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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 III. 'RELIWINARI DESIGH OF LONC-RANGE PILOTLESS ATRPLANES :

by

R. B. Roberts, E. A. Sonney and A. C. Beer

Foreward .

By R. B. Roberts

In designing jethpropulsion engines using nuclear energy,
ﬁhree sets of design condition must be met simultonecusly. Tnesc
are. 1) conditions under which a nuclear energy reactor will operate,
2) conditions imposed by the design of the jot engine and finally, 3)
conditions arising from the considerations of properties of matericls.
It is BQSJ to meet any two sets of recuirements but d Slicult to meet
ali three simultznecusly. For example, n nuclear energy rocket or a
'ram~jet would be easy if materials were available with melting points

of 10,000°C. In the case cf the rocket it appéﬁrs that these threesets of
conditions are p;o:ablj not mutuz lly exclusive but they may be for the
‘ram~jet. In the tgrbo~jeu, however, the design limitations of the engine
nppear tobe relntively essy to meet.
In the report "Turbo-Jet Engines xs Guided Missile Power Plents®,

by Lt. Edward #. Redding, the exhaust temperature of & turbo-jet en glﬁe

is given as 1500°F. In additicn, the performance of the turbo-jet

should not be as critical to drag in the combustion chamber zs is the -
rom~-jet. These two fentures glvn much more leewsy in the design of the
pile and in obtaining materinls which wiil’ stand the temperature.

A finnl consideration in favor of the turbo-jet is that the thrust

weelsably with veloeity, This mesne that the drag of

does not vary ap
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- 3.2

the turbo-jet engine will be smaller thun the thrust below & certain
velocity. In other words, the poorly designed turbo-jet with lower
thrust will still fly, though at o reduced velocity. In contrast to
this sit}xation, the dreg of o ram-jet increases with velocity in
muich the same way as does the thrust. Hence, it is conceivable that -

& rem-jet whose propulsive systems balk short of optimum perfcrmence due

to limitutions imposed by pile design, might not fly at any velocity.

This document contains information affecting the national defense &15
of the United States within the of the Ace, 50
U. S. C., 31 and 32. Its transmission or the revelation of its con-
tents in any ngeanes® fo an upanthorjred® sersth & peshibigebg daw,
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1 PART A. ARRODYRAALC DLiIGH

By E. A. Bonney

Abstract
It ie desired to find the optimum design of a long-range
pilotless zirplane to carry a payload of 12,000 pounds o distance
of at lezst 5,000 milezs. ixisting and proposed future methods of
ﬁropulsiogaare considered with an cye to practicability as well as

..‘

lesign using nuclear

feasibility. It is shown that a furbo-jet (
energy from a ‘Tcactor &5 he source of heat in place of the
conventional burner will be the optimum design for the type of
vehicle considered. On the bagis of the nsswa tions used in this

anadysis it will be the lightest in weight = and have the best per-

formance of the thrae tyzes considered,

i. Introduction

Inasmuch as the ram-jet end rocket rropulsion methods have

-~

been covered in other ane lyses, this vreliminary investigetion is
.econfined to turbo-jets and conventional rropellers ag the means of
imparting propulsive force to the zirpisne. The analysis is there-
fore in the range of high subsonic Mach numbers.
Three plausiblc designs wers considered as Ffollows:

1. Turbo-jst with nuclcar energy.

2. Turbo-jet with convention2l fusl.

3. Air turbine driving conventional propellers with

- nucleay energy as the source of heat.

b
o+
}J-

g assuned th at the body shape will be that of a greatl o A
J15 092
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elongated teax aéop with the front portion cut off o allow the air

to enter and t.e resr cut off to allow it to exhaust through a jet.
The maximum sres requircd 1s taken to be that of a 6 foot circle plus
the additional ér sa necessary to allow pnssege of the air through the
body . I‘ 'vplope that the necessary oﬁtsiée giameter is apgroxi-

o

mately 7 f

1

cet, and hence the ares of & 7 foot circle is the basic ares
on which the body ﬂrag.coefficient is based. Reference 2 gtates that
the dr ng coelficient for such a shape (neglecting comgressibility
effects) is about .120. ,
The optimunm angle of attock for a symmetrical wing is taken as
6 degrees. (Airplane usually hes incidence angle of a2bout 3 degrees,
but the angle for O 1lift is -3 degrees,) Assuming an aspect ratio
of 6, the 1ift curve slope becomes 0758 per degree and the 1i it co-
efficient becomes .455. The profile drag coefficient is .0060. Add-
ing 30% of this velue to cover tail drag mokes the total wing drag

coefficicnt egunl to .0078.

