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ABSTRACT 

Temperatures were calculated, tor appl~cation to the storage of radio­
active solid waste, as a function of :time and radialdistance for radioactiVe 
solid cylinders in' infinite solid media of ~·average soil," "average rock,". 
and salt. A resistance at the cylinder"-infinite i:neditim boundary was in­
cluded in the form o:f' an air space •. 

For the ranse of param~ters used and within the practical limits of 
accuracy, the maximum temp~rature rise increased linearly wi~h the heat 
generation rate. The fission product spectrum was not . significant in the 
deter¢-nation of the maximumtem;Perature rise. ·under the pessintl.stic storage 

. eondi tions assumed in this~·study, the storage • of cylinders of a prac-ticBJ. 
·siz~ ~appears feasible without excessive. temperature rise. . A maxi.muni temper­
ature rise o:f' 1000°F would be produced with an initial 'heat generation rate · 
of 1300-1600 Btu/rrr·:ft3 for cylinders Wi_th a 5•iri.. radius, with 350~450 
Btu/hr ~ ft3 for a lO .. in. raditi.s., and with 175~210 Btu/hr · ft3 for a i5-in. 
radius, assuming a thermal conductivity o:f' the radioactive cylinder of 0.1 
Btu/:Qr • ft · ~F • . 

•Jij ,. 
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<·:. L 0 INTRODUCTION 

Herein are reported ca1culations of temperature rise in deep1y buried 
radioactive cy1inders. The emission and attenuation of beta and gamma rays 
within a radioactive so1id resUlts: in the generation of heat which must 
either be stored in the so1id.as sensib1e heat or dissipated to the environ­
ment. The ca1culat:i,on of temperature rise in deep1y buried radioactive 
so1ids has immediate app1ication to the severa1 programs on ultimate dis­
posa1 of radioactive wastes as so1ids. · Conditions of si;orage tor such · 
wastes must be such as to prevent temperature rise sufficient1y high to 
cause evo1ution.of gases or to threa~n the structura1 integrity of the 
storage system. A criterion. for safe. storage would probably. be to pre'Vent 
the rise of temperatures above thqse·reached during the ca1c:l,.nation process. 
The maximum temperature rise in radioactive solid cy1inders separated from 
an infinite so1id medium by a 1-in. air space wa~ ca.J.cul.ated over a range 
of cavity radii of 5 to 30 in. with heat generation rates up to .2000 Btu/hr• 
ft3 • The assumed therma1 conductivity of the radioactive cy1inders was 
varied from 0.1 to LO Btu/hr•ft•°F. .. . . . . • . . 

Cy1indrica.J.. geometry for the. radioactive s01id was chosen because the 
cylinders can be sufficient1y .:sma11 in. diameter to prevent excessive temper­
ature rise but sufficient1y 1ong to permit storage of a 1a.rge amount of 
rilateria1. Furthermore, cy1indrica1 ~avi ties can be convenient1y, made by 
drilling. Conditions of storage of·1 radi6acti ve so1id cy1inders in infinite 
so1id media of "average soi11 " "average rock," and sa1t were investigated. 
The effects of specific heat generation rate, fission product spectrum,· 
therma1 conductivity of the. radioactive cylinder, and convection coef:f'icient 
in the. air space were studied. 

The advantages in the conversion Of 1iquid wastes to so1ids prior to. • 
storage are decreased mobi1ity and corros:l,.on and either fixation of fission 
produ~ts or vo1ume reduction. Fixation of fission products into a g1ass · 
or c1ay matrix in a non1eachab1e form generally prec1udes a significant 

.. vo1ume decrease. The prob1em of temperature rise is usually made worse by 
the conversion from liquid to so1idin that the specific heat generation 
rate is increased in proportion to· the voltime decr~.ase • and the mechailism of 
convection is no 1onger avai1ab1e :for heat dissipation. Thl:-ee general. methods 
of 1iquid to so1id conversion are being deinaloped current1y: (a), eVa.poration 
to dryness followed by thermal decomposition (calcination) ip the range . . 
4oo-800°C, 1 - 4 (b) formation of a gel by the addition of minera1 constituents 
with subsequent drying and firing at about 1200°C to form a···g1a'ss, 5 'and &c) 
sorption ot fission products on c1ay followed by firing at about 1000°C. ,7 
The c~1cination method appears 1ike1y to produce so1id wastes with the highest 
vo1umetric heat generation rates and lowest t11ermaJ: conductivitie's. 

Calculations for the storage of spherica1 and cyiindrica1 shapes, with 
the physica1 properties gf g1ass and diameters ranging from 0.25 to 2~0 ft, 
were made at Cha1k River for the condition of shalJ..ow buria1,.of radioactive 
so1ids in sand. At buria1 depths of 10ft, the.heat of decay is soon dissi­
pated to the atmosphere at the surface of the earth. Ste~dy~state heat trans­
fer was assumed in b?th the ra<lioact:l,.ve so1id and the sand· me.dium. Perring9 
of HarWe11 chose as his system an inf~nite1y 1ong cy1inder of radioactive 
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solid in perfect thermal contact with an infinite solid medium of the 1:;1ame 
thermal conductivity. The assumption of "same thermal conductivity" greatly 
simplified analytical treatment. The physical properties of fire-brick at 
500°C were used_. Axial cylinder temperl;ltures as a :function of time were 
obtained for two fission product concentrations and cylinder diameters of 
5, 10, and 20 em. Rodger and Fineman10 of Argonne National Laboratory used 
the solution for a constant continuous line source to approximate the temper­
ature at the surface of a 'long; thin cylindrical cavity in an infinite solid 
medium. The temperature rise in a 2-ft-dia cylinder was calculated for a 
certain one-year cooled waste, assuming thermal cond~ctivities of 0.1 and 
0.5 Btu/hr.ft·°F for the radioactive ·solid and the-surrounding earth, re-
spectively. · 

