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The thermal coridwtiv~ty of stabilized b-?hase pltltonium

(3.Latc,mic percent Gallium.Plutor,iumAlloy) has been determined as

0.02044= 0.000’;cal/cm2sec./oC/cm in the rar.reO.&)”. The conductivity

was determ\ne2 from the steady state mea~urement o!’thg temperature

difference between the center and various pair!t8on the diametral plana

af a 2 1/2 inoh diaaeter sphere by means of the equation

k .Qr2/ 6AT

where Q is the heat”source strength per unit volume, and r ia tho sphere

rad.iu6for the AT observe<.
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For homogeneous icotropie mnterials in which there i6 a aon-

stant volume source of Y-eat,e,g~ con?erai.onof the ki~etic energy of a

partio)eo into heat energy, the equaticn of oonduotion is?

where

k is the thermal conduotiv!.tyin calz’(cm?)(6ee) (“c,’Omj

T is the temperature

Q is *k&eheat source strength per unit velure in cul/(cm3) (8*)

grum in oal~(°C) (g)c is the specifio heat per

p is the den8ity in g/cm%

and t is the time in secor.ils.

F6r steac?y8tate conditions

k A2 T +Q .0

or A* T . .Q/’k (1)

For spherioul symmetry, the flow of heat ia a functinn only of r and 1,

henc8 equation (1) beoomes

l/r d2(rT)/dr2_Qjk

the 6oltiticnof which is

T a -Qr2/’& + a + b/r

Since T - ‘S1at r s 0, b tnu6tb6 zeru and a D TIO

dueticn is therefcm given by
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The equation of con-
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$pher6 was obtained by in8crtl.ng a netwcrk M differential thertn.oecuples

between two plutonium hemispheres. h order to insure unlfcmrnsurface

temperature for the plutonium, the sphere was enoasttdin a larger sphorioal

fihellof cc,pper. A Ksp of’approximately 1/8 inch thioknons WQG left betwoo~

the plutox]iumtipheroand the copper shell, aridthis wm filled with mercury

to in~we unil’ormrsdisl hornttrunsf’crbetween the pluLunium and the copper.

h layer of Apiezcm Kre800 between the capper sholl~ scmled the mercury in

pla~’?. ‘NM cold Junctianu of the t.he]mocouple6vwrs located in a hol?cwv

cc,pperrinr,cm the surface of the ooppor sphere, from which a cable led to

t}:e potent.icmetes,A orG3ti8eotion ot the ~6sembled appMt”@,L~;sis shown itl

F!xb 1, JL1!ffu horizontal section ie 6hown in FiK. 2.

1. Pltttc:niutn Spheret Tho sphera wa~ %brioatod U8 herniapheres

in order to perrrritthe placertwt]ti)fa cetwork of dit’ferentiulthermocouples

upon a die.metrslplti.ne.‘fhepotur h!$iqhtof ons of the her.ispheresW?ASmade

1.1trtilsj~reutert.hsnthe other. The plane surface of the higher h~misphers

waa then grooved a& shown in Fig. ~ ~nd the thermocouple network plaood in

these grr,ovese The hernispkers&iwere fabricated as b-pha~e stabilimd gallium

allcyo A table of spncifil~ationsis givexibelow, and the chemioal anulyeis

of the hemispheres ia glveii in Table 11.

TABLliJ

Lcwer Upp*r
Hemispher6 Hemisphere

Specifications of hemispheres c-l? c-l9

Equa%orisd diam. (inches) 2.%02 20~02

Pelar height (inches) 1.256 1.A$

Weight of all.>y(grams) lo@.l&% io564w>
● 9* ● *. ● *V

Atomic peroen’:gallim.~~”~a ~ : : :.:.77Gale Z.(3O Calc
● ● ,0 . ..

● :2+L1 Pound 3./.2founi?
●0 ●:. :00●:0 :.* ● 0
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impurity

B

(3a

s

Al

Ba

Be

Ca

cd

cd

co

Cr

K

L8

LI

w!

Ml

N&

Ni

Fb

Sr

w

Fe.