Thie ogeratin ~1titude is arbitrarily token as 40,000 feet. It

is rea ]1zed thot grecter specds will be obtuinsble at higher altitudes

with the turbo-jet design, however this sltitude is & practical limi-

trtion on the ¢ropeller tvpe snd it develops that the turbo-jets will
& j‘ % v I o J

simply "dig deeper" into the region of strong compressibility effects

at this altitude thereby gaining 1ittle in speed and probably con-

siderablc in control trout Tes.

¢ (=g
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2. Turbo-jebt with Nucleur Power

With thie type of design, the air will enter a diffuser, thence
vassing through the compressor, then through the pile heut source
which replaces the coaventional Lurner, then to the turbinc and

fina llj exhcusting through the jet ot the reer. The weight of the

~carbon pile was determined by comgarison with the conventionnl type

of turbo-jet coﬂsidered in section 2, i.c. the eguivalent welght
necessery to produce 4000 1bs. of thrust with an expenditure of 1.08 -
lbs. fuel per bour per 1lb. of thrust. These calculations are shown
in section 6 and it develops that the weight ig approximately 13,500
1bg. for the given assumptions.

The stiructursl weight is estimated by compnrison with con-

o

ventional zirplunes of existing design. The best criterion for com-
parison ié the rotio of total tute—off) wsight to empty {without
engines) veight which is of the order of 2-1/2 to s On this basis,
the weight breskdown will we ag folliows:

1. Pile source ’ 13,500 155.

2. Poyloed . . | 12,000

3. Power plant (G.E. - TGL8D, see ref. 1) 2,300

4e Structure ' 18,200

Totol 46,000 1bs.

Determination of £light conditions is made by sclving simul-

taneously the acvrodynamic enustions that 1ift epuals weight and thrust

2zucls drag os follows:
This d t taing inf tion affecting the national defense
of the United States within the of the Espi Ace, 00

ale [ a0y Si‘:’aif}o’i bthoahed sbeqt % DMTCE 1 Eoq. 4‘ / 5 -0 QBA
~CONFIDENTIAL-RE &S5 S =T



~ V 2
T = D = CDP -—g—- ' Aw'

where Vp = true air speed
Ay = wing arec '
Cn = C + C + Cp.
L DOB DOW Dlw
= AR o . . ;
Cp = .120 == (for low subsonic velues, M £ .5)
OB AW
2
C. il
Cp, = - = 242 = .0110
ig R X6

/P= .D00583 at 40,000 ft.

Now thesq eyuations make no allowance for the large increcse in
drag due to compressibility at the high {subsonic) ¥Mach numbers. If
the enuctions are solv »d using the vreviously mentioned subsonic drag
coefficicnts, the speed is found to be about 860 Nrhi. Thié speed is
fnllacious however and it becomas necessary to meke an intelligent
estimate of the strength.pi the compressibility eifccts in order to
predict the speed more accuratcly. If it is zssumed that the uddi-
tional increment of drng due to compressibility is duc principzlly to |
the body, -the body drag coefficient at a flight Mech number of .9
{600 UiFH) is found to be ahout twice thot of the low subsonic volue

quoted sbove (.244 as compared to .1206). Bue to the high slope of

. the Cp vs. M curve ip this regicn, it is probable that the flight
This document contains information affecting the national defense
ofm United States n 7
ec m81 Ay w hin the ;m:::ug aof the Esynmg ;::e.w;? 41 5 094
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speed will be in tn' neighborhood of 600 PH. Thoe corresponu1nr 11ng

area neilectinn effects of high speed on 1ift characteristics) will
g o

be 440 sq. Tt

3. Tur oo—1ot with Convent101ml 1““ue.l

This is the #cll known syztem in use in the latest pursuit
tyue of airplone today. The Genersl M ectric Model TG~180 noted in
1tIcrenct 1 wes considered for this rnalysis. The engipe hes a ruted
thrust of 4J00 1bs. with a fuel rate of 1.08 ibs/hr per pound of
thrust. Its diameter is 38 inches.