Symbols. The following symbols are used .:J_n the equations : 

A area, f't2 

c heat capacity, Btu/lb•°F 

D diameter, ft 

h convection coefficient, Btu/hr·ft2 ·°F 

k therzi!B-1 conductivity, Btu/hr•ft2 (°F/ft) 

m 
ri+lt - ri 

ri 

q heat flux, Btu/hr·ft2 

~ initial heat flux, Btu/hr•ft2 

Q heat generation rate, Btu/hr•ft3 

Q0 initial heat generation rate, Btu/hr·ft3 

r radial distance, f't 

R radiu~ of radioactive cylinder, ft 

R2 radius of cylindrical cavity, ft 

t time, hr 

T temperature,°F 

TA ambient tempera tur~, OF 

To initial temperature, OF 

Ts surface temperature, OF 

u variable of integration 



;..· 6 

rmal if.p,, • • ft'2 /'br ... ·c_:.k_. ; .· .'. . the d .~.u.s~VJ. ty, · .. · .. :;:·:&t·~ .. 

a root of the equation,: f3J~(R~): ~ h/~ :~0 . (R~) 
· .. ··,: .... ·.·: ·:.: .; .. ·.· 

0.57722 • ~. .. =EUler's constant' 

r' deiisi ty, · .lb/ft3 . 
. . . . . 

. . . . . 

:A radioacti~ decay cons~t, hr ":":t 
:. . . . . . . ·.. . ·.·. . .. •, : ,. . . . 

' . . . 

. ' . -2. 0 -sTC>RAGE MODE:L .AND SUBSIDIARY- EQUATIONS 

The specific physical application. which .prompted .this calculation is 
the .storage<o:e.long;.cylindrical contain~rs filled with calcine9. radioactive 
wastes in holes drilled in the earth;,. but the .results Of the calculation . 
are somewhat more general •. The .prci>ble:m involves diffusion of heat from. a 
decaying· uriifqrxn. .:tteS.t .sol,irce-_ tbro~h ·ati ·air gap into· an infinite solid 
medium in. cylindrical geometry. The heat results 'from: the decay .of several 
fission products, and it decays as a composite of exponentials •. An analytical 
solution, if derived, woUld be cw:nbersome to evaluate. The problem is more 
easily solved by the use of digital cOxirputer techriiques. · The complexity of. 
the calculation is .greatly decreased it certain. simplifying assumptions.' can · 
be made. To. gain inSight _into the 'problem and to eVciluate possible asstimp­
tions, some limi ti~ cases were studied for 'l...rhich there are analytical so­
lutions. 

First, the temperature transients. 'Within the cylinder itself were 
studied U.sing uniform initial temperature distribution,·· a uniform. and con• 
s.tant heat source·, and a constant temperature air sink. :Tbe results of this · 
study showe·d that the steady-state· temperature distribution. Within the . 
cylinder could be assumed both as . an ini tial .. condi tion and throughout the 
storage calculation. 

Secondly, the limiting case of a constant heat flux at the surface of 
a cylindrical cavity in an infinite solid was studied. The complexity of 
this .c~se :was significant in pointing up the desirability of a numerical 
solution of the m6re complex problem of the decaying heat source.· ResUlts 
from this study were Useful . in establishing the convergence of the subse-' 
quent numerical_ca1culation. · 

Finally, the problem of the decaying beat source in the in:fini te medium 
was divided into two parts, (a) the determination of the temperature.rise in 
the surrounding medium by numerical calcuiat;l.on, and (b) the teiii.Perature drop 
through the cylindrical container of solids and the air space by analYtical· 
calculation (Fig. 1) 0 The results of the first calcula'f?ion can. also be. . . . 
applied to the storage of cylindrical containers. ·of liqUid radioactive wastes' 
and the latter to the storage of radioactive solid cylindei:s iri an isothernlaJ. 
medium. The calculation of ·storage of cyiindri(:a.J.. containers of radioactive 
solids in an infinite medium without ari' air. gap' is not reported in this work, 
but can be easily computed from . the ceJ.cllJ.a tiO:r:lS presemted here . . . 

•.-' 

·., .. > ~ : . 

. . ·. ~ .. 

. . . · : .... : . . ... : ~ .. · 
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2.1 Temperatures in Solid Cylinders, Initially at Uniform Temperature; with 
Constant Heat Generation and Convection Cooling at the Surface 

The history of a radioactive cy~inder ·from the time of its formation 
to the time of storage is of interest since it fixes the initial condition 
for the storage calculation. · At the. time qf its formation, a radioactive 
cylinder will probably be at a uniform.ly high temperature; for exB.nlple, it 
may be formed by the calcination of a waste ·liquid. The equation of heat 
conduction, for this case is · 

with the initial condition 

T = T0 at t = 0 

and boundary conditions 

dT dr = 0 at·r = 0 
. .::.T 
-k ~ = hT at r = R or· 

This set of equations can be reduced to a set with known solutions by 
assuming 

Equation 1 now becomes 

with the initial condition 

and boundary conditions 

~;1 = 0 and ~ = 0 at r = 0 

JT . -k ~ = hT1 at r = R dr · 

ciT.a . 
-k F = hT2 at r = -R 

(1) 

(2) 

(3,4) 

( 5) 

(6) 

(7) 

(8) 

(9) 

(10) 

. j) . 
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Separating variables in eq. 6 yields 