Bi

Cu

Ge

h“

SAmlplcc-l 7

L (),q

10,200

20,27

10

ND<2*1

ND<O.2

2.1

ND<21

ND<21O

~< ~lo

NI<2*1

m 21

ND-=2●1

hD<leC

2.1

NDL2. I

6.j

h%< 21

ND<21

ND<2*I

ND<&l

ND

NDU500

ho

Sanple C-18

~.q

10,UY3

45

9*O

ND<l*El

ND<O.18

5.6

h%41.t3

ND<150

NB<190

ND<148

ND<18

NE<l.9

NR<O.9

g.c

ND<l.9

5.4

ND<18

ND<l&

ND<l.8

ND<60

ND<mo

ND <1500

20

.-
● ☛☛ ● O*9 ● 00 9* ND<60●ea ● ● S-r.,.”...,. ;:, ::0

● i.--’:’: “::::3:,9° :. ●

● ● ●.Af&.i’t● $-.%’‘?.4; ““-”-’● ‘ :y&6&...&.&
*-.

● 0 ● ** ● ** ● ●
● ** ●09● ● ● ●**
● ** ● ● *9 ●
9000 : ● 9O
● ** ●0: 9**
● 0 ● *e *o** ●
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.

Sb

Si

Sri

‘rl

v

Zn

ND .

The

fiwire brush.

After ooating,

Sample C.)’?

I’iD<?oo

NDc1500

ND<200

Nll<60

ND

NDclooo

Not detected.

hemisgheros were then Yrushed

ND

ND<1 COO

free of adherent oxide with

A O.? .milcoating was %hen applied in the usual mannerl,

the hemispheres were buffed by a soi’twire brush.

viously

yield a

leakage

i.e., q

?2. ‘!’hermocoupleAssembly: Iron-con8tantanthermocouples, pre-

tested for thermoelectric inhomogeneities,were employed since these

Mghand reproducible El& per degree. In order to minimize hsat

effects, the diameter of the wires was made au small as practicable,

lld.ls.Sinoe the measurement is fairly 8eneitive to the position of

the junctions} they were made by butt-welc!ing2with the exceFticm of the

oenter junction which was soft soldered. Photomicrographs of threisjunotions

are shown in Fig. & The wirea were insulated by spraying the assembled

network with dilut8d gl’yptoland baking after each spraying. Six coatinga,

app’oxhately o*16 roilsthick were applied. The network of thermocouples

was supported on a mlcarta ring as shmn in Fig. 2. It was felt that cal-

ibration of the thermocou~leijafter assembling the network was unwise in

1
Lipkin: LA-~78 ●90 ● ●9* ●9O ●*.*. 9 ● ● 0: :0

:.,:,

2 HaunnolgLADC=Z93 t“:: “$i:~!jif’p
● * ● 00
● ** ● **
● 00 ●9.** :● **..:
● * ● me ● ● ‘:; ‘:: ~“::
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Photo miorographs under polarized light, mgnifioation ma

of +bree iron.oonstantan junotions. The upper Jumction shows the

el’feetof too high a ourrent, resulting in the partial ❑elting of the

oonst~tan. ‘he exact position of the junotion ir seen clearly in

the upper and middlo photo~aphs, and somewhat less definitely in the

lower photograph. This is however due to difficulties in illumination

for purposes of photography. To the eye under an ordinary mioresoope,

the position of the junction is unambiguous. ..

\

● *9 ● .me ● e. ● m.9* ● ●
● : :0

●
::: ● O ● ● 9 ● ●

—~”.o .:0 :.0 ●:0 :0. :.”_.,, _...- -.. -,— ...— )
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9* ● oe ● :

● : :.-y * j; ::;
● ob

● 00

view of itc fragile o.haA4>;8$.“ M“#c; ~~”eral similar junctions were made
●. ●** ● **●:. :00 ●*

(one Jmotion being but~~e&e~, t~e ~~th~.~~soldered] from the same 1ot of
● .:0 ●

.:. ● me ● *

wire used in the asmm.bly. Each junction was insulated by a baked glyptol

coating, then placed in a hole in a large copper block, ther~l oontaot be.

tween thermcoouple and blook being made by kerosene, and the assembly was.

then pluued in ● dewa~ flask. The aopper blocks also contained calibrated

Pt-resistance thermometers. The blook containing the soldered junction was

heated approximately 1°C above the other, and after the temperature had

stabilized the temperature difference obtained from the Pt.resistance ther.

xx?meterwas oompared with the EKF abserved. It was found that the junctions

produced an EMT of 49*0*0.5 pvpc.

