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1
14'*‘J'anuary 1947
TO: L, R, Hafstad
FROM: A, E, Ruark
éUBJECT: Transmittal of Progress Report entitled "Nuclear-Powered Flight",
by an Informal Commfittee of the Applied Physics ILaboratory of
the Johns Hepkins University,
In accordance with your verbsl instructions of about 9 .June 1946,
the Committee has considered the general problen; of air vehicles driven
by huclear pever, Three copies of the subject report arc respectfully .

. submitted herewith, A first dz;aft was submitted October 25, 1946, Since

fhat time many errors have been corrected and much new raterial has been
added,  The initial distribution is ‘indicated in the report,

Your comments and those of other interested persons will be
appreclated by the Committee, Review by suitable members of APL is hereby
requested, ‘

- It is believed that any further work on this subjeet at APL
should be carried on by a small steff with fresh instructions, and that
the existing large Acommittee should be discharged in the near futuref

FOR THE COMMITTEE |
i"’: AT
- Arthur E, Ruark, Chairmang
> Technical Supervisor '
for Research Laboratory,
AER:rh

Enol,' 3 «~ Copies 1, 2, and 3 of subjeet report, ﬁ ,

ionage Act,
oR htvewmata@diion of its con-
eriZed persons is prohibited by law.
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CHAPTER V. SUPERSONIC HUuLEAR—“OFE“ RAM-JETS AND TURBO-JETS

l Introduction and Summary

In order to estimate the feasibility of emploving nuclear-energy to
(74 -

sower ram-jet missiles, it becomes necessary tc meke comparisons between

previously conceived designs employing conventional fuels and possible

designs for utilizing such energy.

Conventional Design. Part A of this chapter ig therefore devoted to

.

2 description of a long-range ram-jet-propelled guided missile, using
gasoline as a fuel. This is essentially a summary of a previous report .
issued by this laboratory. It is concluded that such a design can have
a range of 3,070 miles when flown at a Mach number of 2.2 and an altitude
of 70,000 feet. The statemenit is also made that a range of 5,000 miles
is in the realm of possibility if certain incresses in r= ~jet performance
can eventually be obtained.

The answer to ﬁhe suestion of muclear ram-jet feasibility should
emerge from an integrated design procedurc which takes into account the
following factors, simultzneously.

(1j Heutron-design 01 the resctor and its controls.

(2) The meéhanical énd chemical properties of the hot reactor.

{2}  Heat trensfer to the gas siream.

{(4) herodynamic desigh of z structure to carry the neyload and reactor.
In srectice, we cannot yet carry through a strai ightforward design including
all these fuctors. It is neccssary to lay aeide the unsolved cuestions

of mechanical and chemical integrity end to make Gesigns covering a range
® - J

415 123
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of operating temperctures which doeg not completely rule out the use of
desirable reactor materials, and which, in the light of existing experience,
may provide sufficient thrust to meet our speed requirement. Aside from
these considerations, it is desirable to have on record basic calculations

‘
concerning hezt transfer to a gas stream, by radiation and by convection,
in ‘single-tube and milti-tube resctors. It is also desirazble to study the
aerodynamic characteristics,.“drtlcul :rly the internal drag of such reactors,
the reactor weights and volumes involved, and the effect of these factors on
the size and weight of the bird.

Designg Using Huclear Xnergy. Part B is concerned with the problems

of heat trunsier in siﬁgle and multi-tube convective reactors and in radie-
tive-hected resctors

Part C grescnts the propulsion ecuations leading to the relations
between gas exit temperature and net thrust cocfficients for ahy type of
reactor-heated ram--jet or turbo-jet.

In Pert U the aerodynamic relations nccessary for flight under differ-
ent conditions are derived and relations are given for the weights that can
be supported in flight at specified veclocity and altitude, given certain
ram-jet designs and thrust coefficients.

In Pert E thr results of the previcns sections are combined to give
the preliminary design of a convective-heated ram-jet that is capable of

flight at 50,000 ft. «ltitude ut 5 Hach number of two. The rcsults give

the total weight that can be supported in flight as a function of the wall

temperature in the reactor. For s given neyload, curves sre presented
showing the percentuse of the total weight that is aveilable for structure
wicight (i.e. the total veight less that of the paylozd apd reactor) for

415 1°%
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different wall temperatures of the resctor. On the basis of these curves
it is concluded that it is possible to tuild a convecﬁive—heated ram jet if
the :all temperatures are above 3600°R and the reactor material can be
sufficiently compacted.

Pirt F gives the argumentis viy a radiative-heated ram jet seems in-
capable of flight except under conditions of very large éizqs with con-
sequént large uranium requirements.

In Pert G the enalysis of a supersonic turbo jet with exhaust
heating capable of flight at & Mach number of 1.4 ie presented. It seems
iikely thet such a design is feasible if resctor wall tenperatures of
at lecst A000°R are used but‘the urcnium requirements are twice as large as
those in the ram jet since two reactors eore required. The structure of
the vehicle is also much more compliigated than that of the ram jet because

of the addition of the turbine-comfressor unit.

This d ing tion affecting the national defense .
of the Un.ited States withln the meaning of the Espionage Act, 50

0 31 @fg IR °Its aamgagn er tpe'revelaﬂuh ~ite «con-




PART A. RAM-JEIS WITE QOEVENTIQNAL_FUEL
By R. J. Vicars
Reference 1 indicates that, of the types of ve

ram-jet employing & Kantrowitz--Donaldson type

efficient long,
operate at the

ratio of 18 to 1
i
range of 3,070

transporting &

fest of space.

range missile.

miles may be expected.

Accordingly, = missile was

cles

> studied, &
aiffuser is the most

designed to

optimem Mach number cf 2.20 and optimum air-to-fuel
with ga«o];pe, and caleuwlstions indicate that a

This missile is cepable of
spheficai warhead of 12,000 pounds requiring 113 cubic

It begins self-powered fiight at en altitude of

£3,000 Teet and may be expected to ciimd anproximately 3,000 feet

during the.course

reﬁ“14ed and seems atteinzble a

is discussed i

in netall in Reference

of its riight. A

2

e

thrust coeif

a burning effici

v Lo

icient of 0.928 is

ency of 30%. This

The following table summarizes the weights and performance of
< £) -

2 ram—.et eight feet in dirmeter end 80 feet long, carrying a 12,000

1b. warheaé and oper-tlng at an alr—to-*uvl ratio of L8 1.

_SUMMARY OF WEIGHTS

AND PERFORMANCE

TASLE 1.

Weight of
Height of
Weight of
Weight of
Total gros
Totél empt

v weight

Range

ight altltuuc (initic

structure
warhead

< u-s"
controls

s welght

a1)

Flzght Hach number

3

+ 4o 3 "

U. S.
tents

et e et g g
:.—_-

®es © osee o 5 o0

aftecting the na uoaﬁddenue

of the United States within the meaning of the Al Act,
C., 51 and 32. Iis ¥ b 1, lipees
in any {tandd’”

eted Sl s

48,230 1bs.
12,000
76,000

560

136,730 lbs.
65,730 1bs.
3,070 miles ’
63,000 ft.
2.2

415 126
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The results cf the calculations indicate the range that may be ex-
¥

development of new techuigues. The powered range only has been con-

sected from this long range razm-jet propelled missile without undue
51 o Ky -

sidersd - the increment of range due to launching and gliding being
negligitle bv‘comyarison. Preliminary snslysis of the glide path
of the missile indicated that the deceleration was so great and

the resulting velocity so low, that, to make s suitable weapon, the
missile should be powerad into the target.

Little consideration Zas beeﬁ ziven ag yet to vehicles for
launching these wissiles, but it is estimuted that a typical launch-
ing vehicle would weigh about one =nd s half to twe times the weight
of the wissile.

The following basic assumptions aeré necessury for thoe anslysis
of the conventional fusled '&K—jet nisgile and seenm well within reach.

: (i). Present cuality of burnlng c¢an be meintained at the oper-
ating altitude.

(2). #Haterizls will withetend operation at eguil ‘&lum ten-

peratures for thres hours.

(3). The Kantrowitz-Donaldson type diffuser is suitable fo:

thc.desired pressure recovery.

(4). Gasoiine type Tuel mpy be used sutisfactorily under flight

conditions.

It cen be expected that e substentiolly grenter range can be
obtuined for this tyse of missile by the use of improved fuels of
the Borohydride type, by the use of the Oswatitsch type diffuser
®

to secure the desired $TESSUr'E TECOVery, and other improved tech-

t contsins informati 1 def 415 12'1

of t.he United States within Lbe meaning Espio . 50
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nigues.- It is bclleved that cventusally with the development of these

techniques, it will he possible to achieve & range of 5,000 miles,

the desired tacticel range of operation for such a missile.
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PART B. HEAT TRANSFER iN KEACTOR-HEATED RAU- AND TURBO-JETS

By A. G. Carlton aznd C. F. meyer .

- 1. Outline and preview oi Results.
-_— e = CRan v ey

Wi consider first the problem df convective heat transmiscsion in a
ram-jet consisting of a difiuser followed by s hot cylindrical tube.? The
ram-jet is sssumed to be similar in genersl design to fuel-burning rem-jets,
cnd is Eonsidere@'as opersting at an aititude of 50,000 to 60,000 feet, an
atmostheric temperature of 400° Rankine end » flight Mach number of 2. The
heat is supplied by maintaining the resctor surface at 2 constont high
temnerature,

The finding is thet length-over-diametsr ratios of 100 or more are
required, so that the use of a gingle cylindrical tube would be infeasible
on the basis of convective transfer alone. Two ways to avoid the diffi-
culty are then considered:

(a) Use of a multi-tube reactor, to increase the ratio of heated

surface to resctor volume.

(bj Use of an opzcifier in the gas stresm of a single tube resctor.
At 3 2000° K, one sguare foqt of hot wall radiates 426 kilowatts, and if any
considerable fraction of this can be caught in the gas sireszm by adding a
suitablé'absorbing smol:e, the proposal is‘by no meaﬁs fanciful.

It 2lso turns out for & multi-tube hester that the length diameter
ratio, of en individusl tube must be 100 or more, but this is -perfeéctly
feasible as the diameters wil; be of the order of 0.1 feet or less, so

that reactor lengths of the order oi 5 to 10 feet are permissible. Later

it will be shown that the number of tubes reguired for an 8§ ft. diometer

thl&doﬁur?ea; sg:letam:tg;!o?hnaﬂ on affecting the national defense :

ni anin| r

. S°C., 31 at Spens marsmis; p!gt!ue'!‘ege%sﬂmo 5"‘1;;‘&» . 415 129
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ram—jet will be of the order of 5000 tc 15,000. . '

Nex£ heat transfer-in the resctor material is considered. The gradientg
required are large enough to rule out the use of a single—tube annular
reactor at once. However, the radiative case is presented in detail, be-
csuse there may be other applications for the énalysis, and beéause it ié
desirable that the possibilities be assessed, quite independent of the -
diff cult ;about heat transfer in the solid material of the reactor. The
calculations made are as follows: !

(2) Radiation transfer from hot walls to'gmoke.

(b) Trsnsfer from smoke to gas. Thls is repid and efficient. The

alr-smoke rutio is large enough so that total smoke weight is not serious.

However, the particle size required iz smaller than that encountered in

ordinary smokes.

’ I is concluded from this study that adeguate heat transivr from
hot walls to a gus stream can be obtained either by the use of & multi-
tube convective heater or by & single tube reactor using a reasonable
emount ol smoke as. an "opecifier"” in the gas stream. However, considera-

tion of the heal transfer through the reactor meterizl indicates th 1t it

.

will seriously limit the use of & single tube reactor.

2. Units und Symbols.

Units arc feet; pounds, hours and °R throughout, except for r¥, par-
ticle radiué in micfons, and ) , mean free path in microns. Freguently
used symbols are as follows:

G - mass velocity per unit cross—seétion.
/¥ - viscosity
. : g - volume heat flow (Btu)/(ftB) (hr).

- This document tatns information auecung the national detune 41 5
. of the United Statel within the meaning of the Espionage Act
U. S. 31 and 0% dhesseuciatinm of sits mn-
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‘ ' O"- Stefan-Boltzmann constant = 1,73 x 15—9 B.T.U. per hour
per sq. ft. of wall surface.
T - Temperature.
..... Fi— fraction of the radiant energy absorbed along the mean
beam length. .
h - heat transfer coefficient,
D - tube diameter.
r - particle radius, feef; r¥ = particle radius; microns.
N - number of‘particles per, cubic foot.
v - speéd of gas flow.
M - Mach numbe?.‘
fcl density;'ﬂ:; - mass of_particles in cubic foot of gas.

¢ - specific heat at constant pressure; ¥ - ratio of gas

specific heats.,

Ep - particle absorption coefficient.
k - heat conduetivity.
Ras - mass ratio of air to smoke particles.

Subscripts:
w, wall; p, particle; i, intake; d, diffuser; e, oxit; t total;

o, stagnation.

415 131
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The required power output of the reactér is given by

By= Ge (Te .-.-Td) N,
4where G is the rate of mass flow, and ¢ the specific heat of the gas at
constant pressure, Iet Dy be the outside diameter of the reactor and I" the
fraction of its gross cross~section occupied by the gas stream, Referring G

to intake conditions,

pi v; 302 (1)

Therefore

Bs P vy -}i—- par o2 e (T - Ta). . (2)

Now the volume of the reactor is given by
VedmD2 (1-1)L.

Therefore

i V1 (a3/8) [Ce (Te + T3)
e 5 TEI :

Iet us assume the following representative velues as an example,

r
£ (3)

Py = 008 1b/1t3
2000 £t/sec
Y '

<
|-lt
"

S
S

o
<))

u

0.25 BTU/1b.°R
2800°R

=3
@
k]
-3
g 2 o
" n L

7.1 ft.

