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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 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

This d t inf tion affecting the national def §
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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‘)’%

This d ent taing inf tion affecting the national defense
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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,

‘This document contains informaﬂon aﬁecting the national defense 4 1 5 1 5 7
of the United States within e Espl Act, 50
U. S. C., 31 and ! latlon o8 dits <con-



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,

This document contains information affecting the national defense 4 1 5 1. 5 8
of the United States within the meaning of the mpionage Act, 50

U. S. C., 31 and 38 Jts dragsmission: o% theeravalation sfddtscon- ,
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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 )

This document contains lnformatlon aﬁectlng the national deiense 59
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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

This document contains information affecting the
of the United States within the meaning of the Esplonage Act, 50
U. 8. C., 31 and 3 Jts gragsmisgjon J&vacmoi.its:on- 415 160
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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

415 161
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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,

415 162
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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, _

415 163
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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

This document containg information affecting the national def
of the United States within the meaning of the Espionage Act, 1 G S
U. 8. C., 31 and, 32. Jis, trapsrpission or {he rpyelatioe of It coa- 4 1 5

=

) any maunoer 4o unatthorized persons is bited sye
-CONFIDENTIAL-RE - "Bt st
(] eee © owme o g oo o @ ¢ soo o



usé tl}e equation

(12) _hD - 0.023(D2V )‘8( Co e )-4:
k- . M x '

where k is the thermal conductivity of the.gas and 4 its viscosity so that

Cpy i is Pran_dtl‘s number (gee McAdams, "Heat Transmission", MeGraw-Hill
Py . ; o
(1942), p.168. For hydrogen c_ufk = 76 80 that (12) becomes

RN : B e
(13) hg 027¢ (pv)™ «°% [D
Then equation (11) becomes, neglecting the: % v© term on the left (which

neglect will be justified later),

(14) & 5,027 (PV)' = s(;w -0

dx -
gf" L

Note that c_ cancels out in this equation, This fact is important

because hydrogen has an exceptionally large specific heat (due to'its low
molecular weight). As a consequence hydrogen is exceptionally hard to heat
by radiation, Heowever, for heating by conduction, the heat transfer coéffi-,
cient h is also high, 1n proportion to cp, so that, for a given mass fiow,
hydrogen is no hart_ier to heat by conduction than any other gas,

In (14) the visqos.ity: must be considered as function of temperature,
T, Over a very wid.e range of temperature the experi;nentai viscosity data for
hydrogen may be represented, with excel’lént-. accuracy, 't;y
(18) = 1.7 x 2070 2:89% poige,
(See Chapman and Gov_'vling. "Phe Mathematical Theory of MNon-uniform Gases",
Cambridge (1939), p.223). ‘ '
L. Substituting (15) into (14) and integrating gives

-

Y
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1.9 x 10°3s

= 5.2 .2 '
- D .Ag(;’V)- » >

where Q is defined by

(16) o (7 . .
== T-l39 (Tw ~T)

Hence, using S/g“!.g - 41/D,
(17) L= 181 @ D12 (pv) 2

This equation glves the length required, for any diameter and ra.te
of flow, in order to heat the gas to T°K at the exit by heat transfer from a

wall at TWOK.

6. The Feagibility of o Nug lear Rocket.
Firgt we congider the requirement that the 'c'hx;ust be sufficient to
' gi-ve. a net acceleration of one g in vertical ylaunch,i,ng (thrust of two g).
Let W be the weight of the reactor and }w the weight of the entire rocket,
Then, since the t‘hmst is I .ﬁi, we have '. | |
(18) = 24V = 204, Lpy

But & 3 A e Y and Py = 2.2 (for graphite) so that (18) may be written

(19) - Ae - (a4/1) T ON pv)
A AL .