(11) 

(12) 

Equation 11 with conditions 7, 8, and 9 has been.solved by Ca+slaw and. 
Jaeger:ll 

(13) 

where ~n are the roots of 

(14) 

The solution to eq. 12 with conditions 8 and 10 is· 

(15) 

Combining equations l3 and 15 yields the desired solution: 

at steady state ( t- co) and 

(17) 

Eq~tic:m l6 was used to calculate the approach to steady state for. 
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a. few. sample conditions· of interest: in Wa.ste pr()cessing. AssUining riatliral 
convection cooling with air, a conve·ction coefficient of abo1,1t 1 Btu/hr · 
ft2 • °F was estimated and checkedl2 after calcUlation of SUr.face temperatures by . . . . . 

h = 0.27(TQ:~ ~Are.· (18) 

For the case of natural convection c:oqlirig in We.ter; a coefficient of 30 
Btu/:hr·ft2 .~F was estimated.12 A theririai:diffu~;>i:vi:ty of 0.006 ft2 /hr was 
~ssumedi based on Values of Al:;!J$· .·of 0, •. 0075' rt2./~ and for Fe:!Js of 0.0059 
ft2 /hr. 3 Assuming an initial uniform,. teiiiper~ture of 1300°F, which might 
be reached in a calcining o~ :t'u!31PS 6p~:ration; the. steady-state· center­
line temperature. was approached within 10°F·· .. ::t~· 3o. to 150 hr over the ranges 
of radii from 0.333 to 1.0 ft and. 'till~~ conduct1Vi ties froni. 0.1 to 1.0 
Btu/hr·ft• °F (Fig. 2a~ b). on the ba~is of thea~ calculations, the cylin­
ders were assumed to have reached .. tl:l.ei;r stead.y .. state temperature distri­
butions prior to storage (refer to a$sllm:pt~on;~ in· sec. 3.2) • 

. .. 
Sine~ the rate of heat generatiep~. bf·rad.ioac:tive wastes discharged 

.. from the reactor one year or mo~e· wqu).;d: decr~ase' less than 5% in one or 
two weeks,; the assumption of "constant.":b.eat:.gepera·t:ion rate during the· 
~steady-state pe~iod is Perp!iss~b~e·.> ';':Af~~' re.~~)A·ng a.Il. apparent .steady 
state, the· temperature distributAon>+ri the cyli'nder would decrease ·differ­
entially as the heat generat;I.on r~te :·c~ri:ti~uou~1y decreased as a resuit 
of.radioactive.Cl.ecay. However, the·temperatiire·distribution in the cylin­
der can be calculated with good a9~\¢f;ic:y at·, ·any t':i,me by using the proper 
Value of instantaneous heat gener~ti'on' rate :in the. stel:ldy-state equations 0 

' ' ' 

2.2 Infinite. Cylindrical Cavity:·.in::!nii:rii te ·Medium 'nth Constant. Heat 
Flux at Boundary 

This case was derived by Cars1aw and Jaeger for zero initial temper-
ature :14 . · .. · · · 

(19') 

. . .. 

Equat;ion i9 is not in convenient ~orm<;t.oi num~rica.i eWJ.Ua.tion, but Carslaw 
and. Ja~ger pre~ent a graph. for t}ie. e~\iation of' surface.· temperature for 
values of at/R2 .less tha.h 10. For' ·la;tge: vaiu~s :of time~ the surface temper­
atlu-e is given by 

. t ·~4d )' . ·~.. u :2 .) T··.= ~2 ·1·n ~:.:: ''V; :+·.·o & ·2k· ·.··a , .. ·at 
. . R~ .. , .· .. · . 

. .· . . . . . . . . 

(20) 

whet~. r =:=: Q. 57722 !•~._is EUler's co.ns~~ anci t~e. Lan~au 0 indicates that 
the ~ell1a~nde:r te~ J,.S Of_ .:the orqer ,of:.J.l2/cx~· ·.· ror ~bis case Of constant . . . . .· ,·,·:. ,.· .. ··, .·-:·- .. ·· .... ·. 
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Fig. 2. Approach to Steady State for Infinite Cylinders of Radioactive Material .• Showing Effect 

of (a) Thermal Conductivity and (b) Radius. Cylinder Initially at Uniform Temperature of 1300°F. 
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heat flux, eq. 20 shows that the s~f'ace temperature increases logaritbmi­
call~ without limit. as the ·time increases_ •. ·· F?r ··the. period of' time in which 
at/R2 is greater than 10 but the h~at generat~on rate has not yet decreased 
appreciably, eq. · 20 can be used to ce;J.cUl:ate. the carl ty surface., temperature. 
It will be seen later that the period'. of': time over t.irhich eq. 20 can be used 
is the period of' greatest interest. · 

).0 DECAYING HEAT FLUX CALCULATIONS ·AND. STORAGE MODEL ASSUMPTIONS 

3.1 An Infinite Cylindrical Cavity in:an Infinite Medium with a Decaying 
Heat Flux at the Boundary · · · 

· A solution f'or this case by .the ni~t}lod_s of clas.sical mathematical physics 
would be even more complicated and· cum.bel'sdme to evSJ.uate than eq. 19. For 
this reason the decision was made t0 obtain numerical solutions :for the cases 
of'. interest by a f'ini t~-dif'f'erence· method. EXplicit· dif'f'erence equations 
were derived and a code utilizing them wa~ Written f'or the Oracle. The re­
sults of' these calculations are P:r~:se:rited in Sec. 5~1. 