3
"

0.5
Then P./V = 764 BTU/sec £t3 = 825 lw/ft3 =0.295 w/cm3. (38)
This is the power per unit volume for a reactor that will propel a ram-jet of

these characteristics., The formula apvlies to reactors with any numbér of tubes.

This documment contains information affect




Lo Convectivg Heating in a Cylindricél Tube .,

Iet h be the heat transfer coefficient from the hot tube wall to the gas,
in btu/(hr)(£t)° (OR), i.e., the heat flow per unit wall surface, for 1°
temperature differential., The following empirical heat transfer equation for
turbulent motion appears te be the best ava'iiable , according to McAdams,

Referencevé. .

n - 0.023 ¢ 60-8 0.2 p=0.2 (o M)0:6, (4)
Here D is the tube diameter, k the thermal conductivity and /qthe viscosity
of the gas. Equation (4) is dimensionless. ¢ /'Vk is Prandtl's number, ‘
which is relétively indevendent of temperature and pressure; as an average
value f'of air, we shall employ 0.74, /‘“0’2 does not change greatly throughout
the tube, and will be considered a consi;ant, 0.55, Thus, from (4),

h = 0,0151 c 60807, | N %))
which is now crnfined to the system of units used in this paper.

By Bernoulli's equation, the heat absorbed in an element of length dL is

:i-’"DzGc gt where'i‘o is the stagnation temperature; the heat transferred from
the surface of the elementary cylinder is h7D(Ty - To)dL, The heat trsnsferred

from the surface must equal the ‘heat 2bsorbed by the gés. Thus, using 4a,

Ty = T
2 g4I, - (5)

ATy & 0.0604 =
5 % Setntt pl-2G0.2

For simplicity it 1.}!111 be assumed that the cross-section at the exit of the

diffuser is the same as the cross-section of the gas-stream or streams in the '

teactor, (See Figure 6-6), The total mass flow is constant along the entire

ram=jet, so

s 1
G:Pv=loi’KE_GSiMi’. (6)

where - v is speed, foi is atmospheric density, Ai/Aq is the ratio of the intake

cross=section to the diffuser exit cross-section, Cg; is the atmospheric speed

This document contains mfofmatlon affecting the national defense 4 1 5 1 3 3
%f the United States within the meaning of the Espionage Act, 50
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of sound, and i) is flight iach number.

dTo = 0,003

Tw - Tdo
Tw - Teo

w ?dg

ot
s o oo oo 0 0

S e e oo el
s = =

2, 9.2
(P W;4,/8y)

0003 1/D
(0 p smshs/a0) "2

0-092ﬂ 0-2 (C/Q/k)-—o.é . L//D

Tgo = 720°.

Tw - Teo

0.008, M; =2, D =6, Aj/ig = 0.5. Then (5z) becomes

Ty -~ Tdo_

w Teo

= Ty - (Tw - Tdo) -

DR ; (83/hg) Cgilty

= 0.0056 L/D,

*0 L] 0056 L[/D e

At 60,000 ft. the speed of sound is

3,500,000 ft/nr. Substituting in (5) end then integrating,

(5a)

For completeness we write the equation in terms of all the velevent parameters;

(505

The vericbies in the denominator appesr only to the 0.2 nower, so that
: 13} b 3

we can replace them by averzge values. For an altitude of 60,000/ft,]9 3 =

(5¢)

T (1L ]ﬁg_L #2), according to Ceok (Reference 7),;where T is

Teo

Wall Temperature, Ty

the static temperaturc sand ¥ the ratio of the specific heats. Belore

heating, ¥ = l.4, and the atmospheric temperature is about 40C°R, thus

s

Values of L/D are listed below for various values of Ty and Tgq.

5500

3000
3500
4000
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. of the guestion in a ram-jet consisting of a single large tubs, becouse of

the great weight of reactor implied. Thus we muist consider multi-tube

reactors.

The only chunge that occurs in the above ans :lysis when we consider

milti-tube rezctors is the smaller diameter of the tube. Lster considera-

tiong using optimum reuctor design indicate thut the tube diazmeters should

be of the order of 0.1 feet or less. If we carry out the above calculs
for w.tube of this diameter we obtain the followf values of L/D.
’ haTl Tenﬁerntur@, Iy
Too . 4500 5000 5530
2000 T4 62 53
3500 - 107 . 87 71
4000 164 108 92

These values of L/D are ressonzble and lead to values of L from 5.3 ft

ions

to 16 ft. Thus it appears possible to tuild g rewctor of reasonable size

and weight which would h°VL adegquate heat transler to furnish exit gas

0

temperatures in the ranges noted above.

5. Heat Transfer in the Reactor Material.

Before considering thc heat transfer from the hot walls to the gas

stresm in a radistive-heuted ram-jet we shall study the problem

ransfer through the wall material of thz reacior.
The power output of a ram-jet opersting at & velocity vy

(Section 3) by the relation

Po = P ;v;hic (T, - Ty)

The maximum possible input to gas from the rediating wall of area S is

This document contains Information aEecting the national defense
of the United States within the meaning e Espionage Act.
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P; = O sgﬁ. K (6)

The efficiency of converszion of radiant energy into éas energy is given
w /
by 10, Pio
For « jet 6 feet in dismeter, with A;/A3 = 0.5, operating at 60,000

£t. -2ltitude and at a velocity of 2000 ft/sec, we take the following

values:
Py = 008 %; py = 14 £t
c = 0.25; T, -~ Ty = 2500°R;
o = 1.73 x 10°7; § = 1700 £t2, for L/D = 15; T, = 5000°F.
Then, )

3

P = 5.62 x 10° Btu/hr = 1.48 x 10° Ki.

o}

8

i

B, = 18.4 x 10 4.85 x 107 KF.

5 - Btu/hr

Eff. = 30.5%

As & matter of fact, the vower not transferred to the gas returns to the
wells, so-that the output of the reactor is only Py, instead of Py. Thus
the heat transfer necessitates a temperaturc gredient through the pile wall,

given by

aT/ax = P /Sk ‘ (7)

This document contains information affecting the national defense 4 ‘i (g 1 3 6
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Data on the thermsl conductivity k for materials which will stand very
high temperztures are scanty abeve 3000°R. Values of k for graphite (Ref-

erence 19) snd tungsten (Refcrence 12) are given below:

GRAPHITE TGHGSTEN
TRk Bt/ it Can(oR) 1,08 X
1750 | 517 1800 585
2650 - 290 2700 639
4090 101 3600 779
4990 V 85 4500 843
5350 87 5040 883

The egtimated values of k at 5000°R are
k. = 86, X, = 860.
To supply the power requirement, the temperature gradients needed are
3840°%/in. for carbon;

384°R/in. for tungsten.

These figures show how difficult it is %o get the heat needed through

any considerable tnickness of reactor metericl. The figures tell us unam-

biguously that the use of a single tube reactor of cuarbon is impossible. The
figures for tungsien ure fiven only for comparison, because it has Been
studied so mucﬁ by the lemp industry, We see nofway to make a high- tem-
perature tungsten pile, -- since it oxidizes s0 readily and is & very woor
moderator.

There appears to be no data available on the heat conductivity of BeO
at high temper:.tures but it is probably mucﬁ lese than that of carbon. Never-
theless we shall proceed to analyze the problem of hest trunsfer to a gas'
stresm conteining an "opacifier®. This will enable us to drive more nails
into the coifin of = radiative-heated rum jet missile, although someday it

mey have applications to some other type of vehicle such as a getellitel.
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é_Radiant Heat ?ransfgr_from“a Eot'?ube.tp‘av6a§ St?eam Contaiping‘Smoke.

The calculations in Section 5 indicete that it will be necessary for the
gas stream to absorb about 30% of the radistion from the hot tube walls, The
most promising means of absorbing radiation is the use of.a,dense'smoke in the
gas stream, The heat transfer takes place in two stages, radiation from the
wall to the smoke particles, followed by conduetion from the particle to the
gas, Section 7 shows that the heat transferifrom the smoke particles to fhe
gas is a rapid and efficient vrocess under reasonable opersting conditions,
Because of this fortunste circumstence we consider the transfer as direct from
the hot wall to the gas, the absorbing characteristics of the smoke determining
the portion of the radiation which flows into the gas, The net outward heat

flow per unit wall surface is

& (Tgh = T4) F )

.where F is the fraction of the radiation absorbed by the gas in one average

trip from one hot wall to another, This formula will be derived from the
assumptions that the wall is black and that the smoke and the gas together act
ag a gray body of temmerature T, Considering the case of two plane hot walls,
and calling them 1 and 2, we note that, per hour and per sa. ft.,

Wall 1 emits 6Ty bt

Wall 1 receives from wall 2 T (1 - F)

Wall 1 receives O "I‘4 F from the gray gas and smoke because of Kirchhoff's
law, The sum of these terms yields (21), (In the case of a central reactor
with a perfectly reflecting cylinder outside, the argument is éimilar, the
radiation returning from the reflecting wall replacing the radiation from the
opposite wall. This device has‘been considered, but since its.properties are
roughly similar to those of the annular reactor, it will not be discussed
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The heat flow q per unit gas volume is the heat flow per unit wall

surface times the ratio of the radiating surfece to the gas volume,

qz O(T4 -~ T)F (D). . (22)

The quantity of heat flowing inte a unit volume of gas in its passage

through one -foot is q/v, where the speed v of gas flow is
. v =M ¥Tg,
with M the Mach number and € }/fé ‘the speed of souné. Neglecting the differtgnce
between T and To (the stagnation temperature), which does not exceed 10 per
cent, we have |

a/ R ve
¢ (Tt - T4) F (4/D)
PucV T

aT/aL

(23)

Here M and P ean be express_ed in“terms.of their values at the diffuser point
as follows: _

P/Pa = vafvala TaM/T,

/(2 ¥ W) = K VT, (24)
where K is a constant, We obtain

Ma (= V1id & BT) /2¥ Kﬁ;xﬁ £ (IRr), . (24)

where f (a’ K2T) ‘i a slowly varying function of its varjable, as shown in the

following tabuiation: .
T: 700 - 2000 3500°R
f: 1.1 1.2 1,6

The constant X in (24) is conveniéntly evaluatéd at the diffuser point,
where K = Mg/ )f’l‘g (14 &g ¥32). The lesser of the two roots in M must be
selected to yield the correct value at -the diffuser point, (Note that (25)
has no real root for T > 1/4'3’ Kz; this merely states. that the gas cannot

be heated above this temperature without affecting the intake conditions),
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We shall require the number of particles of opacifier per uni'_h Folume, N,
This is given by ‘
NNy = P/ Py
where Ny is determined by the amount of smoke we choose to have at the tail
end of the éentral body:
For the sbsorption coeffici.ent'F per averasge path from wall to wall, '
we consider the mean beam length to be D, which turns out to be the corpect
value for infinite tube length ;«ith: constant wall temperature and constant gas
temperature, The at')sorption cbefnf.‘icient of a particle in a.unidirectiona_l
radiatioﬁ stream is ‘Tfrz ép, where r 1s the particle radius (equivalent radius
if particle is not spherical), and Qp the absorption coefficient of the
material in the form of particles. ' Thus , 4
Fos 1-e--‘*"’7'1‘2 €D = 1.e-K1Td/T . (25)
where Ky = Nd’ﬁr?C pD (¥ ¥4 Wa2)/e, by the equations vreceding,

' Making the indicated substitutions in (23), we obtain:

- T4 '
-%% : éf:g: ~T“Lﬁz e (1eerRrTa/T), 26}

It is now our task to study the integral,

{ . . fion ; .
1= e (T = TA)-]_(l_e-!-Kqu/T) 14T - AQ’L/CKZ’ . k)
Ta o '
where Ko = D\/i‘a a c.
The factor (Tw4 - T4)=1 varies slowly unless T closely aprroaches Ty.

Hence we take its mean value fy out of the integral,

Te i =
1z Tyhf1 S (1-e~F1 Ta/T)-1 aT. : (28)
- Td -
The limits of f are given by _
(- 1gh/mAL S 1§ (1 ¢ TeA/TA)h g o (?9)
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‘ .The integral (28) is evalugt‘.ed. by introducing the varia_ble x = /T4,
expanding and integrating term by tez;m,. Reference 16 gives a series for
x (e¥ = 1), valid when the absolute value of x is less than 27 . Iet
= Te/Ta; then the result is

g (R -1) | 2 o 5o orag (22 1)
a ( ) tl"i' Kl +K1 log X‘ 4 Z (+1)% ByKg (x ]
2 J

2K I+ 6 X - <1 - 1)(2i)! <x2 -1)

Here the B's are the Bernoulli mumbers:
= 1/6, B2 = 1/30, By = 1/42, etc.