The parameter Ag/Ar is of interest in connection with the design of _the
reactor s'1nce i£ is related to the average }'dens;ity" of the reactor,

For any choice of Ty, T (and hence I), equations (1'7) and (19) are
the only regquirements on the five variables 95 L, pvy g/.%r and D. in oxdor

that a rock:et designed as 1ndicated should operate with an initial total
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acceleration of 2 g (1 g net acceleration in vertical firing). Hence, for
any particular choice of Ty and T, a three parameter family of reckets is
theoretically possible., However it remains to be determined whether any of
these rockets corresponds to realizable values of the parameters, In addition
considerations of the nuclear requirenents impose some restrictions on the
dimensions of the reactor,

To test the feasibility of a nuclear energy rocket we must first
choose definite temperatures T and T,. Choosing Ty = 3000%K and T = 2590°K
(as in type B) thé value of @ is found (by numerical evaluation of the in-
tegré,l in (18)) to be '

Q = 0.67.
Also, for T =_2500°K we have
I 730
from Table 2,

Let us conéid,er the problem of a rocket of type B to carry a payload
of 10 tons (payload includes controls, etc.) to a range of 5000 miles, It
is seen from Table 3 tliat for t,hig rocket to be as good as a }wd;‘ogen-roiygen
rocket we must have si' >1/413 = 7.7, Further the payload is 12% of the weight
so that the rocket weight is 83.3 tons. For the weight of the reactor, ve

get W

10.8 tons, A reasonable assumption on the area ratio might be
Ag/Ar = 1. Further let us assume that the overall diameter of the reactor
is equal to its length, Then, from the weight and density,

L - 225 cn = 7.4 ft,
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Using these values, we obta.in, from (17) and (19)
. Fv = 10.5 gm/cmgsec |
D - 1.49 cm,
For the thickness, &, between pipes (see Fig. 1) in order. %o have Ag/Ar = 1
we have . '

t = .52 em. ’
Clearly these values are all of _rea.sonable order of magﬁitude.
The rgughly 7 ft. diameter of reacvtor is approximatély the body diameter
that would be required for an 83 ton rocket in any case. The value £V =
10.5 corresponds to a velocity, at the exit éf the heating channel of only
a‘oogt 780 ft/sec, of the order expected in ordinary rocket channels. In-
cidentally the term —?;—Va which was previously neglected in the energy equation

is

1v2 . 2,55 x 10° eres

gn
to be compared with 3,98 x 1011 (see eqgn, 4) for the energy calculated by
. 2 '

neglecting this term. Clearly the neglect of iVv° was justified,

The question remains as to whether the size of reactor indicated

above is reasonable from a nuclear physics standpoint. ‘Referring to Table 2

of Chapter 2, we find that for the optimum shape of a solid reactor the reactor

radius, Tes is 56 cm and the reactor length, he, is 103 cm (if V.= 2). 3But

we_have consxdered a perforated reactor wlth A /Ar - 1 corresponding to F

(_See Chapter 2) equal to 0.5, Therefore, the crit;ca}. diameter of this per-

forated pile would be

2T
= = 224 cnm &
1 -7 * .
415 104
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and the critical Iength would b%

l.fcr,.‘: 206 cm._‘-'

Hence, the weight allowed for rejgctor in the discussion above is apparently
ample since the resulting reacto.‘_x:' dimensions are somewhat larger than are
needed to obtain critical size. 4.

The weight of Ugzs reqt;.ired to operate a reactor of these dimensions
can also be obtained from Table 2 of Chapter 2. Assuming V = 2 and Ty = 3000°K
‘ve get

(1 -")% 29 Ke
or, for /7= 0.5,
m 236 Kz 280 1b,
For i;onvenience we summarize thé characteristics of the éxample

we have considered,

Weight of fuel (Hp) 50.8 tons
Weight of tanks apd structure 11,7 tens
Weight of reactor g - 10,8 tons

Weight of payload, controls, etc, 10.0.tons

Total weight of recket 83,3 tons
Range 5000 miles
Weight Qf Uszs in reactor 80 1lbs.

The above figures represent a rather rough single calculation., However, the
results certainly indicate that the possibility of a hydrogen-nuc lear energy

rocket is sufficiently reasonable to warrant more careful analysis.
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7. More Systematic Desien.