A detailed derivation of the di:f'f'erence equations is given in the appen­
dix (Sec. 7. 2) • The equations, baseq. QI1 Fig.· 3., are ·· 

. . . . . 
. .·· .. ·· · .. • (M~ ;,. 1) Ti t + T2, t 

T~,t + ~t = fM~ ·ln(l + m) + ,. · ....... M .'. 
~ ·. . . . . ~ 

(21) 

where 

ri I. m2 l 
M~ = ~t ~n(l + m) ~ ln(l + m~ (22) 

and 

where 

*1 = r~t1 ~fi : :~ (24) 

Necessary conditions f'or the stabi,lity .6f' the .difference equations are M~ 
>land~> 2. I:fthe size. of t!J.e'alf?sumed. time increment is too large, 
errors introq.uced by approximations a:z:oe ~lifieq. and eventUally cause 
wi.).dly oscillating temperatures t9 b.e ·calcUl.aiea.l5 · The solid medium was 
divided into :increments increasing'.with radius to permit s:mB.ll space in­
crements near the surface _but large~ t:line'iricreiiieilts farther out in the 
solid medium. · ·· · · ·. · 

A flow diagram of' the Oracle cOd.~·is given iri Fig. 4. A time incre­
ment At was chosen to. meet stabili,ty r~quirements· for _T~ through Ts and the 

. ·. '·· :· .. ,.: .·. . ,. 
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proper values for the constants ~ were inc·orporated in th~ code. Fifty 
iterations were carried out for zone I and then an iteration was done of 
zone 2, which had a· time increment of· 5,0. 6t<\. The process was repeated for 
X iterations of zon~·- followed by _an,,iteration- of :zQne·,JI~· The. counter 
Y was set to cause the calculation-of:a new heat generation rate after 
sufficient time had elapsed for a decrease ·ot. about 5%. Counter Z stopped 
the calculation after a sufficient amb\lnt Of storage time had elapsed to 
show the maximum temperature. A copy of .the code is given in the appendix 
(Sec. 7.3). · 

3.2 Storage Model Assumptions 

The temperature rise calcUlations ·were based on the following assump­
tions: 

a. The temperature distribution in the-,cylinder at any time is the steady­
state temperature distribution consistent With the instantaneous heat gen­
eration rate. 

b. All thermal prOJ?erties are independent· of. temperature. 

c. The energy of fission product decay is dissipated uniformly within the 
radioactive.solid cylinder. 

d. No chemicaJ. reactions or changes of state ·ct>ccur. 

e. The sensible heat of the radioactive solid is negligible compared with 
·the heat generated up to the time that ·the maximum temperature is reached. 

f. The temperature difference between .the. cylind,er wall and the surrounding 
solid medium is determined by the instantaneous heat flux through two air 
films 0 • ·• 

g. The surrounding medium is initially at uniform temperature. 

As shown by the calculations in Sec o 2·~2, cylinders of the sizes and w1 th 
the properties of interest would closely approach steady state in 30 to 150 
hr. Thus if at least a week or tw of .handling and transportation was re­
quired prior to ~timate storage, assumption ~would be closely approximated 
at the time of storage and would continue ·to be good as the temperature dis­
~ribution in the cylinder responded to· the differentially changing cavity 
surface temperature •. 

The asstimption that the thermal·properties are independent of temper­
ature does not lead to serious error .. in· the calculation of cavity surface 
temperatures because the temperature rise in the· storage medium is only 
moderate if the axial cylinder temperatures are limited to 1000°F and the 
conductivities.'are in the range 0;.1 tO ~··0 Bt~/hr·ft0 •F. In the radioactive 
solid cylinder, where th~ temperature' changes are greater, the error is more 
serious; however, co.rrections cannot be• made unless a particular material 
is chosen for which the effect of 'tempe~ature on thermal conductivity is 
known. 
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Assumption c is well justified pecause most of the energy evolved by 
the Ce-144 chain-and all by the Sr-90 ·chain is due to beta decay. Most 
of the energy evolved. by the· Cs-137chain is due to the- gi:umna..decay of the 
Ba-137 daughter,- but these photons are not very energetic (0.661 Mev)~ 
This assumption is on the ·conservatiVe side;- ·since ·greater distribution of 
the generated beat lowers the axial temperature.: 

. 1-li tb referen:ce to assumption ~~ ·"~:;;he. voiUIIletric· :Q.eat capacities of 1 2 
calcined metal o~des ancl glasses are .of the -order.· of' 10 to 30 Btu/ft3 • °F. ' 
Thus, for an a\rerage temperature rise of 500°F1 sensible heats of the order 
of 5000'to 15,000 Btu/ft3 are. pJ;"Oduc,ed:.. Over the. range Of beat generation 
rates of interest, these sens'ible heats ·are negiigible compared .with the 
total heat generated up to the tim¢ ~he maXiml.un teinperature is reached. 

Two airfilms_were assumed to' de~rili:ine the temperature difference 
between the cylinder and· cavity-sUrfaces sirice.heat.transfer across very 
tall. enclosed air spaces is not well _underj:rtciiod·... ·'i'he' Grashof number, based 
on the l-in .. clearanc;e, was greater than 104 ; showing that conduction would 
not be controJ,.ling.?-b 

4. o HEAT· GENE;RAri,oN RATES 
. . 