We call the bracketed expression ¥ (K1, X). Thus, for Ky <2 7,

T x2 ~1) f
p.dal L EE (Ky, %),

In general the terms after the first three can be neglected; e.g., if
(1/30)(.04 - 1) 1

- jed . A - o = e A
X =5, th? coefficient of Ky* is NARN) = = 18,000’ and Ky
cannot exceed (297)4 = 1550.
From (30) and (27),
8 O TehKiL
=1 & wil — . (30)
c flK?Td :TLS (K1,X)
8 S Twl.» - KlL/D _
5 e e (31)
CTa3/2 . oMy Pge & (K1,X)
Now, rov.xglﬂ':)rg S/ = 1.0 x 10714; ¢ = 0.25, Mg = 0.2,
= 3/0; = 0.0243 Tq = 700%; £ and £y is about 1, 2
Iet us try the value L/D = 15, and obtain values of Kj for various wall
temperatures. We have, e _
X‘l . A
Te = 2200,] —— & (K1,X) (32)
|
We put X = § for Te = 3500°, Then
w = 4800 / (K1,5)/K1 , (33)
. ! : Ky
& (K Ky o === —-- 1~
‘ (Ky55)/%7 = A 3 (1 75 (34)
'g?!tshe, e ot within the meaning o th'i‘eﬁ%tct 50 - 515 . 141
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Ky 5 .6 .75 1.0

icw 6100 _5"7bo' 5400 5000
Thus for a wall tempereture of 5000°R Ky is about 1.0. We are now in a
position to estimate th_e ‘air-smoke ration Ras, which must not be exceeded if
radiant transfer is to be sufficien‘b for our purpose, IFrom the def:‘mitioﬁ

of Ky, at Ty = -5000°R we have |
Nyore? ¢ P+ o gh?)/E = 1.0, (35)

Since the air-smoke ratio is given by
(Pgd

oz e et (36)
Tes 3 Nd.l*"nf 3 P
where r P is the effective density of the smoke partlcles s WE have
Ny T2 = 20, 8 L, (37)
Lep AT
Also, (1’1’3’de2) ¥ 1,05, end f 1,2, Then from (35)
Pa 8 fp p.1,6 - (38)
Pp A T ' _ .
Assuming that ©p = 80 1b./cu, ft., we get
. ¢ . . ‘
- b 8P . D .54 —Ee : :
Ryg = 1,8 x 10 ~——- Dz 54 —=3 D (39)

The dependence of the air-smoke ratio on various factors is more clearly

seen by combining (31), (35), and (36) to obtain:

Bog = 6g ',_le;ﬁ; .(_P 1+Tdez I (40)
& " Ceg T2 » Ty¢  r@p Mg - ffj_@

In this equatlon the first group con31sts of constants, the second of
temperature faectors, the th:rd of parti cle characteristicss the fourth depends
on My, i.e., on Mi and & /Ad, and the fifth group is the length of: the heater

tube times factors which are roughly constant,
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Tnis leads to the expression

- since the photon velocity i

SECRET---

7. Absorpticr of Rediation by Particles.

In Section 6 the abgorption of radiation wes considered from the
simplified point of view that upon impact with a particle radiation is

scattered forwards, in other words, scattering was really neglected.

. —NT?I.'?GDD
F=1-1 . (41)

for the fractional absorption in the 1 ength D, Ruark suggested that the
average path length wmighi be considera.:lv increascd duec to scattering,

since the F-value desired is about 39 percent. If the scattering were

~

perfectly random the absorption could be cslculated b by the metheds of
ordinary diffusion theory, Consider the radiation as photons moving
threugh 2 medium having N scattering and partially absorbing narticles

-

rer unit volume. It each particle have a seometrical cross-section of

b ané absorptivity E, o* The mesn free path of .a rhoton will be given
by
- 1. ' {
£ CEEI - € ) . (42)

v

large compared to particle velocities.
The mean diffusion lsr;éth Ly is given by (ref. i4)
1/2
Lg = (V7T) (43)
vhere Y is the diffusion constant and. T is the mean l:.;eulme before
.apture of a photon. HNow if the photons are r%;ndomly §cattered the

diffusion constant is given by
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of the United States within th age Act, 50
S. C., 3% aneh 82. dts ll:z'ansmissim on-iha meelstisnso dts con-

. 218y nggnes 8 gnauthdrifed pirsods Is probfited By law.
o O M e e S (R e e [ R EE
—GGNFFBENHA%‘"H*“*H*‘*—"“"



V= SL--_V,/3 : (44)

Ly = l ‘ ' (46)
¢3E.(-€,)

Now the steady-state diffusion equation is

VZDV: n\/VT . (47)

where na/is the number of photons per unit volume. For a plene case

the golution is,
3 —~x/ Lq . .
By~ Byo® (48)

3 €A )b (49)
- 8 i - = .

Therefore, F=1

For our tase where D = x and b = 771'2

V3 € (- GpymrHD

F=l-e : (50)

This equation breaks down unless GP is very smoll. For the case in

which € b is about 1 we can write

; 1
La = = oan.
d Nb
2
~lmr D \
or F=1l-~e . (502}
This document contains information affecting the national defense 4 I 5
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since if fp = 1 the photon will be absorbed at the first collision.

Thus the form uscé in Séct;on 6 is velid providing thatéi)is approxi-
mately equal to 1.

On the other ﬂuﬁd tnb expregsion (50) is only valid ior random
scattering of the 9hotons. This is obviously not the case for photons.
The work of Rayleigh (ref. 15) showed that for particles of the sizes
we mast employ the scatiering is very much in the forward direction.

Hs distirnguishes the following cases:

Case ‘1. r L& wzvelength; forward and backward scatterings

are equal.

Case 2. T 7 wavelength; scattering primarily forward.

Cese 3. T3 » wavelengths séattering primsrily backward.
For our case thé valﬁes of v and of the wavelength are approximately .
the same. Ru“‘@lgh liscusses the case in which r is equallto the wave-
length divided by 7, which is fairly represcentative of our conditions.
In this case. the pfoportion of radiation scattered forward is very
large, being on & relative basis, 1 at 0°, 0.6 at 30° and .0l at 90°
as measured back from the forwgrd direction. Thus the correct form of
the diffusion path should tuke this factor into accourt., This has not
been done in this treatmwent since most of the other factoré are so un-
reliehle at present. The large ratio of forward to backward scattering

helps to reduce the infiucnce of scattering on the results of Section 7.
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£V = 1b/£6%/sec @

n. a configuration with

G

and since we heve chos

l'
-
S~
L)
—~
(SN
j —"

/b

we have

if
8

for U, = LY 5.667 1b/ft%/sec (4)

How the subsonic diffuser reduces the streim velocity from the

initicl Mach rumber of
H = 904 ’ ] (5)
to My = .217 {6)

in.sccordance with the reletion given by eguation (9) of Chepter 5C.
The efficiency of ‘the diffusion process is token to be 0.8. The
requation commecting the Mach numbers across the compressor stage is

(ref. 3, equation 15)

5. Gk)zx 7)

A compression rotio of three is considered tvncnl for turbo-

jets and since Y= 1.4

-
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‘ 6/7
Mz = (1/3) Mo = .390My = L0847 (8)

The eguation connecting stagnation tempernturcs across the com-

pressor is (equation 17, loc. cit.):

(s) ;=L 1.2 .
o)y 1+)’2_;§43_ 9)

(s) P2 '
2 - 1+ EL 2

2/7 5+ M-

= 3 1.358 (10)

(\)L
i

5+ My

where the stagnation tempersture, which remeins constant except where
work is donc on or heal is added to the gns stream, is the following

function of static tem;eraturc and liach number:
3

8 o g 1+ —%‘ll\ﬁz). 11)

. 3 2V .. : '~ 2 ia. Lol
Now since the flight temperrture Ty is 392°R snd Mach number Mo = 9.9,

We have:s

) = n) s aeE) Tue @)

Hence, by equction (10):
{s) -
T, = = 625%. (13)

This is then the temperature ot the input to the reactor. Since

the gas temperature ol the oxit of the roeactor mist not exceed 2000°RH, |
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a constraint imposed by practical ges turbine design, we sce thot the

temperaturs dirforen e, AT, tzrnuﬂb which the recctor roises the

as isse

39

AT = 2000 - 625 = 1375%R. (14)

Now in order thot the goisptream in the nucleur turbo jet receive

2

the smme energy as wes available in the form of hest value of the

gesoline in the gascline burnlng prototyne, the mass flow must

d = sac, AOT, (15)

/
- [ " £ ! ~+ ’ 2 '
4hat is m = —8 . = 2= A xJ.f) = 66.3 Lb/sec (16)
C.. AT .26 x 1375
e b -
where the values of Q snd AT are from gguations 1 and 1/ vespective-
ly ond where an average value uf C, wns token to be .26 BTU/1b.deg.F.
&

Since m *‘/QVA, the intuke eres follows at once with the aid of

equrtion 2, namely:

ao= 83 = 390 6.t | (17)

And since Aj/Ap = 1/3, the gas strezm cross-sectional rrea ab

v

the diffuser exit and in the retctor must be:

. hy = Aq = 11.7 sq. ft. (18)

‘ How heat transfer eguation 5 y Chapter 5B when integrated is:
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where L, d are the length and diameter in feet of tn individuzl
of the convective hezter and the msss current density, ,AQV, is

lb/ft2/hr. The solution for L/ci’L -2 yields:

L (2Q400) ldg 00Q - 62
dl ‘2 n0604 [*000' el 2000
where o w“ll tcmcerwuhre of 4000°R in the reactor is assumed.
a e

(s)
. .0604 1, (19)

tube

in

(20)

Hence

(21)

is eiyuation expresses the constreint imposed upon the reector

qe51gn by the hent transfer equation.
pressed by eguation 18 which gives

ares, namelys

AB = 1107 SG__- ft-

Another condition is that ex—

he free gos stream cross-sectional

(22)

A third condition may be supplied by considering optimum nuclear re-

actor design. As

mine the reactor coafigurstion.

Table 3 of Chapter 2 gives, for an avcrrge number of 2,1 ncutrons

emitted per fission, the following LquOlegtc critical sizcs

optimum sclid resctor degign:

This document contains information aﬁect!ng the natfonal defense
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3.17

re = 54, em = 178 ft.
(23)
L, = 93. cm = 325 it.

For i rcactor perforated by tubes we need to divide the nbove numbers

by 1 - /" , hence:

re = I€ g (24)

3220 oy (25)

£
i

where [V is the ratic of the grs stream free crogs-sectionnl ares to
the totel cross-section in the remctor. But from the definition of /-'

we haves
2]
[T = A3

so that the constroint expressed by ecaction 22 becounes:

- /-137_,1 = j—_—/%% , (26)

The value of F such that both ejuation 24 ¢nd equation 26 yicld-

the szme velue of r is given by:

- s 2 . . :
=78 . = 193 (27)

(1 _/.,)2 /'1

This rewuires that

[1= 0.410 , r = 3.02 ft.
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Hence, by equation 25,

L = 3:25 = 5.51 ft.
-r :

The volume of reactor ig therefores-

Vol. = (1L-/") L = 1.439 x 11.7 x 5.51 = 92.77 cu.ft.

N

The weight data are:

.CarboﬁAReactor Be0 Reactor
__Reactor weight, 1bs. | 12,800 17,500
Uranium weight, 1bs. § 50 } ryA
Since L = 5.51 £, equation 21 gives:
o):8333
d = (%;?) = ,131 £t. = 1.57 in.

Finally, thc¢ number of tubes necessary to accommodate the mass flow

is given by

The preceding results define the reactor completely. The method

of calculation, it will be recalied, was to design the reactor so as to

supply the ssame zmount of energy to the z2ir stream as would be avail-

able from the gasoline consumption in the commez 01a1 gaSOLlne~

t
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burning prototype turbo-jet. This is o very genercl treatment and

one shcuid_therefore exsmine the validity of the mnjor ﬁssumptionsA
involved. One such assumption is that the thrust cof the puneair
strecm in the nuclcqr vehlclo and that of the “1r-gaso11nb exhaust
products in the gosoline prototype are not too dl ssimilor. Now both
models.have approx;mmtely the seme exhcust temperctures, due to the
1500°F.‘limitation 2t the furbine. Also, because of this limitation,
furbo—jets operate at extreme v lean mixtures, oir-fuel ratios being
of the order of 60 or more; assuring « molecular weight of the exhaust

ases little dii*erent from that of nir zlone. Hence it is not likely

aa

thet the thrusts of the two designs will be appreci ably dliferent One
ctiter factor is the ’rag due to the reccter tubes. It is not be-
lieved, howavér, thot this will be suffilciently grester thin in the
conventioral turbo-jet burner to cause much error in the calculeations.
For the prescent rosctor design with L/8 ratio éf 42, equation 13 of
Chopter 5C yields g drng per unit cross-sectionsl erca of approxi-
metely one djnamic head, —— a figure which is in gcod ngreement with
experimental Vuluqs chtained from laboratory tests on conventional
r&m—jei burners.

.

The powsr added te the gne strerm turns out te be approximately

(6]

33,600 H.P., whilc the power outjut of the engine (thrust times

velocity) is 6403 H.P. This gives nn oversll cificiency of 19%.

‘ - 410
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‘ CHAPTER IV, PRELIMINARY REPORT ON NUCLEAR ENERGY
FOR ROCKET PROPULSION

by
F. T, McClure and R. B; Kershner .

)
Y

1. Introduction

In the comparisoﬁ of fuels for use in rocket propulsion, probably
the most significant paramé’ter is the so~called effecf;ive gas velocity or,
equivalently, the specific “impulse. This quantity is defined by the ratio
of the thms:t to the mass r.ate of discharge of propulsive gas and is mainly
a function of the thermodynamic properties of the gas. A convenient formula
for the specific impulse, I, of a gas, is -

(1) I flb(force)-sec/lb(massﬂ = 9,302 I, \/E:

where n = inverse of the molecular weight of the gas (combustion products),
T = chambér gas temperature in degrees Kelvin, and I,, the reduced specific
impulse, is a function only of the ratio of specific heats of the gas, the
ratio of chamber pressure to atmospheric pressure, and the area exﬁansion
ratio of the rocket nezzle, The function Iy is gfaphed over a range of all
three variables in ABI~SR-10 (OSRD Ne. 5548), "The Reduced Specific Impulse
of Ideal Gases", Nancy Marmer and F. T. McClure. Numerically 1t varies
between 1.6 and 2.6 fqr the usual range of the variables.,,

Otheij things being equal a rocket loaded'with propellant oi.‘ high
specific ‘impulse has a greater range than a corresponding rocket with a low
specific impulse propellant, A major portion of the effort of rocket de-
velopment work has been aimed at obtaining fuels with a high specific im-
pulse, Fuels in comnon use now have an impulse of 180 to 250 1b.sec/ Ib.