In the preceding section it was ghown that the dimensions of a -,
reactor necessary to operate a rocket are reasonable, In this section the
_ data of Chapter 2 are used, in combination with equations (17) and (19),
to design famiiies ‘of rockets showing the effect of varying, ¢, /.ov, and L.
It has been shown, in sect'ion, 5; that the requirement that hydrogen
should be heated from its boiling point to TOK vy pa;,ssage‘t_h,rough a reactor
with a wall temperature of TWOK leads to the follewing equation:
(17) L £1319 Dl'z(fv) se
It was further shown that the requirement that hydrogen ab TOK should pro-
vxde thrust sufficient for an initial acceleration of 2 g (in free space)
leads to .

(19) I - 4,410

v-m 0 Upw

where | is-the ratio of gas croésﬂsection to total cross-section, so that
Fir-mM 5 Ag/.&r, and ¢ = rocket we:.ght/reactor weight.

In Chapt,er 2 it was shown that
(200 1zh/(1-/,
where h, is the length of an unperforated rea.ct;)r of crit"lcal dimensionsy
Values of he for Upgs (graphite moderated) reactors of various shapes and
with Optmum uranjum concentration are given in Chapter 2, Table 2.

Using equation (20), the-equations (17) and (19) may be written
as follows: |

(21) D2 _ e be
13191 - ") rV)'a

1.
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(22) F (4.4/1)h, §/(p v)
Hence if Hg, dj, and pv are given it is possible to find [~ from equat:.on {22)

.

and then D from equation (21),

In Chapter 2 it ;vas shown that, for a fixed concentration of Upzs,
there is an optimum shape of reactor leading to a minimum mess of Uggé and
hence (since the concentration is fixed) leading to a minimum total reactor
mass. This optimum shape occurs for i = .54, where x = reactor radius/
reactor length, Assuming that the reactor is always designed with this
optimum shape it is possible %o estimate all the remaining rocket design
parameters quite straightforwardly. For example the total reactor weight
is given by

(23) W~ 2e?vh§ﬁ2

2 —— 3
(1-") :
where 2.2 is the depsity of the reactor material (graphite).

In order to dexhonstrate the influence of the three parameters -hc,
¢, and fv on the final rocket, tables giving the major design values have
been prepared cerrespondmg to two values of he, two values of ¢)and f:.ve
values of pv, for Ty 5 3000°K and Tg = 2500°K.

The values of h, chosen were 103 and 88, These were the values
of h¢ g_iven. in Chapte.r 2, Table 2, for a critical reactor of optimum con-
centration and optimum shape corresponding te the assumed values 2,0 and

4 for V, the average number of neutrons per fiesion, Thus the effect of
variation ef hg displayed by the tables of this chapter may be considered

as indicating the advantage of obtaming a la.rge number of neutrons per

fission. However it should be emphas:.zed that any method of reducing hg

. T
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would lead to the same results, In particular the use of a concentration of
Ugzp above .optium would certainly 1::!.e_ad to a reduction of he (although an in-
crease in the mass of Uzas).

The values of ¢ chosen vere ¢ 7.7 and ¢ = 33, The first of these
values, = 7.7 = 1/.13, is, as seen from Table 3, the value required for a
nuclear energy rocket of t{ype B to csompete on exactly even terms with a con-
ven'cio_nal hydrogen~oxygen rocket at a range of 5000 miles. The otl;er value
qS_—, 33 - 1/.03 is that required. for an "escape" rocket with no payload,

‘The values of ?v chosen were 10, 20, 30, 40, 50. It is very diffi-
cult to decide how large a value. of ?v may be.used. The value fv = 50 does
not lead to an excessive loss of energy but the hydrodynamic pressure drop
cérresponding to this ?v is approaching 100 Io/in,a.- There would belan addi~
tional pressure drop due $o friction, T,hése effects would interfere with the
thrusts in a manner that has not been included in our calculations, Further-
more the pressure drop would impose severe strains on a perforated gfaphite
structure at 3000°K. It seems likely that ?v = 50 is as lgrge a value es
can be realistic and a careful appraisal 6f the friction effects may indiéa.te
that this value is already unreasonably hlgh.