. Heat generation rates were. cS;l~ll!ate,d--.for Army Package Power Reactor 
(..APPR-1) fuel. re~rocessed by·tbe Di:l;rex·Pro~ss.l!: ~or an average thermal 
flux of 2. 7 x 10 3 n~utrons / cm2 • ee.c ·and e.r>. irradiatJ.on time of 1. 9 years 
at Ho% load factor,lts.fission prod.tiet .cciricentrations.were·calculated for 
decay times of on~~ three, and ei.ih,t. years~l9 .·. Eigh~ nuclides were found 
to be significant heat .producers 1.n 'o!le..;year;;;decayed fuel and five nuclides· 
in three- Wld eight~yea,r;_decayed·:~l.{Table 1) • .TJ:ie solvent extraction 
flowsheetlf ·.:;;pecified 24Q liters of raft.inate·. solution :troin the first ex­
traction colUnin per· kilogram o:f uraDi.Um. fed.. All fission products -were · 
assumed to bB.ve remained in t!p;s raf,rihate,. and.· a concentration factor of 
8 was assumed for the conver.sion of the raffinate to solid form. These 
cal~ulatiop.s resUl. ted iii heat ge~~rati<)n 'rates of approXimately 700, 210, 
and 70 Btu/hi- per cubic feet of s6:lid to;r one;;.', :·thre:e .. , and eight-year,;.decayed . 
materials. J:Jetails of these· calcu1'a-ti9_ns are given in 1;;be appE,mdix (Sec. 7~1). 

. A graph of heat. gener~tion rate .as . a t'ulf~tion of tilne; normalized to one-year 
. decayed materiai, is given in Fig~ ,14 (appendix) o · . · · 

Heat gener~tion rates for t~e APPR.;;l ~l: ·were regarded merely as 
representatiVe Wl.uesj an,d temperEj:t~e r:i.s.e. ca.lc'tilations were carried 'out 
with beat generation rates up to' 2000 :Btti/hl- per c~bic foot of soJ..id. . 
While· the fis~ion p~oduct distril)ut:i.qi) .. :f'~P~ s~ightly enriched power reactor 
fuels With bighei;' ·burn1.tps are sOIIlewli~t different f~c:>m those of the fully 
enr:i,ched APPR..:.l~ tl;l.ey:are domina~a:'by Ce~l44 aftex<pne year .of decay time 

. and by' Sr-90: and Cl3;;.137 a;t'te~ ·eig}it· :Ye:~r.-8 and ~o -no-t> cause a sigmficant 
difference in tb~ t~~era ture rise~· ~ues ~ . ··, ·. · . 

. •"i· 

-,. 

0 
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Table 1. Fraction of Heat Generation Rate for 
Various Nuclides4.:~ · APBR~~;.<RuiH. · · 

Decayed 
Nuclide 1 year 

Sr-89 0.007 

Y-91 0.013 

Zr-95-Nb-95 0.057 

Ce-144 0.721 
·--:-:.-' 

Ru-106 o.65t 

Pm-147 0.017 

Sr-90:' .. 0.081 

·Cs-137 0.022 
l.QQO 

Decayed 
3 years 

--
0.~56 

o.o47 

0.036 

0.278 

0.182 
1.000 

D:ecayed 
8 yearE) 

--
0.015 

.. ~ ., ~o 

0.004 

0.024 

0.579 

0.278 
1.000 

a .. 
The decay energy from its daughter was attributed 
to the nuclide listed. Transient equilibrium was 
assumed in all cases • 

... . ~-
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5.0 !USuL1B 

5.1 Cavity Surface Temperature a~. a. Function of Time 

By means·· of the Oracle code cavity surface temperatures were calculated 
for cavities with radii ranging f'blin 5 :to· 30 in.·· The time for the maxillilllri 
temperature of the' cavity surface to be reached depended primarily on the 
decay rate of the h~at flux and was anly ~lightly ·a.f;f'ected by the· physical 
prOperties of' the' solid medium. i6:r :heat :fiu:xes decaying like one-, three-, 
and eight-year.:.decayed reactor waste"s, ·teliiPerattir~ maxima. viere reached in 
about three months, six months, arid: ~.ix' years of storage time. 

Temperature-time cUrves for the .s:urf'ace of a cavity in an infinite 
medium of "average soil" showing>bhe .ef::fect c::>f' deba.y time are given in Fig. 
5. ' TCemperature-time curves for the' s~f'ace 0f' a caYi ty in an inf'ini te salt 
medium showing the eff'~cts of cavity radi~s ah(i ma~itude of heat flux are 
given in Figs. 6a- 6 and 1. By the methods of S~c.• 2.2, assuming constant 
heat_ fltix with time, temperature-t:iine .curves were di'a:tm for comparison. 
The constant heat fluX calcuiatiqJ;is served as a cb~'ck on the convergence 
of' the finite differ_ence eqilations~ sl:lawing ·go9d agreement in all cases. 

The phySiCal propertieS Of :i;ritereSt Of 1~ayera.ge SOil, II II average rOck; II 
and salt are given i'n. Table 2. . . . . . . .· 

- -~ .. . . .. . . ,. .. :. . ..· . . . ·. . . 

5. 2 Temperat~e P~ofiles in the. Iiu'ixrlte Medium 

A few examples of tempera~~ p:rof':i.1es .in th~i in:Einite medium are 
given in Fig. 8a ' ~ c; including fn e?lcih case': the' pt'ofile at the time of' 
maximum surface temperature.· The ··calc~atiori. grid extended to a radial 
distance of' 297 ft-. for tlle 10-in~' radius~· to'. 447 :ft·' for the 15-in. radius 
and to 894 ft for the 36.:..in. rad~u~, at:·:w~ch points an isothermal boundary 
was assumed~ ~e valid:i, ty of this' 'assi,'linPtion. is· c9~irmed by the fact that 
th~ theriilal gradi~nt had not progr~s13ed · tq ··these d:!:stances by the end of 
'the calculations' for' any case e:xS.mined'~. .. . 

. . . . . . . : .· . . . . . 