. ' Equation (1) shows that a high specific impulse requires high gas

temperature and low molecular weight. Since available construction materials
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seem to place an upper limit on the temper?ture not much above temperatures
obtained with current fuels (3600 to 3500°§(, i.e. 5400 - GBOOOR) it appears
that significant improvements can be attained only by the use of fuels with
a2 lower molecular weight.*

The importance of low mél_ecula,r weight is well recognized and
accofdingly considerable attention has teen paid to the use of hydrogen as
a rocket fuel. The problem is, then, to find a means for heating hydrogen
to a temﬁerature in the neighborhood of 3000°K in as economical a manner as
possible, The most obvious means for ac‘:compli,shin'g this is to burmn a portion
ofithe hs,rd;'-ogen, for e#ample with oxygen, to supply the necessary heat. With
the use of the hydrogen—oxysgen combination an optimum specific im};ulse nay.
be expected'with approximately a 5-to-1 mole ratio, (See "Fuel Systems for
Jet Propulsion" by A, W. Leumnon, Jr,, Report of the Gilliland Committee, and
Calculated Performance of Hydrogen and Oa.r,ygen as Jet MHotor Propellant”,
Aerojet Engineering C»orpoi'ation, Technical Nemorandum No. RTM-23.) With
5-to-1 mole ratio and an oneratmg pressure of 50 .atmospheres,. an impulse
of 395 1b. sec/lb at sea level is predicted, With this ratio of hydrogen to
oxygen a temperature of 2760°K is obtained but the mean molecular weight is

about 8,4 due to the formation of a considerable amount of water vapor in

TS amesccemmeratgs  em s 5 s 4 m v e i en e € B R el o v e e e owie (S WNKS (RNE WG RE e et owtirmsa monse e e

";'.Z‘.he upper allewable linit on the gas temperature night be raised still fur-
ther by improved cooling of the walls by. film methods or the like, If, how-
' ever, the gas is to be heated by heat transfer from a wall (by black radiation
or conductlon) its temporature cannot be raised above that of that wall, so

that cooling does not solve the problelé‘)’%
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thé reaction products. With g greater amount of oxygen the temperature is

“higher but the impulse is lewer due to the overbalancing effect of the increase

in molecular weight. Gonversely, with less oxygen the nmolecular weight is
lower but the decrease in temperature is sufficient to reduce the specific
impﬁlse. The combination of hyd,rogez; and. oxygen in a nole ration of B-to-1
gives a higher sfecific inpglse than is predicted for any other fuel so far |
investigated. |

Clearly, a means for heating hydrogen to a high temperature without
increasing the molecular weight would g_ive a very significant increase in
the specific impulse. In fagt, hydrogen alone at a temperature o;‘ 2500°
Kelvin and a pressure ratio of 50 would give a sea level inpulse of about
730 lb.sec/ 1b. It must be Bowpe in mind, however, that the mecha‘nism for
heating the hydrogen constitytes a dead weight in the rocket wk__iich somewvhat
reduces the effectiveness of the gain in specific impulse. In particular,
if the weight of the energy gourge vrequ;'.red to produce a certain thrust was
g_;egter than the thr_ust .prqd_,g:_;‘ad, . the resulting rocket -vmuld not rise in
spite of the high specific J}gpﬂ:}sc_. Thef problen is to produce an energy
source with very high power gper unit weight. Recont developnments in nuclear
energy. reactors suggest cogg&deration of these devices as a pronising neans
for heating hydrogen for rocket propulsion purposes.

In this report a2 sinple quantitative discussion of the advantages.
of a rodket operated by hydrggen heated by a nuclear energy reactor will be
given. For comparison purpoges a hydrogen-oxygen rocket will be used as the
prototype of "conventionall rgckei;_a. _ ¥While a hydrogen-oxygen propulsion

systeid has not yet been succeesfully used, it seeﬁs anply clear that the

of the United States within the P
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problems of development cannot be more difficult than those to be expected

in the nuclear energy case. In particular the difficult problem of handling

liquid hydrogen is common to both,

One feature of rocket design which reduces slightly the advantage
of a low molecular weight fuel is the fact that such a fuel is likely to have
1ow density and thus require a disproportionately large tank and structure
weight for its storage in the rocket. Neglect of this point is 1ike1y to-
give a misleading impression of the relative advantages of different fuels;
For example, in the case of a bi-fuel rocket with a large discrepancy between
the densities of the two fuel components, the optimum ratio of the two fuel
components is not the ratio which gives the maximum specific impulse. As
mentioned before, the optimum specific impulse with the hydrogen-oxygen
rockeq is expected with approximately 5-to-1 mole ratio of hydrogen to oxygen.
This implies a substantially largér volume of hydrogen than oxygen and, corres-
pondingly, a disproportionately large weight of the hydrogen tanks, Vhile
shifting to lower hydrogen#oxygenvratios decreéses the specific impulse and
thus increaseé the fuel weight required, it might also overcompensate by de-
¢reasing the total fuel yolume and hence decreasing the requiréd tank and
structure weight. The optimunm ratio is that which gives the minimum sum of
fuel weight and tank and structure weight,

Determination of this optimum requires a knowledge of the required
velocity and an exact relation between-tank and structure weight and fuel
volume., The last relation is not well established but recent estimates of the
Douglas Aircraft Corporation and the Glenn L, Martin Company ("Proposal for -

structural study of high altitude test vehicle", Glen ], Martin Company,
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Engineering Report 2373, May, 1946, and "Consideration of a high altitude space

vehicle (Hall project)" Report ES-20515, E1l Segundo Engineering Department,

Douglas Aircraft Company, March 28, 1946,)' for the design of a satellite rocket

" have indicated that a tank and structure weight as low as one pound per cubic

foot might be obtainable by the use of recent aircraft engineering design,
Assuming this value, a roi:».gh_ analysis incicates that the two influences of
changing the weight ‘ratio of }Wdroge_'n to oxygen almost exdctly compensates
whén fuel ratios are varied from 5-to-1 down to 3-to-1l, Fuel ratios in this’
range lead to almost the same pay load-range relat:.on, at least for ranges up
tc satellite, For an escape rocket which with a s:.ngle stage hydrogen~oxygen

rocket is on the borderline of feasibility, the small effect of varying the

“hydrogen-oxygen balance may become very significant,

2, Requirements for Long Ranze Rockets

In this section we compare tﬁe desilgn requirements of a hydrogen- .'
oxygen rocket and a hydrogen-nuclear energy rocket to obtain various raﬁges.
Thé ranges considered are 10Q0, 5000, and 10,000 miles. This last range is very
nearly equivalent to a satellite rocket. In addition, an "escape" rocket
is included, In calculating the velocity necessary for attaining these ranges
air drag was neglected and effectively instantaneous burning was assumed. As
a result the rockets described would not actually attain the ranges given but
comparison should still be essentially valid. However, it should be noted that
the assumption of sea level impulse throughout burning will make an error vhich

will at least partially compensate those mentioned above,
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Table 1 gives, then, the'required initial velocities for a drag

free shell with the prescribed fange, These are obtained from the formula

(2)

sin @
l + sin €&

VvV = 36,670 \/
where V is the velocity in ft,[sec, 36,670 is the escape velocity in ft/sec,

and © is 1/2 the range in radians,

Table .1

Range (miles) | 2000 | 5000 | 10,000 | escape

Velocity (H/sec) I 12, 300 ] 22,300 l 25,600 ' 36,700
The fuel required for a rocket to attain a given velocity is cal-

culated from the well known rocket formula

(3) v welght with fuel
- 32,16
= 5036 1 togg weight without fuel

Values of the specific impulse, I, for-a hydrogen-oxygen rocket with a mole
ratio of 5-to-1 and for rockets propelled by hydrogen heated (by a nuclear
reactor) to 2500%K, 2060%K and 1630°K respectively, are given in Table 2. The

operating pressure was taken as 50 atmospheres in all cases.

Table 2
i
Code Number A B c D
Fuel SH,—to-,-lO?' i, + N.E, Hy + N.E, H, + N.E.
Gas Temperature (°x) 2760 2500 i 2060 . 1630
Specific Impulse (1b.sec/1b) | 395 730 665 590

Table 3 gives the percent fuel, the .percent tanks and supporting
s?ructure, and the remaining percent, 63 s for rockets of the four types A,
B, C. D to attain the velocities given in Table 1. The percent fuel is cal-
culated from (3) énd the percent tanks and structure are obtained from the

assumption of one pound of tank and structure weight per cubic foot of fuelz )
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The remainder, (; , 1s the percent of weight available for rocket motor and
nozzle, pumps, control, payload and (except in case A) nuclear reactor.
‘ Table 3

Weight distribution of various long-range rockets

Velocity Code $u, | %0, 4 Tanks & C}
Yumber . ' Structure
A 15 a7 T4 34
12300 B 41 — 9 50
c 44 — 10 46
D 48 - 11 41
A 20 63 5 12 .
22300 B 61 - 14 25
: c 65 . 15 20
D 69 " 16 15
A 21 66 6 7
25600 B 66 = 15 - 19
g 70 - 16. 14
D 74 —-— 17 9
A 23 71 -6 0
36700 B 79 == 18 - B
c 82 - 19 (impossible)
D 86 p— 19 (impossible)

It will-be noticed that the value o,f{; for the nuclear energy rockets
is aI'L_most, always greater than for the "conventional" rocket, The difference |
between the value of ﬁ for cases B, O, D and the value of {3 for case A represents
the weight percentage available for the nuclear reactor, if the n_v,clgaar rocket

is just to compete with the "conventionall prototype,

3. ZEnergy Considerations
In this sécti_oh we give a preliminary sufvey of the energy require-~ .
ments for a nuclear heated hydrogen rocket. We consider case B in which the '
hydrogen is heated to 2500°K,
To vaporize one gram of hydrogen at its boiling point and ~lfllea{: the re-
sulting gas to 2560°K, at constant pressure, requires approximately 9’400 gmn~-cals.,

(see, for example, NDRC Report A,.-lls, "Thermodynamic Properties of Propellant
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Gases", J. O, Hirschfelder, F. T. McCluré, C. F, Curtiss, D. V. Osborne).

Thus the energy required, E, is_given»by
(4) T - 3,93x 1011‘ergs/gm,

From Table 3 it is seen that the total weight of a rocket using
hydrogen-nuclear energy must.be at least 1/.16 - 6.25 times the weight of
the reactor if the rocket is to out-perform a conventional rocket even at
1000 miles range. Thus, if W is the weight of the nuelear reactor the rocket
weight }s greatef than 6,25W., Allowing an initial thrust of 2g (over 1
g is required to risé at ali) the thrust, ¥, must exceed 12,5 W, Since
thrust equalé the product of the specific impulse, I, and fhe'mass rate of
discharge, m, we have .

(5) 730 @ = 12,5 W
whére m is in grams/sec if ¥ is in grams.
From (4) the mass-;ate, m, requires an energy rate of
nE 2 3.93 o x 101 ergs/sec, : .
Hence, from (5), - _ . .

(6) nE
W

= 6,74 x 107 ergs/sec-gm,

Thus a power éutput.of 674 K.V, per gram of reactor is required. This is
qui%alent go 305 KW, or 410_£orsepower, per pound of reagtor.

It is obvious that the power output of nuclear reactions can
greatly exceed the above requirement. The problem is‘to develop a means for

transferring the energy produced into the hydregen. gas in the form of heat,

4. The Heat Exchan

Let the nuclear energy reactor be of the muclear fission-chain
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This document contains information the national defense
%ité:eUmtedStateswi the‘n}eamngalthe!'spionmAct,So




it
|

variety (as opposed to radiocactive material). Assune it has a uniform cross-
section. of arbitrary shape and is characterized by the fellowing paraneter:

Cross seétion area
of reactor natter: A
Length: L

Total effective heat
transfer surface: S

Tenperature of surface: T
Density: {’r_
Then the we;'.ght of vthe r_eacj;or is .

(7) W ,-‘ S?r AL L
Supoose that the heat transfer mechanisn eperatcs through the surface of the '
reactor and is proportional to S (conduction or,rad.iation),- . Iae‘\'. j be a
suitable average rate of energy transfer per unit surface, so that j S is
the rate at which energy is nade available to the gas. Then, re;ilacing nE
in (6) by § S and using (7) .