It should be neticed that the use of equations (20) and (23) is
based on the assumption that the reactors are to be just critical in size,

It is obvious that two Cr more suph reactors could be operated simultaneously
to power a corresponding],yv larger rocket. In this senge 't;he rockets whose

charactenstlcs are given in the followmg tables are the smallest operable

nuclear energy rockets corresponding to the given values of hg, ¢ Fv.
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Exemination of Tables 4 through 7 shows that the rocket characteristics

are markedly sensitive to the values of ail three parameters. For example,
with pv = 10 a rockét with ¢ 5 7.7 is not excessively heavy but P = 33 is
impossible for any size rocket, at least with hg > 88, |

The effect ‘of Y is, perhaps, more surprising. For small values
of pvoan increase in f v makes possible a great reduction of total rocket
weighty at large values of f" a change in Fv has almost no effect on
overall'weight, For example, for Q): 7.7 and he = 1028 the rocket weight is
reduced from 70 tons to 33 tons by increasing }>v from 10 to 20, .Further
increase of f»V to aé ﬁuch as 50 only giYes a reﬁnctioﬁ to 23 tons,

The advantage of a low value of h, is made clear by these tables,
For example; if he =-103 (V = 2.0), th minimum rocket weight for Oz 7,7,

and ,’v- = 10 is 70 tons. This weight is reduced to 42 tons if he ='.88(V =

It was mentioned avove that he can be reduced by the use of a concentration

of Upzs above the critical, In view of the great effect of 'a reduction of 4

ne it seems }ikely that Upzs concentration above the "optimum" would be
advantageoué for rocket reactors,

-1
4
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Table 4. ()= 7.7, Be = 103, T, z 3000°K, T = 2500°K

’av ’ 10
" .478
X cm) 1,34
t(cm) +51,
Length. of reactor (cm) 197
Diameter of reactor (cm) | 215
Weight of rocket (tons) 70
Weight of reactor (tons) 9,0
Weight of fuel (t,.ons) 42
Payload (tons) 8.4
Burning time (sec) 223
Weight of Uggs (K 33.2

o I8
assuming V = 2._8.~

! 20
239
187
\83
135
147
33
4,3
20

3.9

223.

15,6

Table 5., @ = 7.7, he = 88, Ty =

]9 v . 10
r .409
D(em) | 1.06
t(cm) 52
| Length of reactor (cm) 149
Diameter 6;‘ reactor (cm) 162
Weight of rocket (tons) . 34
Weight of reactor (tons) . 4,4
Weight of fuel (%tons) 21
Payload (tons) 4.1
Burning time (sec) 223

Weight of Upgzg {K.)s
assuning V - 2.4

15,2

20

11
121

19
2,4

11
2.3
223

8,4

30 -

159
75
1.04
123
133
27
3.5
16
Byl
223

12.8

3000°K, T

30

+ 136
.64
1.02
102
111
|16
2.1
10
1.9

223

] o 7,1
ent contains information affecting the nn’ﬂonnl defense

2.9
223

11,7

107
15
1,9
9
1.8
223

6.6
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S0

.096

1,35
114

124

3.0

14‘
2,8
223

11.1

50

.082

1.31
96
105
14

1.8

1.7
223

6.3
415 110 -



Table 6y - (b = 33, he 5 103, Ty = B000°K, T = 2500°K

o

(Escape rocket with zero payload)

rv 10 20 30 40
r ) over 1 ever 1 683 512
D(cm) - - 1,69 1,13
t(om) s I
Length of reactor (cm) - o 325 211
Diameter of reactor (.cm) g -,- 354 230
Weight of rocket (tons) st ~2 809 - .34;.2
Weight of reactor (tons) . =6 b N .24,5 10.4
Welght of fuel (tons) s — 639 270
Burning time (sec) - — 288 288
Weight of ¥Wozg (K,), - - 20 38
assugxing V= 2,6

