to be constant for the purposes of these calculations.
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Case II
’

The second case considers uniform uranium distribution per unit
reactor volume; however, the reactor free-flow ratio is varied radially.
In order to keep the uranium distribution uniform in this case, the
concentration of uranium on the surface of the tubes must vary inversely
with the free-flow factor. Thus an increase in free-flow factor results
in a decrease in uranium concentration on the surface of the tubes at a
particular reactor core radius. The power produced per tube at the
particular radius is therefore reduced inversely with the free-flow
factor. The difference between the wall temperature and the air tem-
perature is also reduced inversely with the free-flow factor if the heat-
transfer coefficient remains constant. The result is a reduction in
wall temperature at the particular radius of the reactor where the free-
flow ratio is increased above the average. In the converse manner the
wall temperature of the tubes at a particular reactor radius with low
power production is increased by a reduction in free-flow factor. The
net effect is to even out the radial wall temperature variation if free-
flow factor is high in the center and low at the outer edge of the
reactor. Inasmuch as the power distribution is sinusoidal, a sinusoidal
variation of free-flow factor is desirable to flatten out the power
generated in each tube. Without going to excessively close spacing of
reactor flow passages, a maximum free-flow ratioc of 0.65 is assumed for
the center of the reactor. From this maximum value of 0.65, the free-
flow ratio is varied sinusoidally to the outer edge of the reactor in
such a manner as to give an average free-flow factor of 0.35. The free-
flow ratio as a function of the local to maximum reactor core radius is
given by the following relation for this case:

- yr
a = 0.65 cos @.914 2 2)
for the center tube of case II the wall temperature variation as a
function of the fraction of reactor length is given by the equation of
Ty for case I with o of 0.35 replaced by 0.65 .

X
. De |0-92% -cosgm  oog

Ty, = To +
L A Y ON) 1.849(w/S)c, * 1

The heat-transfer coefficient is assumed to be constant and equal to the
value of case I. The mass flow per unit flow area is also assumed

constant for this case.
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Figure 4. - Continued. Ram-jet missile operating
conditions for minimum uranium investment as a
function of effective reactor wall temperature.
No stainless steel in reactor; flight Mach num-
ber, 2.5; altitude, 50,000 feet.
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conditions for minimum uranium investment as a
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ber, 2.5; altitude, 50,000 feet.
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