J S

or :
S/L
(8) é( Ar>

Now ( An ) is a geonetrical factor glving the ratio of the _peri,méter to the

il

6,74 x 10° Py &1 T

43

674x10 Pr

area of the reactor cross sectlon. For exanple, if the reactor consists of

a bundle of rods of radius X,

S/L = _2

.Ar

b4

If the reactor consists of concentric annular cylinders of thickness X then,
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where O is the Stefan-Boltzmann constant (cr; 5,673 i 10"5 ergs cm

again,

(s/1) =2
Ar X

Thus, for the moment, we rewrite (8)las
. 9
(9). J/X;3.37x10 ?r" |
It 1s difficult to decide what density of reactor would be required but we
might consider reactors with moderators of BeO or C (graphite), both of

which have high melting points. Their densities are about 3 ang]. 2.2 res-

pectively. Actually it seems quite unlikely that BeO would stand up in

an atmosphere of hot, high pressure hydrogen, Thermodynamically, graphite
also can react with hydregen -bu,t kinetically this heterogeneous reaction
may not occur in significant amount during t_he r_eguired operation ¥ime.
Let us choose, then, the d,énsity.oi‘ graphite for our example (the weigfrb
of. fissionable and other material is neglected), Then
(10) 3/X = 7.4 x 107
For large values of X it is easy to show that c:onductipn cannot

provide as much heat transfer as is available §hrough rab.ia,.tion if the wall
teﬁlperature is of the order of 3000°K., Thus we consider first the possi-
bilities of radiative heat tramnsfer. Assuming 1009 emissivity of the surface
at 3000°;{ and _J,OO% absorbtion in tf;e gas (neglecting the weight of smoke
material necessary to produce high absorbtivity) we are able to obtain a-
maximum value of X. For, under the above assumptions,

J = 0’(3000)4
-2
(%K) sec™®), Then, from (10)

X = .62 cm, _
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It is seen that radiation will only supply the required energy if
X is at most 0.62 cm, The small value of X reflects the requirement of a
large ratio of surface to volume of reactor, Considerations of the reactor
design imply, however, that the dimensions of the gas spaces wifhin a reactor
must be reduced along with the dimensions of the reactor spaces, otherwise
the overall density of the reactor would be reduced and the reactér would
fall below critical, Thus a high sﬁrface to volume for ihe reactor also
implies a high surface to volume for the gas spaces within the reactor,
Hence the gas passages are very thin and the absorption of radiatién by the
éas cannot be expected to approach the 100% assumed above, Allowance for
the conceivable absorption attainable, even by the inclusion of smoke in
the hydrogen, makes it appear that the possibility of the operation of a
nuclear energy rocket depending on rad1ation for the heat transfer is remote,

On the ther hangd, with a suffzclently high ratio of surface to
volume in the gas.passages, heat transfer b& conduction exceeds heat trans-
fer by radiation even at 3000°K, 1In the next sections, therefore, ﬁhe
problem of heat transfer by conduction, in reactors with gas passages with

a high surface to volume ratio, is considered in more detail.

5, Heat Exchange by Oenduction,

We consider a reactor in the form of a solid cylinder with a
number of cylindrical gas passages (pipes) drilled through it lengthwise
and arranged in a hengénal lattice, Then the reacfor ﬁéy be considered as

built up from hexagonal cylinders each containing one gas passage (see Fig. 1),

: %
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Fig., 1.

Let Ag ;ﬂDa/‘l be the cross-section area of a gas passage and A, the area
of the hexagonal annulus of reactor associated with a single gas passage,
Thus Ar is the shaded area in Fig. 1. As usual, let__L be the length of the
reactar.

We consider the heat t-,;'ansferred by conduction in a single gas
passage, We assume a wali temperature' of TWOK and determine thé canditions
under which the gas will be heated to T%K (from the boiling point) by
passage through the pipe. Actually we requ-_ire that the gas be heated from

sbsolute zero to T°K; the slight additjonal heating from 0% to the

boiling peoint largely compensates our neglegt of the heat of vaporization of

hydrogen,

Under these conditions the equation of energy may be written

-

(11) _..g;_ gT chT+%"2 :M_S_
e APV L

vhere S - 7 DL is the heat transfer surface, h is the heat transfer coeffi-
cient, Tw is the wall temperature, and ’Dis the gas density and v its velocity

so that F.A vV B is constant, For the heat transfer coefficient, h, we
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. | 8. Heat Transfer from Smoke Particles to Gas=Stream.

The‘heat transfer from particles to gas is given by: |

apg = bpg 47T2N (T, = Tg) (52)

The heat transfer coefficient h.Eg has not been studied for partiéles .
of the size in which we are interested, Some work on the heat transfer to
clouds of small spheres of upwards of 300 microns in diameter ha‘s been reported
by Johnstone, Pigford and Chapin (Reference 8), If there is a relative
velocity V between varticle and gas, the solution of the heat transfer equation
given by the above authors is
pg = "15'9?@“2 C | (53)
where k is the heat conductivity of the gas, R the Reynolds number (rv /M),

h

and P is the Prandtl number,

The funcfion G reduces to unity for small values of the Reymolds number.
The Reynolds number is less than 1 for our case because of the sma.ll size of
the smoke particles and also because of the small relative velocity to be

expected, Thus, we are probably safe in assuming that
hpg = k/r (54)
providing that r is not comparable with the mean free path of the molecules of

the gas,

The mean free path of the gas molecules is given by
W

Y/é.[ol» wrmz

where W is the molecular weight, rp, the radius of a molecule and n is the

(55)

number of molecules mer unit volume, Since O for air the molecular radius

is approximately 3 x 1078 cm, the value of A in free air at 60000 ft,, and
0°C is 0.74 mic,rons; From this point onMand r will be measured in microns; .
‘ and the micron value of r will be called r¥*, k is then in BTU per sq.ft,

per hr,, per °R, pér micron, and h'is in corresponding units.

~
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In the diffuser ~here the density is approximately three times that at

intake, the value of A is about 0,25 microns, The mean free path at any

point in the tpbe is then given éy

A2 Pa_ ' (56)
2
Preliminary study indicatedfthat the particle size should be of the order

of 0.1 to 1 microns for efficient transfer; thus it is comparable with the -
mean free path and we should investigate the heat transfer for the case of
particles smaller than the méan-free path,

Apparently, nothing has been done for such small pvarticles at normal
pressures but a clue to the method of attack can be obtained from the consider=- -
ation of loss of heaf from fine wires in rarefied gases, From the work of
Knudsen (Reference 9) and Smolucﬁdwski (Reference 10) on heat loss from wires
of radii small compared to thé mean free path of the molecules, it can be shown
that _ |

hpg = 1.3 ak/ X\, ' - , (57)
where k is the observed cqnductivity at densities such that the mean free
path is small compared with the vessel radius and a is the accommodation
coefficient of air molecules on the material of the smoke,

The constant 1.3 contains all factors relating to geometry, relation

between rotationsl and translational enérgy and correction for differenee

_between observed and theoretical heat conductivity, This relation should hold

when r is vanishingly small comnared to /\, On the other hand, relation (54)
should hold when r is very large compared to )X. The form of the function
for intermediate values may be guessea from some waork by Smoluchowski (Refers

ence 10) on concentric cylinders, It appeatrs that an empirical relation -of the

form
- 1,3 a
hpg = *'——"-'--'-3 - . (58)
AT L3 arx
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would be épprOpriate and iépuld fit the end points satisfactorily.

i
'

The value of the asecdimodation coefficient for smoke substar_xces which

could be used in our épplié:’ét.ion is uncertain, It is knov;n well only for clean
,' metal surfacesf It is surr;;ised that for small particles of € or MgO it may be
close to unity,

Simple _kinetic theory ﬁndicates that the conductivity k varies as "the
square root of T, This is not verif:fLed by experimnt and the discrepancy has
been elucidated, at least partially, 53:’ St.;therland, However, it is: well to use
actual dgta for our present purpose, Table I nresents valﬁe's for air (Refer-
ence 11).' -

L]

TABLE I, THERMAL CONDUCTIVITY OF AIR

B, ° X
degrees R, “BTU
) hr,ft,< deg. R.

400 - '0:0118
600 ' .0168
800 - L0213
1000 ’ ,0260
1200 - 0300

1400 .0350 -
1600 ,0390
" 1800- ' . 0430
2000 .0460
2200 - ,0500
2400 .0530

On plotting these data it is found that k is closely proportional to T. In our

q units the relatlon is
=bl 2,6 x10°5 T ‘ . (59)

+4, 1 def
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Thus we can write .
_, 3 abT : (60)

h
pg' )“\"1 3 ar*

Assﬁming that 1.3a equals 1, this becomes,'

' bT . ' : ’
hpg = *)-\v:;;-e ' (60a)

The rate of change of gas temperatufe along the tube is
aL ~ Pwe B /OMCS c ‘

@ (1 - M),
where, using (60a) we have put
35 (S/0) Ta®
S G o e (R

To avoid having to know T, as a function of L, we assume that Tp = T = &,
a constant, The basic is that the radiation flux from the wall at 5000°R to

the particles is constant within about 20%, in spite of the fact that the gas ' -

"temperature changes from 700°R to 3500°R as we pass aiong the tube, This
yieldé_ .
dT/aL = 8B8VTg (62)
or 68 L = 2 (168 » Ta),

Iet us use the following assumed values:

Rpg =100 _ Mg = 0.2
L =10 | Cs = 3.5 x 106
¢ £0.25 Te = 3500°R
©p = 80 Tq = TROR
The. fesult is . )
' ¥ (:§'+'r*) = —#ﬁ—- (63)
380
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Thus if r* is between 0.1 and 1 micron end A gz 0.25 microns, the
temperature difference between particle end ges is only about 20°. Under
the conditions assumed the heat transfer is very eiffective; and the heating

of the smoke is an unimportant factor, because of the large velue of R, ..

170
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PART C. PROPULSION ANALYSIS

By A. C. Beer and A, %W. Lemmon, Jr.

1. Gereral Fouations.

It is a reletively simplé matter to predict the performance of a
nuciear-energy ram-jet when the temperuzture of the exit gas stream is
speéified. Sucﬁ problems as burning efficiency and chemical equilibrium
ag a function of temperszture do not occur. 6nce the exit gas stream ten-

erature is calcylated by means of the heat transfer relationships derived

e

in gection B of this chapter, the propulsion performance can be predicted
in the MQHACT outlined below.

Following the same methods as used in reference 3 and subsequent
anaiyses of ram-jet performancg it.is determined that for the case of no

mass-flow spillover and straight tail configuration, the thrust coefficient

is given by;

A Cs
o oY - x;f' i
where Cy = 8% - impulse coefficient (2)
Co
A = duct cross-sectional area
M = Mach number
Cy = thrusf coefficient (based on gas stream cross-sectional
arca at réactor)
g = conversion constant to gravitational units
¢ = local- speed of sound
‘___ &= ratio of specific heats .
415 171
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and the subscripts 0, 1, 2, ete. refer, respectively, to free stream, in-
take, diffuser, ote, In this quation the air specif fic impulse, defined at
the location where the stream Mach number is unity, is given by

1 IRT )
. E )

C
05
1

where f = eabsolute temperature, °R
R = gas constant {1715 ft-1bs/slug-deg.F, for air)
¥ = ratio of sveolflc heats of the gas at constsnt pres-
sure and volume respectively, a function of T.

This guantity, which is the stream force per unit mass {low, depends
in the present case only on the cir stream temporaturs at exit. The
function.is plotted in Fig. 5-1.

The intake-diffuser area ratio, Aw/éz, is so chosen that (for the éase
of the conventional diffﬁser, i.c. subsonic pressure recovery after normal
shock) the normal shock occurs at intake. This confl guration therefo“e
varies with the air specific imﬁulse, Sas snd hence must be calculated for
cach exit gas temperaturc. Such a calculetion involves computaztion of '
finch numbers along the duct in the manner indicated below:

|

For given values of air spsc cific impulse, input stagnation temperature,

and reactor drag coefficient, the Mach number at the entrance to z reactor

stege operated ot choking is givin by the following equation (cf. cquetions

13 and A-11 of ref. 3):

Y5z (B-€%) | (4)

. A5,2 - €2 5«;;_5 TZ(S)
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where}9= J%:L {allk"s being evaluated at temperature Tp) and € 1—%~Cdb

where Cdb is the drug coefficient due to the reactor (see eguations 11 and
s) '

following). The stagnation témperature T( is defined in terms of the

static temperature by the following relation:
) = (14 XL =L ) : (5)

Now because of the conservation of energy, TZ(S) = To(s), and so:

Tz(s) = To(s) =T, (1 + -JE§¥L Moz) (6)

. Hence for a given set of flight conditions the Mach number M, at the end
of the subsonic diffuser {entrance to-rgactor) is uniquely detormined for
each value of exit gds temperature. .

Now the Mach numbér Ml at the entrence to the diffuser, for our case
of normal shock at intake, is obtsined with the usé of the well-known re-

lation connecting the Mach numbers across normel shock, viz:

2
2 M, + 5
nSo = 2 , for ¥ = 1.4 (7)
7M
‘where i is the liach number after the shock and M, is the approach Mach

number. For our case, of course:
Mg = My end M, = Y, (8)

where M, is the flight Mach number.
With the knowledge of Ml and Mp , the Mach numbers at entrance and
exit of the subsonic diffuser, the rgﬁio Al/Ag follows at once from the

. relationship between Mach number and duct cross~sectional arez, namely:

- This document contains infonnaﬂon affecting the national defense
of the United States within the meaning of the Espionage Act, 50 4 15 17 3
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.5)1' = 005
. 45 for X =
. (for ¥ = 1.4) (9)

A2 r\l- \ i Vl22+ 5/

vhere il and My are the Mack numbers at cross-sectional areas 4y and Ay
'respectively and N is the efficiency of the diffuser (ref. 3, equation 20).

Equation (9) is commonly written in the form:

A X (1), '
Ay X(Mé);l (10)
. 3.5 ~ 0.5
where ¥, (M))I = 1/Mm (:5_%4.2.) | ? for Y = 1.4

2. Determination of Reactor Drag Coefficient.

For the flow of air through long tubes the friction drag coefficient

is given by
Cay, = 4 £L/D | . ' (11)

where L is the length of tube, D its diameter, f is the friction force
per unit sidewall arez per unit value of v /? and the subscript
b refers to the burner, or reactor tube. |
The value of f for long tuaep has been glven by McAdams (ref. 17) in
terms of the Reynolds number of the flow, either by the empirical equations
£ = 046

0.20
(%)

' 0.30
or - f = 0.0014 + 0.125/(R,) (12a)
where Rg is the Reynolds number, D ﬁivd%( 3

. or by the theoretical equation of Von Karman (ref. 18)
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1/2 ' o
l/f/' = 4log & _ 1.0 . (12v)
£1/2

For the range of values of Re found in thc ram-jets here considered 11
three equations give approxxmately the seme value of f, but equation 12

was chosen because of its simplicﬁty. Thus

=8 L S (13)
{Re) ™"

This is the é.mation used to calculate cdb ané hence the value of € ap-

pearing in eguation 4.
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PART D. AERODYNAMIC ANALYSIS
By R. J. Vicars

A ﬁissile suitable for nuclear-powered flight is shown schematically
in Fig. 5-2. The basic size and shape of the fuselage is initially a
function of the volume and space requirements of the powsr plant - the
reactor - and of the payload - arbitrarily established as a shape six
feet in diameter and twelve thoﬁsand pounds in weigﬁt. éecondary aero-
dynamic considerations refine the basic shape into a vehicle suitable for
flight, and analyses based on this shape will supply knowledge of the
missile performance. .