Teble 7. (= 33, hg = 88, Ty = 3000%, T = 2500%K

(Bscape rocket with zero payload)

pv ' 10 20 30 40
r : " over 1 . .87 564 438
Dlcm) - 4,91 1.18 ",88
t{cm) -— .09 .29 .39
Length of reactor (em) - * s 707 211 157
Diameter of reactor (cm) i . 772 . 231 171
Weight of rocket (tons) — - 3300 , 294 161
Weight ot; reactor (Vtoﬂn_s) - 100 8,9 . 4.9
Weight of fuel (tons) — 2600  am 127
Burning time (sec) ) — 288 288 288

Veight of Ugzg (_K

. )' : =
‘. assuning V = 2.5._

344 31 17
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The‘ wall temperaturerof 3000°K, used in thg preced.ing examples, is
admittedly a stringent requirement. For this reason it is of interest to ex-
amine the effect of operating with lowér.wall temperatures, Accordingly, cal-
culations have been performed giving the rocket dimengions for 5000 mile
vockets with wall temperatures ef 2§00°K and 20000K, In order to make the
comparison under conditions where the heat transfer problem is unchanged the
gas temperatures are chosen as 2060°K and ‘1630°K,- respective‘.ly.. since these
- yalues result in the same value of Q (g - ,67) as is given by T = 25009K,

Tw = 3000°K.

The gas temperatures of 2060°K and 1630%K were those considered in
rockets C and D in Tables 2 and 3. TFrom Table 3 it is found that, i:or a 5000
mile rocket competing with a conventional (Zype A) rocket, the proper values
of dare 12,5, and 33 for T - 2060°K and T = 1630°%K, respectively, These
changedivalues of é reflect thé reduction in speeific impulse.

The results of the céldulations'on rocke‘i;s of type C and D are
summarized in Tables 8 and 9, Comparison ‘of ',L‘éb_les 4, 8, 9 indicates how
very important a high operating temperature is. It is emphasized that the

changed values of Gf) correspond to a2 fixed range requirement (5000 miles),

-

Note that, for example, with ?v -~ 30 the weight of the rocket :i.s~ 27 tons,

60 tons, and 3400 tons with gas temperatures of 25009, 2060°K and 1630°K

respectively. _For ?v = 10 or ?v - 20 the 5000 mile rocket is jimpossible

with the lowest of these gas temperatures, and even at Fv - 50 (which may .

be impractically high) the rocket weight becomes 340 tons at this gas temperature,
Referencg to Table 3 shows thai an escape rocke’c‘ cannot be made with

_a gas temperature as low as 2000°%, for any value of ?v.
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Table 8. $= 12.5, he = 103, Ty = 2500%K, T = 2060°K

Fv

r

D(cn)

t(cm)

Length of reactor (cm)
Diameteerf reactor (cm)
Weight of rocket (tons)
Weight of reactor (tons)
Weight of fuel‘(ton_'s)
Payload (tons)

Burning time (sec)

Weight of Uszs (K,)
assuming V = 2.8,

Tame.¢;3&hc;mamw=mm%,m=mm%.

Fv

r

D(cm)

t(cm) : K
]Jengtﬁ of reactor {cm)
Diameter of reactor (cm)
Weight of rocket (tons)
Weigﬁt of reactor (tons)
i'le:';ght of fuel {tons)
Payload ( tons)

Burning time (sec)

Weight of Usng (Kg), -

assuming V 2 Z.i

10

.8651

- 3.81

.12
691
752
1380
m
900
166
216

365

10

—

-

20 30
.426 284
1.10 .86

.51 .68

1795 144

195 156

93 .eo

7.5 4.8

61 39
11.2 7.2

216 216
16

25

- 20

30

over 1 .845

s

e

+

3.08
!
665
724

3400

103

2200
407

204

aftecting the nati

40

o213

4.0
32
6.0

216

13

40
634
1.43

.28
281
306
606
18.4
418
-
. 204
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0170
.70
91
124
135
45
3,6
29
5.4
216

12
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»507
1.08

209
227
334
10.1

231

204

29
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Tables 8 and 9 showed the effect of changing both the gas and wall
temperatures in such a way as to maintain the heat,transfer integral. Q, at
a fized value, It is of interest to examine the effect of changing the value
of Q while maintaining a fixed specific iﬁpulse. This may be done by varying,
the wall temperature, T,,» while leaving the gas temperature, T, unchanged.