The weight breekdovm of this design is & ilittle more difficult’
then for tho type discussed in scction 2 innsmuch as the Tuel weight

is o function of the rangc snd air sceed, the latter factor being in

turn ¢

9

function of the weight. For this calculation, a curve of body
drag cocificient vursﬁs fiach number was'constructed bzsed on the low
subsonie value and the velue obtaiﬁed for the muclear turbo-jet. This
curve while prooablv being incorrect in absclubc vnlue can, qowever
be used for puruvoses of comperison. BV drl‘l and error cnlculations,
the approximctc specd, take-off gross weight, availnble weight for
fuel,and wing -.rer ean now be 4 sctermined. It develops thut, for
ronges groster than 4000 miics, more fuel ig reruired then cun be
carried. The airplene weight becomes so great that the cvuilable
thrust of 400G 1lbs. will mot fly the airpiane in level flight at the cho-
sen iltitude with the reguirved amcunt of fuel for the longer ranges.
A more detsailed analysis would indicate the advintoges gained by

fiving #t o lower altitude or by use of grecter thrust. The maximum

This d t contal 2 tion affecting the national defense . P 415 095
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ronge that can bs flown =t this cltitude with 4000 1lhs. thrust is

will

P

spproximetely 4000 miles. For this condition, the initial spee
be arcund 400 MPH and thé finsl speed 530 MYH. The wing nres re-
guired will be abhout 1870 se. .

The weight broskdorm fer the 4000 mile ronge is ns follows:

1. Fuel weight ' 36,700 lbs.

2. Poylozd . 12,000

3. Power nlant 2,300

4. Structure 34)900
Gross weignt at toke-ofl. 85,000 ibs.

Cross weight ot end of fiight 48,300

o}
b

Because of the lerge weights, slov speeds, end difficulty in
obtrining the desired ronges, it is obvious that this type of design

is greatly inferior to the nuclenr turbo-~jet - type.
-~ (RN

4. Ruciear airx Turbine with Propeller

. The use of propellers as the memns of sropulsion should of
course oe included in the invéstigation of subsonic pilotless air-
slones. while fhis type does not require as much fuel for correspond-
ing renges snd specds e the conventional turbo-jet, the zmount that

X

is reyuired combined with the high power pisnt znd zccessories weight

till presents » mnjor objection ir the exce eive veight rejuired for

n

long renges cnd rensoncbly high speecds. The use o nuclecr energy

as the source of hest in « gos turbine dviving o propeller is then

probebly the best solution for use with proy u;l

415 096
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: N G R
Inasmuch s there exists o minimam criticsl dimension for the
piles ( ec Table 2 of Chapter 3) which is entirely independent of the
heat rcquzred, it develops that the pile can produce conside rably
mere pover tuan sny grcscnt—o;y turbine or propeller could “zbsorb,
Eof this reanson, the propeller itself becomes the limiting ! factor.
In the present sad anticipated ncor-future stoge of development
of the propeller, it is prob§blc thot the limiting speed for recsonably
efficient operati&n 2t high sltitudes will pe of the order of 550 MPH
(M ; .83). The large velue of power required would necesslt,te the
usé of two contra-rotsting propellers which would srobrbiy have to
e mountsd ot the front ¢nd rear in tendem in the‘intcrests of kecping
drag at & minimunm. The mechanical drive difficulties of such n de-
sign, xrt1qu~*;v in view of the size and probable shepe of the payload
zre obvious. i
The weight breskdown of such =~ design is os £o1lows:
1. Pile source 13,500
2. Poyloud 12,000
3. Power plent - _ ‘ 6,000
4. Propsllers, zoor boxes, etc. 4,000
5. Btructural weight 23,500 _
Totsl gross welght 59,000 1bs.
Wing rren 685 sq. ft.
The diéadvantages of this type of design =25 compared with the
nuclenr turbo-jet are then:
1. peed Jimitation.
2. Gre:ter weight. . 415 097
. 415

3. iore complicnted mecha Plbal design.
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5. Summary

Following is » summexy of the weight breskdewns in 1b., wing erea and

serformance for the three types of designs noteﬁ in this report.