Fﬁr a missile to be in non-accelerated flight (dynamic equilibrium),
two conditions must be frlfilled, nuwnely

a} Lift = Weight o (1)

* (b) Thrust = Drag (2)
Accordingly an analysis was made to depermine the 1lift, weight, thrust,
and drag of the proposed missile.

For the purposes of this analysis, arbitrary values of flight alti—
tude and Mach number were selected as 50,000 feet and 2.0 respectively.
Power plant calculations indicated that a diffuser ratio (meximum body
cross-sectional area/intake areg) of 3.33 would permit a suitable pressﬁre
recovery. The reaétor was established as a perforated cylinder eight feet
in diameter and spproximately seven feet in length with a free area of
55.6% of the cross-section.

The total external drag of the missilé is made'up of the nose form
drag, the friction drag, the tail drag, and the'wing drag.
{a) Qose form drag = q Ay CDN . | (3)

where qQ dynamic head

i
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Ay = projected frontel area

CDN = nose form drag coefficient (ref. APL/JHU Aero«

dynamics Handbook)

li

Nose form drag 630 x 35.2 x .032 = '776 1bs.

(b) Friction drag = q Ap Cp ’ (4)
where Ag = external wethed area of missile
C¢ = friction drag coefficient (Ref. APL/JHU Aero-
dynamics -Handbook) |
Friction drag = 680 x 541 x 0.00264 = 970 1bs.
{c) Tail drag = d Ap Cp, (5)
where Ap = tail planform areé (totsl)
| CDT = drag coefiicient of the tail based on the tail

. planform area. (ref. APL/JHU Aerodynamics Handbook)
It was arbitrarily estsblished that the tail area should be tvice'
that required for neutral stability thus ensuring adbquutb dvnamlc stability
thronghout flight. An examination of the loads (Fig. 5-3) -on the missile
vhen at a slight angle of yaw; (W)
' Body Lift

Lift

. ?’ N Flight Path

(Normal forces assumed eynal to lift forces at small angles considered)
h_' Fig. 5-3
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indicates that, to be neutrslly stable, a summation of moments about the-
center of gravity wmist equal zero, thet is
Body iift x moment arm = tail 1ift x wmoment ary

o @ Bp O, My = g iy, 1 6)

where tail planform aree (in planc perpendiculsr to body 1ift)

5
|

O, = teil Lift cosfficient (ref. APL/JHU-CH-321)
N} = tail efficiency fuctor (0.75)
lp = mroment arm of tsil 1ift force
Ag "= body cross-sectionsl ares _
Cr = body 1ift ceefficient (ref. APL/JHY-CF-166)

1, = moment arm of body 1ift force
B " o)

From equation {&)

. (‘i AT_\ C ey 3. ] C | * !
o= Sl Y. Ipos W

In order to establish the various moment arms,'it was assumcd that

(1j. The center of gravity of the aissile is on the longitudina
axig at o point &60% of the Eody length aft of the forward tip
of fhc icse. |

(2). The wing 1lift force scts at the missile Couills

(35. The tail 1ift force acts at a point 1/2 diameter férward
of the aft end of the missile.

(4),. The body 1ift acts at ¢ point one fourth of the conical
nose length aft of the forward tiv of the nose.

These assumptions then allow the calculation of the required tail area. . If

@
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e ared in one plene hec
the missile must be stqb
&nother fuctor of

- ment tnrt twice tlt

The tail drang: 630 x 396 x .0081 =

o]

o

ti

totul missile ¢ "“1ght

wing 1ift to dreg ratio

u

n order to calculste
kmowledge of the totel missie
still oniy @ designer's dres 2, no accur:te

following are, at best, ressonable estimate

Y‘\J

Tcx,ll (4;0 ft2
Wlncr \'7(’- ﬁté

2.64/radian

essury to give neutral stability.
in two planes the area must be doubled.
I two must be uscd in order to meet the previous require-

rea needed for neutral stability be used.

2740 1bs.,

ssary to have some

Since ramyjets‘of this order ere

b deta is availsble.

Weignt

———l s
31,000 1bs..

12,000
1,500
4,900

25,000

Total weight
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To verify the selection of 760 ft? for wing area

L = W = q AyC

H

where AW

{1

and .CL

Handbook )

L = 680 x 760 x

to the originally assumed value.

ing drag =

wing arca

G.145

The value of 9.0 used as the

for a biconvex wing of 3%

(9)

wing lift coefficient (0.145) (ref. APL/JEU Acrodynemics

75,000 lbs. which is reasonably close

9'00 = 825G 1bs.

L/D ratio of thc wing would appear atteinable

thickness ranlo, at an angle of attack of about

3° {ref. APL/JHU Aerodynemics Handbook). The total drag of the missile

then is:

Nose form drag
Friction drag
Tail drog

Wing drag

1

il

8,250

766 lbs.
970

25,740

Total drag

]

12,726 1bs.

These totzl 1ift and dreg figures indieate an overall 1ift to drag

ratio for the missile of about 5.9.

The drag coefficient based on the

maximum body crosgs-sectional arsa is

¢y = Totel drag

q A

4 =

\)

r

680 x
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By analysis it has beén established that a vehicle designed wiﬁhin
the previously established limits will meet the initial reguirement that
the iift egual the weight and will have a drag coéfficient equal to 0,371.
This means that the missilcnwill be sustained in flight at an altitude of
20,000 £t. &nd a WMach number. of 2.0 when 2 thrust coefficient of 0.371 is

: maintained by the power source

The gchematic figure chosen Lor enalysis scemed to be fairly repre-
bentetlve of conventional designs. Howeﬁer, due to the fact that the heavi-
est single item in the missile, the reactor, must be located in the aft
section of the nlssl1e, thus placing the center of gravity far toa rdg the
rear, it sccms probable thet 4 more practical design may be possible using
the Canard type configuration. This type design places the main supporting
surfuces at the rear, However, no detailed study of the Canard type will
be made sv this time because the purposes of the onalysis have been served

by the conventional design chosen.
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PART E. DESIGN RI:UTKEMENTS FOR A CONVECTIVE HEATED RAM-JET

A. C. Beer and C. F. ieyer

‘ 1. Introduction. .

The analysis of parts B, C. and D now enables us to proceed systemati-
cally with numerical design. The application of constraints imposed by
such considerations as, optimum criticsl nuclear reactor size, heat transfer
conditions, maximum wall temperatures, flight altitude, etc., to rgm—jet
theory lead to a design capable of flight at a Mach rumber 2 at altitude
about 50,000 fﬁ. and having e°"cnt1ally'un11m1ted range in the absence of
meterial difficulties. The calculation of thrust coefficients for this
venicle is s1m11ar to that employed in the case of the conventional fuel
ram-jet (ref. 3}, except that as e re§u1t>of the additionel constraints im-
posed by the conditions enumerated above, certain parameters are no longer
arbitrary. The equations leading to the design described above will now

be presented.

2. Reactor Reguirements.

The nucleur reactor design eguations give the following critical sizes
for the reactor having the optimum concentration of urenium. (These are
ad

based on an average number of 2.1 neutrons emitted per Fission and are

anproximately correct for both carbon and Bel reactors.)

r, = l42§-ft. N

[¢] l—-/’

. - 25 o
LC = %_"ﬁxt.

(1)

.,; '~ where /% 1is the ratio of the gas stream free cross-sectional area to the
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tot:l cross-section of the reactof. e shall assume that the diameter of

3 ' s . . .
‘the reactor cquals the dismeter of the vehicle, which was teken as 8 ft. to

accomodate the desired pavload.

556

Ly = 7.32 ft.

Using this in equation 1 we obtain:

Henece the gas stresm cross-sectional arca must be

A2=

4

The totul weight of the reactor is given by

‘,‘lIT

'R 1-/7)

where i3 the density of
R o

end BeO reactors

#

Wy {(carbon)

iy (BeO)

3.

deet Transfer Relotions.

For flight at 50,000 ft.

current density at intcke is

Pl = 25

(12)
= 28.0 sy. ft.
2 .
Th P (2)
4 “0/022

the reactor moderator. This gives for carbon

22,600 1b. 11.3 tons

i}

31,000 1lb. 15.5 tons

altitude and at Mach number of 2.0 the mass

1b.
ft2

SCCe

and in the reactor it is given by

szg = 22.5

b
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For the purposes of estimating length-diameter ratios we shall assume

that A1/A2 = 2.66, which will be seer later to be & fair average of calcu-

lated area ratios. Thus we nave

/92'2

= 8.45 —2P— = 30,400 —2Be
ft~sec ftchr.

The equation governing the heat transfer from the reactor walls to

gas strems when integrated is (eguation 5, part B)

18 ey

_.Td

0004 L

224

_’Ee

(/°2V2) d

1.2

(4)

where L and d are the length and diameter of an individual tube of the

reactor.

~

This equation can be solved for —L_ for various values of Ty and Tg.

d-d

Also, since L is known from eguation la, the value of d and L/d follow

at once. We shall now assume that the efficiency of the hecating ; process is

such that the exit ges stream temperature (To) is 1OO0°R below the wall

temperature. We then obtzin Table 1.

E
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or n = /7 (%§ (5)

2
) .

The internal dreg coefficient (Cpgz) in the reactor was calculated by
eguation 13 of pert C. The Reynolds number used in that equation was ob-
teined by using an average value of the viscosity (&) of air for each case.

Using equations 4, 9, and 1 of part ¢ the values of €, My, 41/Ay and
Cy where' calculated for each wall temperature. The values of S, were .

taken from Fig. 5-1. The values are shown in Table 2.

T p iy M/ O c4( /)
5000 .3 166 39 T8 .436
4600. -1.15 76 349 743 13
4200 -0.95 .187 371 701 .390
3300 ~0.75 200 .395 656 " .365
3400 -0.50 218 429 | <599 - =333
3000 ~0.25 241 472 524, 292
2800 -0.10 .257 .502 480 .267
2600 +0.05 278 .540 49 .233

The calculated thrust coefficients Cy az;e referred to the free arez
/7 Az, so that if we w:“;.sh to rei‘ér them to the total ram-jet cross-sectional
area, Ap, the values should be rrmltipl:':xed by /7. These results, C{.‘, shomm
in the last column of Table 2.
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Once the thrust coefficients are ascertained, we can apply the eguations
of section D to calculate the total vehicle weight Wy, that. can be main-

teined in flight at selected altitude, namely

H
By = (Lift/Drag) q AgCy

For an 8 ft. diameter vehicle flying at 50,000 ft. at & Mach number

of 2.0

' 2
630 1b/ft

i

q
50.3 ft°

i

A3
Now from the study of conventional fuel ram-jets and from the analysis
in part D it is reasonable to expect lift-drag ratios of the order of 6.

Thus we have

If we subtract from this the weight of the reactor and that of the payload
(12,200 1bs.), the remaining weight is allowable for structure, controls,
etc. In Table 3 are shown the total weights and structure weights for both

carbon and Be0 moderated reactors as a function of wall temperature.
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TABLE 3

T, deg. R. Wy 1lbs. Carbon Reactor BeO Reactor

. Wy, 1bs. W, lbs.
5000 89,380 54,780 46,380
4600 84,670 50,070 41,670
4200 79,950 45,350 36,950
3800 " 74,830 40,230 31,830
3400 68,280 33,670 ' 25,270
3000 59,800 25,260 16,860
2800 54,4740 20,140 . 11,740
2600 47,770 13,170 4,770

Fig. 5-4 shows this weight data as a function of Ty, while Fig. 5-5
gives a sim:"Llar plot vs wall temperature of the weight available for struc-
ture, etc., expressed as percenfage of the ’oot,?;l weight. It appears possi-
"Dle., in view of these date, to build a ram-jet capable of flight at alti-
tudes 01"" 5(5,00'& ft. and Mach number 2.0 providing that wall temperatures
can be maintained sbove 3600°K. The above figures; have been based on true
déns'it.ies of graphite and BeO. Realistic bulk dc_—nsit.ies obtained in present
1:ract_ice' are much lower so that it is possible that actual,.designs will be
larger 2nd heavier than the oneé presented.

The design- analyzed above was a- straight tail configuz_‘sition, i.e. with
exhaust at:Mach number unity =t the reactor area'. [ Az, A.slight increase in
thrust could be obtcined by expanding the exit gas stream by means of a noz-
zle to a supersonic velocity. The; zmount of useful expension is limited,

however, duc to the frct thet the thrust coefficiont reaches its moodimum vhen
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the exhaust pressure is equal to that of the flight medium. With the

straight tail (no expansion) the exit pressure is only a factor of two
or three times the esmbient. Hence, it folliows that only a restricted
degree of expansion is permissible. Therefore, the gain in thrust

which cen be obtained by this mechanism is quite limited. Since esti-

o

mates indicutsd gains of the order of only 5% or so, the more involved

caleulations were not carried out

415
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PART ¥. DESIGN REQUIREMENTS #OR A RADTATIVE-HEATED RAM-JET

By C. ¥. liever and A. C. Beer

Considerztions of nuclear de31vn, heat trensfer, and aerodynamic
conditions lead to the following erguments against the feasibility of using

T dlatlvemneated single tube annular reactor surrounding

a reasonable sized
the gas stream to propel & ram-jet. These conside;ations aré:

1. The exit gas temperatures must be of the order of 4000°R leading
to wall temperatures of the order of 5000°8.

2, Tne lsrge heat flow at’ the high wall tcmperaturus required neces-
sitates a great difference of tempernture through the body of the
reactor in order to obtain adeguate heat trunsfer.