Since the gas, temperature and hence, I, is unchanged the value of .
gﬁappropriate for a given range is alsp;iznchanged, _E\lrthexj. it is seen from
Chapter 2, Table 2, that the eritical dimension h,, and shape paramefer A
are essentially indepepdent of the reacter temperature. Thus, from equation
(22), [is unchanged and so the major weigh_ts‘ and dimensions are independent
of the wall temperature for a fixed gas temperatui'e. The only entries in
previous tables ‘wh,ich are changed by a change in T, alone, are the pipe
diameter, D, wall thickmess, t, and weight of Uozse

Thus, if the gas temperature is chosen the wall temperoture must
be determined,so that the _pesg}tigg values of D and ‘tﬁaxi'_e.___fea\,e_‘;.b}e :st?uctpgelly.
Table lO shows the values of D t, a.nd U?rg,s v_:eight for.rq.glgets,vyith:a %3_*5‘. "
temperature of 2060°K, d) 12 5 (5000 mile range), and Yo z 103, and, with yall
tempera.tures of 2300°K 2500°K and 2700’1( The other welghts and dmensmns

& S8 2

would. be essentlally 1dentxcal w1th thOSe in Table 8, Xt is seen that as the

wall temperature approaches the ga.s temperature the size of pipes must be
d.ecreased. and the number correqundlqgly 1ncree.sed to pxjeserve the seme total

Ty . . 3

free area. Thls increase :m the number ef plpes causes a decrease in the

wall tmck,ness between pipes. f“hus wa.xl temperature too near the gas temperaf—
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Higher wall temperature leads to:, geometrical

ly stronger reactor designs, hov-

ever this improvement must be balanced agains® the alverse effect of the in-

creased temperature on the material strength. -

Table 10.; Gas Temgerviute 206C°K . (b= 1.5, he = 103
T, f’v D(cm) t(cm) e U?'ls (K~),__,_
2300 10 3,07 .10 348 ¢
20 .89 .41 23
30 .69 .54 1I5
40 61 .65 12
50 .56 73 11
2500 10 3.81 ,12 365
20 1,10 ,51 25
30 .86 .68 16
40 76 .80 13
50 .70 .91 12
2700 10 4.443" .14 382 |
20 1,28 59 1 26
30 Goo | o |
40 .88 .93 14
50 .81 | 1.08 12

It should be remarked that, in Tables 8,-9, and 10, the weight of

o

in Table 2 of Chapter 2, for reactor temperatures of 300°K and 3000°K, For

this reason these values may not be properly consi

reactors at 3000°X.
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8. Desiens to Carrv Fixed Payload

The tables of the preceding section give an indication of the relative

- importance of .the various free parameters on the dimensions of the minimum size
nuclear energy rockets comparable with a hydrogen-oxygen conventional rocket,
However, direct comparison of the various cases is obscured by the fact that-
the payload in these tables was not c_onstax:lt. It is of interest, then, to
examine the provlem of designing a nuclear rocket to carry a given payload
for a given range, |

To approach this problem,_ let ﬁ , as in Table 3, be the percent of
rocket weight available for payload and reac£or, Thus, if the payload’ is
denoted by I;,
(24) 00( W+ P) 5 (pY.

Now eliminating /" between equations (22) and (23) gives

(25) Ve _ 2,2mhop°
11~ (4.4/Dng¢/Cpv)]

Substituting this expression for W into (24) gives an equation for Bl fv)

in terms of ¢/(Fv), vith #, h,, P, T as pa.rameters.' Thus for fixed A, hg,
P, 1 a curve representing A rv) as a functien of 4)/( Fv) can be drawn, Then
given {5 and ps ¢ is immediately determined. Then /" is given by quatj.on (22)
and the remaining parameters are determined as heretofore,