5·3 Temperature Rise . at ·the Radi~act:tve ·cylinder .. Alds. as ~ Function of Time 

. T.Q.e temp~rat'lir~ rise . in the r~dioa;ciive cylin<ier above the initial 
ground temperature was computed by ~aa:±n:g. the ·texuper.ature drop through the 
radioactive. cylin4~r~ .the tempEn:•ature' drops across the convection film at 
the cylinder ·and caVity surfaces/'·a.Ad th.~i·-tempei4a-tu.re rise of the cavity 
surface above· the irii tial grol.m~ t~nxp~rat-:lre·~ · ·· i'lae · t.e!:llpe?ature di-op from 
the axis to the' surface of the rad{(jac:tive cylinder was found .from eq. 17. 
to be~, 

. 1;.· 

(25) 

Temperature drops &cross the convE9.cti6n fi'lJns at the ·cylinder and cavity 
su:d'aces wre calculated by 

·,;. 

·. :·.· ..... 
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Table 2. Physical Properties o:f Various Media 

================:i===============::=~····: 

Medium 

A .. 120 verage sol. . · 

A ,.20 - . verage rocA · 

Salt2l' 22 

Thermal.Conductivity, 
Btu/hr • :ft~.°F 

1.0 

Thermal Di:f:fusi vi t.u, 
:ft2 /br 

0.0178 

0.0457 

0.101 
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and:l (26) 

The heat generation rate Q decreased with ·time ac~ording to Fig. 14 
(appendix), while the temperature rise of the c~vity surface was obtained 
from Figs. 5-7. Because of' the more direct dependence of' the temperature 
drops through th~.radioactive cylinders and acro·ss the air gap on the de­
creasing heat generation rate, their ~ontribution to the temperature rise 
caused the maximum center-line tem.Per~twre to occ'IU" considerably bef'c;>re 
the maximum at the cavity surf'aceo · 

The tim~ required for the temperature at the radioactive cylinder axis 
to reach a maximum decreased as the thermal. conductiVity of the radioactive 

· cylinder dec:reased, . again because: of. tb,e increased fraction of' the total 
temperature rise due to the cylinder itself. With a thermal conductivity 
of' 0.1 Btu/hr•f't·°F, the maXimum temperatUres for" one-:, three~, apd eight­
year-decayed m.S.te.rials were reached in about one week, two weeks, and seven 
months of' storage time. Thus the ~mperature at the cylinder axis reaches 
its maximum before the heat generation rate has decreased significantly, 
and the methods of Sec. 2.2, which assUJ!ille .constant heat nux, may be used 
here. The temperature rise at the ra~ifoactiw cylinder axis as·a function 
of' storage time f'():r a few sa.mpl.e. cases :;;i&: given in Fig. 9a ..;, c. 

5.4 Effects of' Thermal. Conductivity of Radioactive Cylinder and Convection 
Coefficient on Maximum· Temperature, Rise· 

The maximum temperature rise increaSed sharply as the thermal ~on­
ductivity of' the radioactive cylinder was decreased below 0.1 Btu/hr~f't·°F• 
The influence of the convection coefficient beca.rne less important as the 
radius increased, since the tem@erature dXep SCTOSS the convection f'ilm is 
inversely proportional to radius while the tempere.twt"e drop through the 
radioactive cylinder.is proportional to r 2 •. Thes~ eff'ects·are illustrated 
in Fig. lOa - d .. 

5. 5 Ef'f'ects of' De car and Dilution.' Prior to Storage 

The specific heat generation:ra~ Of' a radioactive material. ca.n.be 
decreased prior to ultimate storage ·by ·(i) ·allowing the material to ·decay 
in a temporary storage system, or (2) diluting with a nonradioactive 
material. Thus, by manipulating these tw-G a.iternatives.ll wastes with'dif'f'er­
ent fission product spectra but the same spec:U'ic heat generation rates can 
b.e produced. For two materials with .the same specific heat generation rates 
but different fission product spectra~ the one with· the slower decay rate · 
would be expected to result in a b±ghe:J:- ina.ximum temperature rise upon storage. 
Over the range ·.of C<).ndi tions studied~ t}?.e eff'~ect was founq_ to be SIDBll• The 
difference in inaxi.mum temperature rise 'betweenone- and three ... year-decayed 
:m8.terials WaS. about 2!'/o and between one-. and. eight-year-decayed materials 
about 7% (Fig. ll). · 
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5.6 Comparison of' Storage in Soil2 Rock1 and Sait Media 

The thermal conductivities and thermal diffusivities of "average soil," 
"average rock," and salt are given in ~ble 2. The temperature rise at the 
axis of the radioactive cylinder was calculated forstorage in these media 
assuming thermal conductivities of 0.1 and'0.3 Btu/hr·ft•°F for the cylinder 
(Fig. 12a, b) • For a given initial heat generation rate and cylinder radius, 
the maximtim temperature rise for storage in "average soil" was 25 .to 50% 
higher than for storage in salt and 10 i;.o 20% higher than_ for storage in 
"average rock." As· the thermal conductiyity of' the cylinder increases, the 
choice of storage medium becomes m()re .im.Portaiit becaus~ a smaller fraction 
of the total allowable temperature rise occurs· in. the radioactive cylinder. 