3. The vclume and weight of smoke material required for a SOOO—Qile
flight results in the necessity for further increased sizes.

"4. The length-diameter ratio of the reactor tube must be of the order
£ 10 and the radiation absorption path should be 6-ft. or longer.
This reguires a very large vehicle.

5. The aerod&namic conditions nccessary for flight at reasonable
altitudes postulates a large gas stream free area and consequently
a2 large reactor.

6. The uranium reguirements of the ;éactor are fantastic.

A étudy of the possibility of using long solid cylinder reactors in
verious combinations, as radiators, 1nd1catos that the heat transfer is
less eifficient thun that for o blngle—tube design and that there is no
gain over the annular reactor design insofnr as size is concerned.

“ The sum total of these considerations suggests that a radiative-
heated rom-jet is inoperable unless it is of very large size. It, therefore,

seems feasible only for some very speculative futurs use.
This document contatns information affecting the national defense 415 193
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PART . PRELIMINARY ANALYSIS OF IDFALIZED NUCLEAR-POWERED

SUPERSONIC TURL@-JET VFHICLE

By A, C.;Zeer and R, J, Vicars

1. Introduction.

It is well known tha£ a considerable increase in the thrust of a
rem-jet can be obtained at the low supersonic Mach numbers .if mechanical
comoression as well as ram-pressure recovery is utfiized, The disad—
vantages are, of course, the added weight and structure complications

' caused by the introduction of the turbine and compressor units. In a
nuclear supersqnic turbo—jet, the indications are that two reactorg
should be used, the first having the primary purpose of supplying to-the
turbine the energy necessary to drive the compressor, while the second
is used to raise the gas stream temperature to the.desired value at exit.

In order to estiméta the feasibility of a nuclear—powered turbo—jet
with exhaust heating, analysis of an idealized model is carried out in
the‘following sections. It is shown that a configuration is possible
which ig consistent with the constraints imposed by the design conditions,
such as flight Mach number of 1.4; optimum nuclear reactor design; rea—
sonable values of mechanical compression ratio, gas temperatures, and re—
actor wall températures. From the calculated value of the thrust co-
efficient the total weight which can be supported in flight at a Mach
number of 1,4 at 50,000 ft, is ascertained. Calculation ¢f the payload
and reactor weights and estimation of the weights of the turbine-compres—

sor unit, structure, etc,, provides data from which the practicability of

I constructing such a vehicle may be considered, Although calculations are
& »
. p
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carried through only for the carbon-moderated reactor, from the data. given

in Chapter 2 a parallel calculation could be made for a beryllia reactor.

-

) .
With carbon, of course, theisurface must be coated by a protecting material

e

in order to prevent oxidation,

Nomenclature. '
Cd — reactor drag coeffiicient based on gas stream cross—sectional area.
b 2
1 * S
G.1 — impulse coefficient, Ci = %—é iocy = speed of sound in flight medium.
o

¢ — specific heat of gas at constant pressure, BIU/1b, deg. F.

P
Gt ~ thrust coefficient based on reactor gas stream cross—sectional area.
C% — thrust coefficient based on overall reactor cross—sectional area,

d — diameter of individual tube through reactor, ft,
g — conversion factor, absolute to gravitational units.

m — mass—flow, 1b/sec.
ft — 1bs
lug deg.
Re — Reynolds number,

R — gas constant,

L — length of reactor, ft.
n — number of tubes in reactor
r — radius of reactor, ft.
2 “W — work done on a unit mass of gas.

S, — specific impulse of gas, stream forcefair mass flow, i.e.,
1b force sec/lb mass. '

— ratio of cross—sectional area available to gas stream to total
cross—sectional area in the reactor,

ﬁ-— dimensionless quantity defined by GE =1 —-% deb .
N — subsonic diffuser efficiency,
%ﬁc — compressor—turbine efficiency,
t -
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‘ ‘ ‘)g(M),,1 — function defined by equetion 4,
‘ X(M) — function defined by equagion

B - coefficient of viscosity,\

The following symbols are usuélly written with subseripts to indicate
location, The subscripts O, 1, 2, 3, .., 6, refer to Jocations indicated

in Fig, 5-6 and w refers to reactor wall,

A — gas stream cross—-sectional area, sq, ft.

c - spéed of sound, ft/sec.

F — stream thrust or momentum flow, lbs,

M — HMach ~number,

P — pressure (absolute), lb/ftz.

T s.tatic’ temperature, deg., Rankine
T(s) — stagnatio.n température, deg. Rankine
V — gas stream velocity, ft/sec.

Y — ratio of specific heats. ' . :

p — density, 1_b/ft3 or slugs/fi;s as indicated.
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As isghown in the drawing the gas stream cross—sectional areas at .
locations 2, ..., 6, i,e., Az § oces AG are assumed to be the same for reasons

& of simplicity.

J
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. Description of Processes in Ideallzed Puclear Turbo—Jjet.

Air enters area Al (see Eig. 5-6), negotiates = normal shock at intake
and-passes through the.subsongc diffuser of cross—sectional area ratio
Az/Al and efficiency of }i :_ The air then flows to the compressor whers
isentropic compression of rat;é pj/p2 is assumed, This stage is followed
by the first reactor, the desigp-of which is determired from considerations
of optimum nuclear reactors su%ject to the condition that the exit gas stag-
nation temperature be 2000°R, — the maximum value permitted at the present
stage of gas turbine design. In the subséqﬁent stage the gas turbine re—
moves from the stream a quantity of energy equal to the work done on the
compressor divided by an efficiency factor ?éct » A.second reactqr stage
%ﬁen heats the air stream until it is exhausted at choking (Mach number of

unity).

Method of Calculating Thrust Coefficients.

In the case of the ram-jet the procedure was (1) to determine the
diffuser Mach number from the air specific impulse of the burner, (2) to
proceed ‘upstream, determining the diffuse;—intake area ratio necessary
to place normal shock at intake, and (3) to use the general thrust eque-
tion. Unforfunately, due to the implicit form of the eouations in the
present case of méchanical compression, it is necessary to assume a set
of intake-diffuser area ratios and then proceed downstream, calculating
Mach number and stagnation temperature at each stage and ending with the
Mach number preceding the final reactor, That configuration is then
chosen which lecads to results consistent with practical reactor design,
such as optimum critical nuclear reactor size, maximum wall tempe;ature

‘ of 400003, exit gas stream Mach number of one, etc. In particular,
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. calculations have shown that for a flight Mach number of 1,4, a dizfuser—
intake cross—sectional area réiiO'of 2 and mechanical compression ratio
of 8 are not incompatible witﬁythe above conditions and dd lead to a high
vélue of thrust coefficient. Thiq statement will now be verified by evaluat—

ing the flow equations for each stage (see Fig, 5-6)!

(a) Intake-Diffuser Stage,
The Mach number, M , is immediately following the normal shock

at intake is given by

Ma +5 (for Y= 1,4) (1)
-1 .

where Ma is the approach Mach number, Since in the present example the

flight speed, and hence Ma , is 1,4 this equation gives
M, = ,740 i : , (2)

The relationship of Mach numbers after a change in duct cross—

» ‘seétional area is usually given in the following form:
et (3)
A X(M ).
! n

Mi and Mj are the Mach numbers at cross—sectional areas
Ai and Aj respectively and f' is the efficiency of the process

(ref, 3, eguation 20); also,
iz‘n =1) ¥+1

s i s "

/ Y v 2 (Y 1)
- 1 i
Ky =_1_;’1+T‘M2? ' (4)
\ 2 B
. 3,5v—.0.5
g y U
= -3; 55+MZ ) l (fO!‘Yx: 1.4) (5)
W\ Y, ,
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In the present examplerwith Al/Az =ﬁ%- and with assumed to

be 0.8 the above equations yield:

M, = .304 : (§)

Since no energy ‘is added to the gas stream the stagnation

temperature is unchanged, and hence

(s) (s) _ 31 Mogf - 547°R (7)

where the static temperature at 50,000 ft, is taken to be 39303.
(b) Compressor.

Under the éssumption of adisbatic compression a comparztively
simple equation connects the Mach numbers across this stage, namely

(equation 15, ref, 4):

i

MC')/MB = (Pz/Ps) (8)

‘Since Y'=1,4 and a compression ratio (ps/pz) of 8 is comsidered:

6/7

ﬁ/Mz (1/8) = .16824 . (9)
Hence, My = ,0512 . ‘ (10)

Tor the change in stagnation temperature across the compressor

we hawe (equation 17, loc,cit.):
s o
(s) Y1+ Xy 2\
Iq T 2 3| ;
. ‘ :
s 1o+ L=l w "/
2 N 2 2/
, -\ .
2ﬁ55+%2‘ ;5+%2% _
- - 51 = 18114 s | (12)
x5 * My X 5+ M, j .
This document contains information aﬂecﬁng tbe nutlanll
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< Ty = 94k ' : (13)

Finally, the work done by the compressor is given by equation 19,

loc. cit.:

g 8 .
AW = 6000 (TB( ) - TQ(S)) . ft. - 1bs./slug (14).
6 ' ,
= 2.56 x 10 ft. - lbs./slug {(15) -

irst Reactor Stage.

—~
Q
S

thiclear reactor design considerations give the following criti-
cal sizes for optimum resctor design for an average number of 2.1 neu-

Y e

trons emitted per fission (T ble 2y Chapter 2):

c - 1_/7

vhere /7 is the ratio of the gas stream free cross-sectional area to the

. 2 )
e = g fho Lo = 222 £, | | - (16)

totzl cross-section in the reactor. Since the dizmeter of the vehicle

is to be 8 ft., we get.at once

/7 = .556, B = 4 Phay L = 7.32 f%. (17) -
Hence the strecm cross-sectional aren must be:

by = A3 = Tm? = 2;7.95 sq. i‘t : (18)

Assuming a carbon moderator of density 138 lbs/cu.ft., the mass
£ ¥ J

of the reactor will be
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We. = 138(1 - /7) 7.2214° = 22,500 1bs. ‘ {19)

For fiight at 50,000 ft. at a Mach number of 1.4 (Vv = 1362 ft/sec)

the mass current density =t intake is
OV = 15.77 1b/Tt° see ' (20) |
end in the resctor,
' A a2 PPN
U = AN ™ = 7.885 1b/ft° sec {21)

The equation governing the next transfer in the resctor when in-

'r

tegri.ted ig (e mation 5, vart B)s

? (s) :

_q (8) D 2 1.2
. TA Voz 3

vhere L, d are the lcngtn and aiameter of an individual tube of the

COHV(;)CthQ: neater, ond the mass currg,nt density /OBV is in lb/ft hr.
3

LT s ( ’ a 3 Py
The strenation temperature at input, TB , was previously found to be

974°R, while that at the output, due to limitations imposed by gas turbine

design, was stated to be Z00G°R. Assuming a wall temperature of 4000°R

. in the reactor,' we gets

L = 28390) log 4000 - 974 : (23)
al.2 L0604 4000 - 2000 |

L - & ” \

i3 = 233 - | (24)

415 201
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and since L = 7.32 ft:, it follows that

a = .i91 ft. =:2.29 in. ' (25)

With the gas strezm:cross-sectional area of 27.95 sq. Fhe
(equation 18), it can be seen that the number of tubes- through the
reactor is:

n = ._..22.:25__5 = 976, ‘ (263
m/4(.393) 4

4
In coleulsting the Mach number ot the exit of the réactor, the drag
(&) 3 (]
per unit cross-séctional are: is tcken as one dynsemic head - a value

arrived at with the use of the following equation (equation lJ, ﬂzrt

‘ .18 .
Cdb = -1;3)':‘3' L/d ) (27

The Reynolds number, dQV/ &, is spproximately 63,000 and L/G is
38.3 {from equstion 45), so that .
] — lbé £ . I - { \
Cdb = o5 138.3) = .4~1. . (28)
(6;00ﬁ) :
This is o convenient and sufiiciently accurcte approximetion.
The relationship between the Mach numbers across the reactor stage

iz giventby the following eguation which is derived in the eppendix:

- (8)
v 1+ Y}f€$ (29)

-1 2 172
{
TB‘S) i 4(14—-——4—— M

l + E, YBLKB

1[;’; 24’13 (1+ 1(223. M«?) i/

.A
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where €31 - — Cq, =7 » in the present case.

Since '*,4 is less than 0.1 thls equation is readily soluble by suc-
cessive approximutions by writing it in the form:
[ 2

1+ Y, 4 3 | (20)

2 (M)
w/*'-Ja - ——53~—-MA

where

~

1+ € M,
42—_"2-—_,___——————'——- (31) ’

! Y3 -1 2
Moj1l+ 2
YB BJ 2 3

Substitution of the vslues previocusly found, with YB = 1.4, yieclds:

P(ilg) = 11.54 : (32)

and finally

M, = .0757 ' (33)
In this case Y 4, Was token to be ;,348 (ref.11) since the temperature
7,(8) is 2000°R. - Y

.

(a) 'l_ﬁi_'i‘bine Stage.

Application of the energy equstion tc this process yields

2 (8 - o(s) _ _Ow.

(34)

. where {AW is the energy expended by the compressor which is driven by

e e e onts ot B -
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the gas turbine, end Yl ct is the efficiency of the con?pressor-turbine

combination (equation 29, reference 4).