~. Mi8cellanooua: The assembled sphere was plaoed in ● vigorously

stirred water bath whioh wa8 variable in temperature from 10° to 60°C and

wa8 constant at any tempertitureto$ O.GlaC. The temperature of the bath was

read with a calibrated Pt-resistance thermometer.

Eleotrica) measurements were made with a Wormer potentiometer.

The temperature of the cold junctions was unifcrm to~.OO?°C.

Discussion of Errors

Unavoidable cleviatiofisfran the sphere model treated theoretically

are present in the experimental setupo Sinoe these deviations introdwe errors

in the tr.easurement,it wae aecassary to minimize them or oorrect for them in

1. Coating”of the Hemispheres: In order to minimize the spreatiof

contam,ination$eaokihemisphere was nickel coated. Obviously, the thinner the

coating the clo8er ideal oondittons ar~ approached.. An investigation waa

therefore made of the probat.teerror for a eo~tinr of (3.Znils of niokel, theL

thinnest prackioal soaking thickness. Setting up and solving the heat equaticn

for the composite syatea actually used is a relatively difficult mathematical

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE
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Appendix 1. The results are mmmarizwi in Table 111.

TABLE 111 “

Model %Error fer G.3 mil nickel coat

1 (infinitecylinder) 0.j8

Ii (finite oylinder) 0.36

Alth~ugh no extrapolatim JR possible due to the dis~ont.inucwa

mture of the mode18, it appears unllkely that the error for the sphoro

~ould be grtiatorthan 0.5~0.2 ~o~ Since this error is negative, in that it

oause~ the obser~ed thermal cond”Jet5vltyto be leas th~n the tru8 value, n

eurrection C? approximately 0.0001 ~n thermal conductivity units shodd be

added to the observed value*

2. Thermocouple Errors: The axiskenoe of the therm~cauples thea.

selves as well as the insulating .materlaloovering the thermocouple wires

iatr0ddC6$ additiom~ errars ia the .&a~urementO He~~ my be eonduc~ed from

the interior of the sphere by tho thermoc..>uplewires, t}LUS~i6~Or~ing slightly

the otherwise spherically symmtrio rwiial.heat flow; and as the temperature of

the wire de~ends upon the stead~ state at%ained %etween heat flow inta the vdre

through the insulation md heat flow along the wire, the observed temper~%ure

at a junetlon cmnct repres~nt the t+mpeeature of the material adjacent to the

simulation St that pLice. In Appendix 11 it is shown that thsse errors are

Cutitinga simihir shell in the actual essg%!?ly,is o!’the oraer of lC)-L;‘C.

● ☛ 9*O ● ** ● c
b*a ●** ● ● ● .*.
● OO ● 9** ●
● *** : ● 9*
● *9 ● O: ● *9
● * ● 90 ● ● ● 90
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jacent niakel c-ting is of the order of 10-L ‘C i.1the interior or the

sphere, rising rather abruptly to abcut 5 x 10-~ oC at the surfaoe.

Aj’+.erassembling t}ie@pr&ratus, it was accidentally Jnt’red* This

wires. Upon inve~tig%tion it was ~etwi %h~t the upper platcnium hwnispnsre

had shifted slightly, and in doing so had ruptured the glyptcl insul~tim at

various points betmen the hemisphore8. Wh21e remedying this, t?w thex’ma.

coaple wires outside the platcnli~mwer~ stret?hed, and upon reassembly it wad

canter et”the plutmi”um hemisphere. The cetwark was ~Ff center by abo~t.l/4mm.

Consequently, the neasure; distances O? juncticns !’romthe center are uncertain

VIA~U9S O~ks Although the system ~.free f’rcmshort oirouit6 at the beginning

of’the experiment (after the re8.ssembly),a sb,ortscmn developed be%een th??

to the sopper. The final values o!’k thereforo constitute an average taken from

independent measurements on the five re~ining thermooou!~les. Upon dismantling

the assembly, it was found that the weight of the uppar plutonium hamisphers

had flattened thg center J’wetion slightly (a depresuim to accommodate thie

Junction had been made in the lower hemisphere but apparently wa8 net deep

The dist~nces of the junctions from the center as originally deter-

mi’nsdwith a Sa9rtcsr comparator are given in Table IV.