5.7 Storage with Constant Air Temperature 

While the assumed storage model has severaJ. advantages from an oper­
ational viewpoint, it is probably the most conserVative storage method. 
with regard.to minimizipg temperature rise~ A method that would give a 
lower maximum, temperature rise wotiid be :to cool. the· radioactive cylinders 
with a fluid"from a constant-temperature source circulating· by natural 
convection. Assuming that water is not a~.~~·ssi:b:le :.ffi·lilid~·f'-Gr>:.lid~td:mate 
disposal of radioactive wastes· because. of cor~~sion.or.leachlng ~onsidera-
tions, air might be used as the coolant fluid;· · 

The temperature difference atsteady state bei;.ween the. axis and the 
surface of a cylinder with constant uniform hee,t gemeration :i..s given by 
.eq. 25. The temperature difference across the. air f'j_lm at the surface of 
the cylinder is given by eq. 26. AssUll'ling that the cylinder is in a verti­
cal position and cooled by natural convectio~ in air, the convection co~ 
efficient is given by eq. 18. Combining eqs.- 26·and 18 yields 

(27) 

Thus the axial temperature rise of the radioactive cylinder above ambient 
is given by 

. ~. . 

T T = ~k + 1.88RQ0
•80 

· r=O - A (28) 

Equation 28 was used to calcUlate a few cases of interest. (Fig. 13). 
Infinite-medium cases with radioactive solids of ther.mB.l conductivity of 
0.1 Btu/hr·ft·°F are replotted here for .comparison •. For storage in a 
constant-temperature ai+ sink with nat~al convection cooling rather than 
in an iri:hnite sait medium, the perin:issible heat generation rate is in-· 
creased about 50%. . . 

J• • ·."':-..~ "<#• - '··--~~ ·'-
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7 • 0 APPENDIX 

7.1 Calculation of Heat Generation Rates 

For a thermal flux of 2.7 X 1013 n~utrons/cm2 ·sec and an irradiation 
time of 6.0 x 107 sec, the fission product growth calculations are summarized 

, in Table 3· 

Assuming 29;~a.l·of·liqtrld.waste produced·per.·pound of U-235· reproc¢ssed;, 
as in the·Darex flowsheet:,l7 • 

--·. G 1 lb. U-235- · )(454 &~-(-g-mole) · 66 · • ''·'·-<t.;'' .• · · = o.o 7 g-mole U-235 per gal liq waste 
. 29 gal liq waste lb 235 g ·. · · 

. . 

A~sUming a concentration-factor of 8 ·trom:.evaporation: and calCination;-

Therefore 

(
0.534 g-mole U-235). u~t g-mole f.p. *' , 6 02 l023 atoms)~ dis) . 
gal solid waste N~ g-mole u:.;,23~ .. · · · x · g-mole · C' hr x 

. . . . . . ... 

x (E ::)(1.52 X 10-16 ~;~)" 4.89 x 107 (:k)(A){E) Btu/hr•gal solid 

The radiation energies and specific heat_ generation rates-for the impor­
tant fission products are given in Table 4. Figure 14 was obtained by the use . 
of Fig. T-18a, p. 355, of reference 19. 



Saturation 
Value 

Nuclide (Ns/N2:;) 

Sr-89 5.0 X 10-3 

Y-91 6.7 X 10-3 

Zr-95-Nb-95 8.0 X 10-3 

Ce-144 ;.45 X 10-2 

Ru-106 2.7 X 10-3 

Pm-147 4.0 xl0-2 

Sr-90 1.2 

Cs-137 l.'J 

Table 3. Calculation of Fission Product Concentrations in APPR Fuel 

Fraction of 
Saturation 

(N1"/Ns) 

l.O 

l.O 

l.O 

0.78 

0.71 

0.4; 

4.8 X 10-2 

5.2 X 10-2 

1 year 

1.0 X 10-2 

1.5 X 10-2 

1.8 X 10-2 

0.4; 

0.49 

0.8; 

1.0 

1.0 

' ..... . .,." 

-·· 

Fraction of Shutdown 
(Nt/N'11 

3 years 8 years 1 year 

5.0 x 10-5 

1.0 X 10-4 

L44 X 10-4 

7.4 X 10-2 1.0 X 10-3 1.16 X 10-2 

0.122 4.0 X 10-3 9.39 X 10-4 

0.48 0.1; 1.43 X 10-2 

0.94 0.80 5.80 X 10-2 

0.94 0.80 5.20 X 10-2 

.-
-~·,. < •• 

Nt/N2s,moles/mole 

3 years 8 years 

1.99 X 10-3 2.69 x 10-5 
I 

2.)4 X 10-4 
w 

7.66 x 10-6 w 
I 

8.26 X 10-3 2.23 X 10-3 

5.41 X 10-2 4.50 X 10-2 

4.89 X 10-2 4.05 X 10-2 



. ~ ·:: 

Table 4. Specific Heat Generation Rates for Important· Fission Products 

Avg. (~) +Total (Eg)' Mev ~' Btu/hr·gal solid 

Nuclide Parent Daugh:ter Total X, ·hr -l. 1 year 3 years 8 years 

· ·s~-89 0.487 Stable 0.487 -4 5·33xl0. 0.63 

Y-91 0.512 Stable 0.512 4.97 X 10-4 1.24 
'\ 

zr:..95.:....Nb-95 · 0.860 0.798 . 1.658 4.57 X 10-4 5-33 
\.>1 

Ce-144 .1.18 9.93 x 10-5 66.50 11.40 
+ 0.130 1.05 0.15 I. 

Ru-106 0~013 1.30 1.31 7.92 X 10"5 . 4.76 1.19 . '0.04 . 

Pm-147 0.074 Stable 0.074 3·.o4 x 10-5 1.57 0.91 . 0.24 

-Sr~90 0.20 0.73 . 0.93 2.83 X 10 .. ·6 T.47 6.97 5.80 

Cs-137 0.19 0.661 0.798 · 2.40 x io~6 4.87 4.58 .- 3·79 

92.)7 25.05 10.02 
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7.2 Derivation of Finite Difference Equations 

The expression for T1 is obtained by a heat balance between r 1 and the 
log mean of r 1 and r 2; basis 1 ft of height. 