Assuming 7] ct to be 70%, the above ejuation becomes:

Bl | 6

g ; ; - . 10
o (s), - (s) . &% - 290p - 2:56x10° 3£
5 40T oo | 4300 - 39)
T5(S) = 1390°R. (36)
The relationship between the Mach numbers across the turbins is

given by ecuation 31 of reference 4, nomely:

NP L
(Ts(S) 2(Y-1)

X(ig) =| 2 X (i) (37
. r,{8)
4 )
where the function X (%) is now defined by
| - Yl
: f) o XL 2 207D
xm) = 1/ | ——2 (38)
. Y -1
i+ "'é"”"

With a vclue of Y of 1.34, corresponding to an average temperature

'of 1700°R, substitution of preceding vriues yiclds
X (M) .= 2.212
" From which, by successive approximations, is obtained -

My = 274 . ' . (39)

(e) Finzl Reactor Stsge.

In the analysis of this stoage it is convenient to introduce a quan-—

' tity which as been used extensively in ordinsry rem-jet theory (see, for
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example, reference 3), namely, the air specific

zases. 1t is defined at the location where the

the following equation:

0 2 T[T

impulse of the exhaust

Mach number is unity by

(40)

It is thereforc primarily a function of the temperature of the exhaust

geses. [lots of Sy vs T are given in Fig, 5-1

of section d.

For given velues of :ir specific impulse, input stogno

ion tem-

verzture, and reactor drag coefficient the Moch number at the entrance

to o reactor situge onersted at choking ie given by the following

equation (cf equations 13 and A-11 of ref. 3):

: { o =

o o () |

2l o8 L5y e B 2 (fey) |

- a D 2 !

Ms? - .gz 5. l-‘j g YS*"‘. .

) i - L.
where /<9 = -;-3— (- 1j. The Hach number M5 is plotted

LGB

+in Fig, 5-7 with the prramcters having the following values:

TS(S} = 1395°R R =
g = 32.16 ft/secz €= 1/
Y = 1.36.(evalunted at temperature Ts)

1715 ft-lbs/slug ceg R

(41)

: function of

(42).

The value of & corresponds to a recctor drag per unit free cross-

Y

sectional ares of 3 dynamic heads. It will be shown later that this

choice is reclistic.
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Reference to Fig. 5-7 reveals that the condition cxpressed by equation

39 will be fulfilled if the following value of air specific impulse is

obtaineds
S, = 142 1lb. force sec/1b. mass (43)

and this value will be obtiined crovided: (see Fig. 5-1).

Te = 2970°R. ‘ (41)
. r
vov 164 = |1+ T ug? :“ (42)
3}
i
L

Since Mg = 1 (exhsust at choking) and Y here is approximetely

1.30, we obtain:
T, = 3420°R. ' (43)

Now the optimum reactor design considerntions lead to the scme over-

“all reactor dimensions a2s given by equation 17, namely:

/7= 556, r = 4 ft., L = 7,32
(44)

it

2
g = STT4 = 27.95 sy. ft.

Total Wt. = 22,500 ibs. . ' ) (45)

The dimensions of the individusl convective tubes, however, will

be different since they are determined by equetion 22, namely s

o _ o (s)
L = = k28390) log ¥ 5 . (46)
d la .UéDq (S)
» Tw - T6
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With Ts(S) = 1390 and Té("’

3420 this becomes

;'Ii“’z' = 193.6 - (47)
and therefore
. d = .0653 ft. = .856 in. (48)
The number of tubes piercing the reacter will Ihen be:
n o= 2095 = 8194. (49)
7( .0659)2/ &

The resctor design is

is to show thet the c

therefore determined.

The only additional point

drag coelfficicnt was o good one.

Cr 2R -2
The Reynoids number &t this locntion comes out
re = 220 = 15,300 (50}
S
Hence equetion 27 yields
-l -18 -
Cq, = ———Sé';- Lfa = -———-ﬁ-w (112.1) = 3.00 (51)
b 0.2 (15,300)""
Re ey
(£} Thrust Coefficient.
Since the air specific impulse, S,, and the confipguration Az/Al
are now knovn and it hes been showm that these veluves are consistent with

the thermodynenmic

reguirenents, the

fiow eyustions @

1S wcll as with the renctor design

general thrust equation mey now be used.(Port C,

equotions 1 and following), nomeiys

s/ . . C; . 1
.L/(. Ct == Al/.‘\z (;r‘ l) - Y Mo (52) -
» S
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AT @ " &= St
where C1

For flight at 50,000 f£t. the value of cq is 973 ft/sec. Evaluation of

equation 52 then gives:
Cp = 1.62 ‘ (53)

Now this value of thrust coefiicient is hased on the diffuser gas
stresm cross-sectional area. For comporison with externel drag, it
is desirable to base it cn the meximum body diameter. If we call

1
the ccefficient so determined Ct we hoves

' | E
e, =/, = 090 (54)

This is the value of the thrust coefficient which will be used

in over:ll design calculations. ‘Although 2 slight goin might be ob-

toined by expending the exhaust gnses by & nozzle to exhoust ot etmospheric

~

pressure, calculations shov that the incresse in C amounts to only about

5% and hence is hardly worth the complicntion.

{g) Turbo-Compressor Reguirements.

For purposes of weight estimntions in the section to follow it is

SD

ble to summarize the requirements pleaced on the turbo-compressor

The mass flow rate is given by

=
I

/GBVQAB = 7.835 x 27.51 = 216.9 1b/sec (55)

o

6. 744, slu"“ SEC.

1]
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With the diffuser stagnation temperature of 547°R, the spued of sound

at thc compressor is
Cp = 1146 ft/sec (56)

and since Mp = .2041, we have .

Vo = 343.5 ft/sec (57)
Since Vo = 7.885 1b/ft3/sec, it foliows that
. 3
/Po = 2,26 x 10° /it
The capacity of the compressor must be
Capecity = m/ 72'2 9600 cu. ft/sec. (58)
The power used in compression is given by
Power = mAOW = 6.744 x 2.56 x 10° £t. 1bs./sec. ‘

the value of A ¥ being obtzined from egustion

15, Hence, Power = 3.14 x 10* horsepower. (59)

Summarizing the above and expressing the results in round numbers we
have:

_TABLE

Turbo-Compressor Recuirements

Air Hass Flow Rate, m = 217 1bfsec = 6.74 slugs/sec

Cross-sectional area of incoming gos stream, 4 = 27.5 ft2 ' ;

Velocity of gas stream, V = 350 ft/sec
Density of air, /2= 2.26 x X Y
Cspacity = 9600 cu.ft/sec

Power = 32,000 R.¥.

Compressicn ratio = 8.

Gas temperature at turbine = 2000°R.
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From experience gnined in the snalysis of many similar missiles of
f conventional design an oversll lift to drag ratio of 6.0 appears attain-
able. Then for stable fiight, the thrust must equal the drag and the 1ift

K

mst equal the we ight, or, in eguation form,

1]

Thrust = Drag = qACq

Lift = Weight = (L/D) Drag = (L/D) Thrust

If flight is considered at 50,000 feet altitude, at a Mach number of
1.40, and with the previously established velue of the thrust coefficient

baged on total body cross—spctﬂonnl area, tuen '

Lift = 335 x 50.3 x 0.92 x 6 = 91,000 1b.

Thrust = 335 x 5G.3 = 0.90 = 15,150 1b.

Drag = -2 = 21,000 = 35 350 1p,
L/D 6 .

In an attempt to make & reasonable assessment of the weight, of the
turbo-compressor unit réquired, reference was made to several existing
designs of small turbé—com‘rcssor engines. Preliminary observation seemed
to in“lca not o figure of .3C 1b/HP would permit a valid calculation
of the engine weight. Accordingly the following summary of welghls was
gstablished for an S'fect diemeter by 80 feet long missile designed

around a nuclear-powered turbo-jet engine.

fleight of turbine {32,000 HP) 3,600
Weizht of rcactors 45,000
fieight of carcass 24,000
¥éﬁﬂht of warhesd . 12,000
Total gross weight 20,600

“
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. The conclusion may be drawr?’ that suificient thrust can be derived
from the nuclear-ﬁowered engineito maintain stable flight of the missile
previsusly described at an 2ltitude of 50,000 feet and a Hach number of
1.4. The missile meyv be expectéd to continue in this stable flight until

such time as the nuclear power sburce becomes inoperative or structural

mat,c—rlal* will no longer withstand operating loads.
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If we dencte the stream forces, or momentum {lows, at entrence and
exit of the reactor by ¥3 and Fy respectivcly, and the dra g force exerted

by the reactor surfaces on t o gas stream by Fg, we may ¢r1te°

I‘3 = .{"4 + Fa (a-1)
See for example equation 3, reference 3.
It is, however, convenient to express Fq in terms of a non-dimensional

coefficient Gay, where
Fd = C; ;L- pﬂquAB. . (A"‘2)

hklso, the stresm thrust, F, may be written in terms of mass flow, Mach

number, and stagnation tewperature as follows (equution 22, ref. 2):

3./2 {(s) 1/2
o Y’M /’

F= o (1 \\1 +.;%§~_ 121 (5-3)
. Use of these equetions together with the mass flow relation
n = gOVA (A-4)
puts A-1 into the form:
. / v 1/2 / < \
- .Y3M32 . 23(8) \z L’:_Iﬁﬁ« Tl'r( ) 4 %— Cap V3 L (A-5)

JYs B {1e2= Mf/ VY 6% A1+ Yty JE
' ;

and we have:

, L2 2 14 }/2 —
+ i &
| l Y-.'l 1+ Y4’ (S)f +’]‘Cd V3 JYB
? * W 2 2 <
V Y3 MB(]:&- Y""l 41%)1/ \) Y4 m, (1+__3..— M 2) \?3(5)/ ° Ca(1 +—3——X? e

® | _ , (a-6)
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This result simplifics at once to squation 29, namely:
: - 2 (s} 2
14 i . 4 + .
€ Y, / T, 1+ Y M, (87)
. Y -1 1/2 / 1, (8) Y ,-1 4
—3 -’% 3 Yt u?
\/731\:13 (1+‘.2 - g \ Y, My, (1 —E— )
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CONCLUSIONS AND DISCUSSION

On the basis of computations presented in this chapter, it appears
f°351b1» to deulgn either a ram-jet or a turbo-jet capable of flying
at supersonic speeds at reasonable altitudes, powered by nucléar re-
actors and having its range limited only by failure of materials. The
analysis which has been presented was carried cut by means of certein
simplifying assumptions. Certain of these were imposed because of
presently unavailable information concerning certain nuclear procésses
winile others were gecessarﬁ in-order to orevent this preliminary analy-
sis from becoming hopslessly complicated and failing in its object of -
exploring the possibilities for {urther study.

The following assumptions and restrictions in particular are noted:

(a). Reaqtop.:

1. Calculations were mede only on the dasis of optimum

ursnium concentrations and optimum rbsctor shape. It is possible

that deviations from the optimum design of the reactor might lead

to a better design for these.types of vehicles in spite of increased

uranium requirements.

2. The crystalline density figures for carbon and BeG were
used in this analysis. ;t is well kiowvn that the bulk den51ty of
the commercial procuct is less than this, which would lead to
larger and also heavier reactors than those considered here.

3. The agverage number of neutrons per fission, V, was taken
to be 2.1. If this guantity is actually larger, the overall di-
mensiong and wcigh%s of the reactors would be reduced.

-
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4. Because of the oxidizing properties of the gas streem a

éarhop reactor would reguire a protective coating. The weight of
this, as well as the weight of any necessary internal structural
supports; has been ﬁeglected.

%. The possibili of surrounding the reactor by a neutron
reflector, lcading to somewhati smaller oversll dimensions has not

heen explored.

(v). Progulsion.

1. HNo estimates of the internal reactor temperatures necessary

to meintain the desired wall tempzrstures have been made beeause of

P

lack of informetion on hweat conductivities of reactor materials.

2. Czleculations for both the ram-jet and the turbo-jet were

made on designs employing conventional diffusers (i.e. subsonic pres-

sure recovery after normal shock at intake). There is reason to

believe that in the cese oi a ram-jet operating at & Mach number of

2 or nigher o certein advantage would be obtsined from the use of

a special form of supersonic diffuser such as, for example, the Os-

watitsch arrangement. This is a prodiem for further study.
3. An ordinary straizht-tail exhsust configuration with ex-

haust at Mzch number onc was considercd. It is clesr thet boccause

of the fractionsl value of /ﬁ , the exit gas stresm could be expended

by use of @ teil nozmsle, giving en increase in thrust coefficient.
Since, howevur, in this case, thc meximam thrust is cbtained when
the exhaust pressure is equal to the pressure of the medium, the

increase in thrust which can be reslized by such & process is
strictly limited.
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. Ao Iax.cept for subsonic diffuser efficiency and normal shock
losses, theé processés in general have been considered from an
idealized ste ndpcint. It is not believed especially in the case

of the ram~jot, that such treatment is too unreelistic to preclude
acceptance of the overall conclusions. However, it would probably

be beneficial to take additional fnctors into account when more
involved analyses are made. This statement apelies ﬁore particularly
to the supcrsonic turbo-jet with exhaust heating because of its

graater complexity.

(e). Aerodynamics.
1. The wnelysis wusg carricé out onily for o conventional con-

figuration. The gossibilities of using the Canard or thoe flying

wing type hos not been explored slthough they might be more prac-

(23
D

" tical for this tyoe of .sower source.
2. The effccts of aerodyn&mic interference between com-
‘pon@nis of missiles were neglected.
3. The weights of structurcl components and controls were
made to be censistent with the vsolues obteined from provious analyses
of conventional fucled vehicles because of the lack of adecuate

- weight breakdovms of more advanced iypes.

g

. Only the muclear-powered flight of the ram-jet has been

considered; no assessment of the launching problem has been made.

415 217
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