, Turbt—jet’ Turb§~jet Nuclezr Air
Nuclesns Conventional  Turbine with
Design Tyne — . Bnergy Fuel _'Propellers
Piles or fucl weight, 1bs. 13,500 36,700 13,500
Payload . 12,000 " 12,000 12,000
Power plant ] . 2,300 2,300 6,000 )
Propellers, gesr boxes, etc. - - - 45000
Structure 18,200 34,000 23,500
Gross weight ot teke-off, = . 46,000 - 85,000 f. 59,000
Gross weight =% l&nding 45,000 48,300 59,000
Thrust st flight speed, . 4,000 4,000 3,800
Approximzte rvercge zir spoed
MPH _ GO0 465 550
§ing arec, sq. ft. ‘ L4400 1,870 685
Mhyimum range *® 4,000 .

On the bnsis of thesc figures, it is concluded that the nucleﬂr

turbo-jet is the hest design. This statement is. b scd on the Qumptmns that

a U235 or °u reactor of the kind discussed in Part A of Chapter II, and in
Part B of this chapter, can be made to operatc vith wall temperzatures of

about A4000PR (22200K). Furthermore, cost is not consicdered.

B e R

robublv limited .oy m,ter"l frilure.

= o 415 098
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PART B. HEAT TRANSIER CONQIDERP"IOES AND REACTOR DESLIGH FOi TURBO-JET

By A. C, Beer

Npmenclature.

Ke]

C, - specific haut at constent pressure oi gus—-siurenm, BTU/1b.
inl .

deg. .
é - dinmeter of individual tube through reactor, ft.
n - mess~flow, lb/sce.
& - heat energy absorbed by gas-streem per second, BIU/sec..
I, - length of '*c+or, 4.
n - number of tubes -in reactor
1 - radius of reactur,_ i '

{’— retioc of cross-secticncl arven availoble to zas stream to
total cross-sectionzl area in the reactor.

Y- ratio of specific heat at constent pressure to that at
constent volume.

The following symbols are ususlly written with subscripts to
indicate loc (fi;n. The subscripts i, 2, 3, ..; refer to locations
indicated in Fig. 3-1 and w refers to resctor well.

A - gns stresm cross-section:l arca,. s¢. ft.
M - Mach number
p - pressure (absoluie), lb/ft2

. T - static temperzture, deg. Rankine

- stognation temperaturc, deg. Reankine

V - gos streem velocity, ft/sec.

- density, 1b/f 2
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As = result of the cnslysis glven dn sechion 2 of

av)

vt A it is
determined thet the power reguirements ef the nuﬁlu:.r tur'ho;j et sup-
plying the 4000 lbs. thrust neccosery for fiight ot 620 WFH erc the
egquivalent of :a.p’;aroxitnr;tely £500 1bu. gasviine pez" htmr. Gn the
:oc-zsis of i?,ODO ]éTU per 1b. ss ihe hent of combustion of gogoline,
this amounts tc an ene‘rgy conswmnption of 2.37 x 1,04 BIU per second.
" Azguming the gr.soline turbo-jet to uvperate with 1004 combustion ef-
ficiency (tklis zssumption is obviously consorvative to the nuclesr
design), the above figure represents the pow(;r which must be ab-

sorbed by the gas streoi, i.e.
Q@ = 237x 104 PTU/ sec (1)

With the {light conditions specified, namely 600 MPH 2t 40,000

ft., it follows that

415 100
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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

-

nMsduuummuommmutnhnmubnaﬂuﬂmgﬁmxmﬁmuldﬁune
%t the 3tecl Sta;gs I\gxtgi_:‘\ the of the latil mm, 50 :
A e Lo et "“ﬁsf&“‘;mm st by Taw. 415 146
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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, |

1}‘7'1“ U iud &3 Bﬂ 42 the Honal def.

of the Un Stnl.ea wrthin th meaning of the Ei Ace, 50
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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
of the United States within the 50
u. and _32. w.transnzissmn. or t.he xeselatim of xfs.ceu-

il nseis p»omwa.d_i? &v
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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.

This document contains information aﬂectmg the national defenge 4 1 S
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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

This document contains information aﬁecﬂng the national d&ense ! 1
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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%.
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