To give a definité illustration o.f this method, let us consider a
rock.et with a reactor of "optimum" concentration and optimum éhape, and assume
¥ - 2.0. Then, from Chapter 2, Table 3, M= 542, hg = 108, (Recall that
this is an unfavorable case for a nuclear energy rocket; a smaller value of

h, is certainly attainable). Further let T = 25009k so that I 5 730, Finally,
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. payloads.

let
P = payload in tons.
Then elimination of W between (24) and (28) leads to

(26) B ( pv) = [igoo +41.2P (1 .621 %)2} /(}%«)

Values of (3 (fav) less then 62.1 are not admissible. This leads to the in-
teresting fact that in order to make an escape rocket (6:::” it is necessary
to use a value of f>v greater than-62,1/3 = 20,7. This is in agreement with
Mable 6 where it was shown that ?V‘; 20 did not lead to an escape- rocket even

with zero payload. TFig, 2 gives the graph of relation (26) for various assumed

The method of using Fig. 2 for designing specific nuclear energy

rockets will now be described. Let us first consider a rocket with a 10 ton

' payload, a 5000 mile range, and pv = 10. From Table 3 we have 3 = 25. Thus
. g |

ﬁ(?v) = 25 x 10 = 250
From Fig. 2 we read, corresponding to P = 10, (f’v) = 250

,9é/rv = 0.81 '
Then from equation (22)

= (4...4/730)*:: 103 x 0.81 = 0,503
Then, from equation (25), the reactor weight is

. ¥ = 9.8 tons

Finally the weight of the entire rocket is given by

¥=8.1x9.8 =‘79. tonse.
The rocket dimensions obtained in this way agree fairly closely with those
given in Table 4 under fav_; 10 since tpe payload for that rocket was fortuitously .
fairly near 10 tons. -
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preceding paragraph,

Since the payload is the same for all the cases presented

the effect of the parameters Fv and ﬁ (range) are displayed a little more clearly

than in Tables 4 through 7.

Table 11. Bffect of pv on rocket design. '

(10 ton payload, 5000 mile rocket, B = 25)

Reactor Wi. | Rocket Wi,

pv (em/cmR-sec) > @Fv gb/Fv b /" | W(tons) ¢$W(tons)
10 25 250 .81 8,1 |.503 9,8 [
40 25 | 1000 -| .35 14,0 |,217 14.0 56
. Table 12. Effect of range on rocket design.
(10 i:;on payload, ?v = 40)
Range Reactor Wt. |Rocket Vt,
(miles) @ ﬂfv d)/?v (j) - [ | w(tons) $w( tp,ns) .
5000 25 | 1000 | .35 14.0 [.217 | 4.0 56
10000 19 760 | .42 16.8 |,261 | 4.4 75
Tecape 3 120 | 1.12 42.8 |.696 126.2 1170
Table 13. Effect of payload on rocket design,
( PV = 40, 5000 mile rocket, @ . 25)
Beactor Wt. Rocket Wt.
P Bev b/pv & I W( tons) @V( tons)
o ;080 .10 4.0 .062 2,8 11
5 1000 .25 10,0 .155 3.4 34
10 1000 | .35 | 14.0 .217 4.0 56
20 1000 .49 19.6 .304 5,0 99
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From Table 11 it is seen that increasing f7v from 10 to 40 makes it'
poésible to reduce the reéctgr weight nearly 60% and still carry a 10 ton
payload 5000 miles. A striking fact observable in Table 12 is that 10000 miles
is very little more diffiéélt from the nuclear standpoint, than 5000 miles.
In partlcular the reactor need be-only 10% heavier., This is particularly in-
teresting in view of the fact that a 10000 mile rocket is very nearly a satellite.
0f course, it must be recal;ed that these conclusions are based on the corres-
pondehce between ﬁ and range given by Table 3 and hence depend on the assumption
that the tank and structure weight can be held to one pound per cubic foot of’
fuel. Also air drag was neglected and the trajectories were calculated on the
assumption that the theorstical velocity is instantaneous]ly acquired, Table 13 -.
shows that an increase in payload causes an almost proportional increase in total

recket weight but a very small increase in reactor weight.