● ● 00
● : ● 0 ● m ::

● *9 : ● m
9* ● ** ● 00 ● oo :s. ● *

● ✍ ● ☛☛ ● 9** ● ● e
$00 ● 00 ● *e*
● ● ● ● 9 ● ** 9
● mm*@ ●
9m. ●0: ::0
●* **8 ● u , ● *
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9* ● ** 9*
● *9

.* ::, ●e* ●.* **** ● O*

● em e ● ● ** ●

● ** 9** ● O**
● * ● OeOm*m **a

● c ● ● ● Jab? 1.$s .$4. ~●

9**
::● 0:0:: ● ec

●● :00 ● *
● ● e* ● .:O :.* ● O U.a%anee . Uenter to Jur4etion

Kate: ‘l’heposition of the butt welds coul~ be deter.minedto C 0.002 mm.

The large unoartsiaty in tho above measuvemet]tibie due t. maertainty d

tha center of the center junction.

The steady state EAW values with their $orr~6wonding k values for

the various junctions, except %4 which was discarded, ars given in Table V

foz varicus temperatures. Tha values of’k are swnmarized in Table VI.

,

,

●

✎

● O* ● 9** ● *9 ● 8

.*: c ● : : ● m
● * ::

● ● :. : :. ● O

●
,* ●:* ● ee ● e* ● 00 ● .

● 9 ● 00 ● ● 9*8

.** ● *O :.: ●°0
● .*:C

s
● 900 .ao
.** ●0: .*. ●

9* ● ** ● ●
● 8
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U? ice and water* Since adeq’latecirculation was quite impossible, th~ low I
value o(’k xay be attritiutableto a possibls non-uniformity in temperature I
of’the copper shell. At 6C°C the measurements were made immediately upon

‘eacning the desired temperature.. Shartly thereafter, the mercury forced I
the melte,igrease from,betwuem the spheres and shcrted all thermocouples. I
While the measurement was being made, therefore, it is highly probable that I
the copper.meroury spherical interface was part:ally covered with mlted

grea9e. Hence the radial heat flow was prabably markedly distorted.

I)isausaion——

In view of the c!ifficultiii~which were encountered during the

experirn.snt,the agreement ameng the values of k calculated frontthe five

diff~rent thermocouples emphasizes tt’emerit of this method and leads one

to ex?ect that if carri~d oot DrcDerly the technique would yield results. . I
as satisfactwy as those obtained by the usual, r..d-ty?enethocs.

“tiithrespect t~ the results as reparted in Table VI, it should he

poiEt@ out that onl:lthe first two significant figures have any va?idity

in view of the ncn.centering of’the t.hermocounlenetwork, The values were I

In view of the lack of other data on physical properties of 6-phase

pldtoniuxa,no further di6eussion is warranted aL this the.
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Model I

infinitely long. Let the cylinder te corn.
.

posed of material h except ?or a disc cf
.

.

.

thiokness 211in the center w~iichis material B.

a therwl conductivity kA. The therzal con-

t’we of tho cylinaor surface is maiata~ned at

:91=0 ●

Then for source free regior4E

and for region A

ACT,Q

‘A

I

41
.__ EL___ .

“1
F--+

kA

TM 6clwLim for ropjcn B iE\

TB-X Bk ccsh (kz) Jo (kr)
k

where Jo.(kc) . 0

and for I-egioaA

T Q (a2-F~ + ~k
A“—

4 kA

‘k ‘k ‘0 (kr)

,

Let

Ak exp (-kz) Jo (kr) where d<:

i+ kA
(a2-r2) . C (a2.r2)
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.** ●** ● ● O**
● *. ● ● m* ●

● ,** : 9**
.@* so: ● *-8* ● 9*-D* [m

#

I

(k&) .0

T
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●

.

.

8.

?

Then

Gk .

● ☛ ● ✌☛

● m* ●**
● ***O
● ** ●

● *e ● O
● * ● *9 ●

● ☛ ●:0 ● **
●

J2C “0 : J“● *
a2J12(@ “ ~“” “

:- lfi ~“”
● ● 9*
● ● *O ●

● ● ***
● O****

J x
but :

0

Therefore

a2J32 (h)

X J9 (X) dx ~ XJ~(X)

Ja
ar

6

OJO

(kr) dr

(la) dr .

w

“al
.r3Jo(kr)

f

x
and x3Jo(x)dx . (X%&X) J1(x) + ~2Jo(x)

t?

Gk . &kcc m 2k2q

(k) 3J1(km) kA(ka)~J1(ka)

Applying the boundary conditions:

and

%(>.zb‘%(g..
Ek cosh(kh) .Gk ,Ak exp (-kh)

~Bk Sinh(fi) =-kA~ exp (.kh)

Solving

Bk = ‘k

oouh(kh) + ~ sinh(khj—

!L’hetemperature at the

I

Therefor%
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b

z Gk

To a first approximation sinae ~ ia small

2.37 %

kA

Using the proper

of 3.3 mtlu”

valuea of kB/kA and e, and for a coating thiakness

Model 11

This model ia similar to Mode] I

exaept that the oylinder is finite of length

2 a ~e shown in the drawing. lt is instruct.ive,

however, to first consider t,heproblem of tempera-

ture distribution in a finite cylinder of length

2 a oompoaed ontire~y of material A, the boundaries

of which are held at zero.

The equation of ccmduction for the latter

pro~lm i6

.
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A

Shoe for z s a, T= 3

(lk + Ak Oosh (juA). f)

n.&- G~
K—

oosn(ka)

and

is for region A

and for region B
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“1. :
Jo (-) “ 3.” .:.

.

b

k
A

givirlg

Gk(l-eYF

\ and

4, n

[

f,k

cGsh (kh)

(kh)

.

. Gk Coskk

(0,0)o assume a..h=a which is very near~y true.

CZ&(hi) cosh(kh) , kB/kA sinh(ka) sinh(kh)

‘(0,0) if there were no B layer isof’

●

‘A(o,o~ =:Gk 1- 1
cosh (ka)

.

Theret’oru
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● ☛ w&-y-w:e-~.* ●
● e

::● 0:0::. .0
●● :00 .*

● ● O* ● ●:* :00 co

the sphero throuflha thermo.

/wherq k ‘isthe thermal ccnduotivit.yof the wire = 0.1% Cal cm aeo CC

r is the radius of the wire, 0.QOY8 cm

()ma JT is the temperature gradient in khe wire St the periphery of the—
?x

b sp~lere,equal in this case to .o.19Z OC/em. Q is thareforo l.~~

x 10-6 eal~’sec&cd, as my be seen from Appemiix III, the amaunt of heat

flowing ;.ntcthe wire per unit length is unifcrm except near the surface

of the sphere.

An estimate of the tiistortionin the radial heat flow my be

obtained as follows: Assume that all of the heat flowing into the wire is

generated in a cylindrical shell r
3
cm from the axis of the wire.

Then &33 x 10-~ . 2;ti~(T3.T2) - heat flow into wire per unit length

Fcr

s

- AT

Ln r3/r2 = 1.10

.
= 2.31

x 4.61
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where

n

.

● ☛ ● ☛☛

● O*
W**9

00
O*9
● * ● 00

●
CO*

● *
● **
● 0

● **

~j iu Temperature ●t r
3’

,.*

T2 is Temperature at r2.

Tb.erttfGrothe AT in the body of the material caused by heat flow Into n

thermocouplewire is of the order of 10-5 ‘C. and hence is negligible.

.

*
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APPENDIX IIi-o.- -o-*o. :●0 ● ●

● 9*.. . ::
1%’oklem of TemperatU~~ ~s~; !~l~~i!$b~g:Thwm.ocouple--

Assume insulated wire imbedded in a medium of such a nmture

that the temperature distribution along the length of the insulation is

T2 = a(b:2-x2)and T
2 . 0 for values CF x >b and that this temperature

distribution is oyllndrically symmetric with respect to the wire axis and
\

s.ymetrio with respect to x whioh is taken along the wire axis. This is

a fairl’ygood approximation to one of

experimental setuF,

Considering a cross section

the differential thermocouple in the

through the cylinder, T2(x) is the

temperature at the pcint x on the outside of the insulation or the tempera-

ture of the nfikel coating in contact +
T

with the insulation at x. Since the

COndWtiVity Of the Wire i6 many

times thjl%of the insuY.ation,it may

throug$ Olnycross seatioa of the wire is
4

un.1.tormu,ndequal to Tl(x). Then the heat flow

into the wire, thrcugh ths insulation in a ‘

length dx. is

whore r~ is the ~uker radius of the insulation and

or “ {T2- Tl) dx - X’Ln rp!r~
~*+i

rl is the inner rariiua.