9. Gonclusions

The caléulations made in this chapter have indicated that a rocket
propelled by hydrogen héated in pipes piercéd in a Uozs graphite reactor is
feasible, in principle, Enough calculations have been given to indicate some
of the important parameters and their rough effect.on final dimensions, In
genéral it is'indiqated that such a roqket must be operated at very high re%ctor
temperatures (in the neighborhood of 3000°K) in order to have any appreciable
advantage over foreseeable conventional fuéls,

Y!hile the feasibility in prin;:;‘g},ga has been indicated, many detailed
engineering considerations have been neélected. These considerations certainly

will alter the overall dimensions considerably, and medify the effect of various
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paraﬁeters. For example, it has 'been indicated that the total dimensions of
rocket to perform a given duty decrease with an increase in the mass rate of
gas flow (f>v), at first markedlyiand then slewly. However, the strain on .
the reactor structure will increage steadily with increasedn?v and probably
will necessitate additional supporfing structure which may remove the apparent
advantage of operating at high ?v.

In general the whole questicn of supporting a graphite reacfor mechan-
ically under the high temperature and high flow fate conditions envisaged ig
this discussion have been given little consideration and no weight allowance
has been made for any supporting structure (except as part of the payload).

A careful engineering study of this problem, including the effects of pressure
drop, skin friction, thermal stresses, etc, (which would require more basic-
data than seems now available) might result in a major revision of rocket di-
mensions. V

It should be emphasized égain that the weight allowances, £6r¥¥%payioad”
were assumed to include all necessary pumps, control equipment and shielding.
This must be remembered in interpreting the tables for "constant payload;
for-example, a highér value of f>v may require an increased pump weight.

In general it was assumed that shielding weight would be low in‘the unmanned
missile éonsidered, However..some protection probably will be required for
control circuits and to prevent excessive boiling off of fuel by the absorption
of radiation energy.

It has been assumed that both physical and chemical erosion of the

reactor structure by hot hydrogen will be unimportant in the short operation

€15
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time required, This problem requirés considerable attention before it is safe
to draw final conclusions on the feasibility of the proposed type of reactor
structure.

Ancﬁher design assumption which réquires experipental verification is
the extrapolation of the engineering heat transfer relat.ion (Bq, 12).

Throughout, the specific impulse has been taken as the theoretical
value corresponding to the temperature at the end of the reactor and no allowance
was made for heat loss or departure from ideal flov in the nozzle, These effects
may lower the specific impulse by 5% to 10%.

7 In addition to the engineering factors, mentioned above, which were
neglected in Qur analysis, there are further sources of error entering into the
nuclear reactor calculations of Chapter 2, In particular we mention again the
use of 2,2 as the density of graphite, Commerciallgraphites generally have
much lower densities. We repeat the fact that the relevént atomic data

* (cross—sections, etc,) were obtained from unclassified sources and are.not as
complete as could be desired,

With all these sources of error in mind we feel that the weights and
dimensions given in this discussion are better considered as fair orders of

magnitude rather than as accurate design figures.

e

This d t contalns inf tonal det 41 ’
o 121

tion affecting the
of the United States within the meaning of the Espjonage Act, 50

.S. C, 3 -apsmjissi, th it, ~ o
; A= is axf:r :‘:ngzr:ﬁs \Eautho:lzgg g:x’w:a‘&ﬁ%l&d’ vy I, .
’ el s e b mdaleb et e o bt m=int
?o_u ® eso o © ez oo o o bl 2




AR

P s et .!.obc...

T T w T
m 1 . T [N
e T I s

|
1
b

o
A - ———— m
P : % .
N
- e Y
) T om
. )
..u-. < 1!]“"1‘“\’16 V‘i /.Ilr.! S m
@ T ﬂ: W
“mm ! - 0hc
D.‘ 3 b ) )
: o Net 9
A A S R o
1 |
SR
* REPE S | =
a 1
* » * o
! !
!lTl.L!--L — ‘.w
« |
W A
. _. . i
< b - S
: “ . | T e
}
v < - 1
| H 1
9 L ]
. * Lo b b
I !
T 8
a ¥ e e
0 2
N e
€