(1)

New H’ we c;nsider G(x) equal to the amcunt of heat flowing thrmgh tile

● ☛ ● a* ● *O 9 ●
● *8 9** ● ● ● ●a.
● 9* ● ● *O ●● m**: ● **
9** ●mm ; ● . .
● * ● ** ● ● 0

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



=-%’

aridsubstituting [2)

2
rl

● ☎ .*4.. ●

:: -%.::.: ●

● *

● 9 ● ●

● am ● : ● *O ●

● ** ● ** ● *9*
● *m** 9*m0m ● *

● 0 ● ** 9*9 ●:* :00 ● =
● 00 99

“M ‘“●:0‘:0‘o\*..*
dx

in (1)

dx

gives

~2(x) - T1(X)

= - FT2

Tim 801u’t.jon of this equatic,nis

!
‘1\int) = A OOSh CX + a(b2-x2)

d2T1
d X2

since the

Sine8

system is symmetric in x.

T2m0 for x)b

fOr x>b
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✚
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.

:iTJ (ext)
Cin

x

--~.. .
-“ “-~

● 0 ●:O
●

● m
●● :

● ●:*

and

.
m

Sb

(Y + bc)

*b

A La determined a6 &_ (-oh)

c~

(be-l)Ic : exp
.>

c’

(cb)aud L

(-cb) 16 fantastically Sml 1.,

importance except n9ar x-b, honco

‘1(int)Since exp

of littlel

&

for regions where X>DC men x=b, the ‘cosh termw is of interest.

(’-‘L “(-’i..“- (-cb) (1,?)s) 1/2 exp (oh)2a exp
~

+2R
&?”-

exp (-cb) = -
*(’”-1)

(bo - 1)

x 10-%

r

*

Finally

.

-- .ti”~
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Values of oonstants used in this work:

● ma .9
●
● * ::
● ● *
● ● m
● ** ● .

Heat souroo strength of plutonium ~ atomic percent Ga and density

16.8 = 0QO07520 oal/seo/oin~cobtained as fallowsz

From LA-34’?power produced by pure plutonium is 1.~2’3’x10-~

a?)s. WattB,/g, or 4.~94 x 10-4 cal/g see. This must be corrected for the

iSOtUp9 2@plutxmium ciontentas follows: ‘

Average g/T ~ level of plutonium used in sphere .219.

Iccrtope240plutonium conosntrationo oaloulated by foilowing fonnula (See LA.&O) ~

240PU v9pu—.
239PU

e -70.9
~ s

is 1.68 percent by weight..

Energy producad per gram of *Pu is oaloulated us follows:

1..922 x ]0-4abs. ntt6/g x 2*411 x 104X 273

-6,-260x lo~ x 240
:.)$ba

-)~-~
m ?.37 X l@-5 ahso watts/g

‘fherefor e,t~;$otalenergy produced by the plutonium used in
,Q!&-:

(1.922 X 00983 + ~~;7 x ‘0.017) X 10-~
J;.“’

hemispheres is 1%i
;.~\3

= 2.oIJ+x 1(W3 abs. wakts/g =4.83) x 10-~ cal/g see.

This oaloulation depends upon the enargy of the 240plutonium Ups being

these

the

sama as thotiefrom 49. There is no data at the present time on the energy
,.

of the a‘s from *plutonium, but their range is believed to lie within 3 mm

of those from 49. Since the range cz @ a is 3.675 cm in air at l@ c and

760 m, this correction is small and has not been made.

—. ● 9**9 ● ● ●-. ..
●

?Kg/T refers to grams of ~!ifit&li~up~u&&$on of urani”um
●
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‘i?np ~
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