Input: q Btu/hr·ft2 = q A1 ~t Btu = q x 2nr1 ~t 

Output: kA1,2(T1.t - Tg.t) ~t 
~1 

where 

Let ~i = mri 

then 

ri = ri _ i + ~i _ 1 = (1 + m)r± _ 1 

2n[(l + m)rJ - r 1] _ . 21r:mr1 
A1, 2 = ln [(1 + m r 1/r1 - ln (1 + m) 

Accumulation: 

Input - Output = accumulation 

r1q ln (1 + .m) _ (T _ T ) _ 2[ m2 
k : 1,t 2,t - r1~ (l + m) 

Let .!1::r1 m2 ( ) . 2[r ~ M1 = 2k ~t 1n (1: + m) - ln 1 + m , 

- ln (1+ m~ /{=at (T:L,t +b.t- T:L,tl 

T = ~ (ln l + m) + {& - 1) T1.,t ·+ Tg,t 
1 1 t + ~t . kM1 M1 

The expression for Ti is obtained by a heat balance be~en ri_1,i and ri,i + 1 o 

Input: ~ - 1 1 i ( Ti ... 1, t - Ti, t) 6t 

~i- 1 
= 

Output: kA1,i + 1(Ti,t - Ti + 11 t) ~t. 
~i 

2 
Accumulation: 1f(ri + J.. 1; 

2nk(Ti __ 1, t - Ti, t) ~t 

ln (1 + m) 

= 
2nk(Ti,t Ti + 1,t) ~t 

ln (1 + m) 
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Input-output = accumulation 

~cm2(m2 + 2m)rf - 1 

2k At 1n (1 + m) (Ti,t +At • T· tY 1, 

2 

M1 =(k") ~((l + /l~ Let 
r· 1 l - .. 

2 At 

' 
Ti - 1; t + (Mi - 2) Ti.)l t + Ti + J., t 

Ti,t +At= ------------------~M-i~--------------- \I 

7.3 Or~cle Code 

The code is loaded into the electrostatic memory from paper tape start­
ing in cell 000, All constants must be loaded as hexadecimal numbers. Table 
5 gives the location of the pertinent constants. Transfer to 000 to start 
code. 

Since this is a fixed point code, some com·.tants are multiplied by a 
scale factor ·or 2-16 . prior to conversion to the hexaO.ecimal system. A 
starred number is written assuming the bir..ary point to the right of the re·­
gister (e.g. 1* = 00 000 00 001). A diag1·an oZ the code showing the sub­
routine organization is g~ven in F'ig. 15. 

Table 5. Ors.cle Code Constan ... .:.s 

==============D·-·===·============== 

Location 

OEF 

OFO 

OFl 

OF2 through 100 

·101 through lOE 

lOF through li6 

117 through liE 

llF through 128 

133 

134 

135 

Kind of 
Number 

Starred 

Fraction 

·Fraction 

Scaled 

Scaled 

Scaled 

Fraction 

Scaled 

Starred 

Starred 

Starred 

Constant · 

Sets loop counter for item 100 

DJ-n. {l_+ m) 
kM,l 

M11. - 1 

P'i.1. tbrough llihs 

(M2 .- 2). tlli~oug~ (M15 - 2) 

Initial heat generation rates (Btu/hr.ft2). 
for the eight nuclides of one-year de,cayed. 
material 

1 - ~t for eight nuclides 

Initial heat generation rates for.the five 
nuclides of three-and eight-year decayed 
material 

Sets loop coa~ter for item 200 

Sets loop counter for item 300 

Sets loop counter ~or item 010 
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-
HEAT GENERATION RATE 

1-yr DECAYED 
400 

HEAT GENERATION RATE 
3-yr DECAYED 

500 

HEAT GENERATION RATE 
8-yr DECAYED 

600 

BASIC 
ITEM 
010 T1 TO T5 

\ ITERATION 
100 I+-

LOOP T6 TO T10 
CONTROL ITERATION 

700 200 

~l 
T11 TO.T15 

ITERATION 
300 ~ - 1-

I 
~ f.-

T1 TO T15 STORAGE OF STORAGE 
CONSTANTS 900' 

AOO. -
f 

TABLE 

I HEADING 

020 
OUTPUT 

030 

CONVERSION f.-
AND PUNCH 

OE1 

Fig. 15. Diagram of Oracle code. 

STORAGE 
OF 

CONSTANTS 
800 

A0001 

A0002 

OEO 

UNCLASSIFIED 
ORNL-LR-DWG 40819 

ODF 

.. 
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Oracle Code with Constants Set for a Ca~ty Rad~us of 10 In.· 

Directory 

0060000010 0000100400. 0000200500 0000300600 

0000400700 0000500100 0000600200·0000700300 
.. .. . - .. . . 

0000800030 0000900020 0000a~0001 0000ba0002 

0000c00800 0000d00900·0000eOOaOO ffffffffff 

001ab00000 00623001ab·ffffffffff 0019700e00 - -

0019800e01 0019900e10 ·0019a00e2b 0019b00e2c 

0019c00e2d 0019d00~78 0019eOOe80 0019f00e8a . .. ~ -· ·, . 

001a000ea1 001a100ea2 001a200ea3 001a300ea7 
·-~· . ; ... ... .. .... ...... . . '·-· 

001a400eae 001a500eb1 ffffffffff 0000600010 
... · . .: . . . . ,, -· ..... - ~-

000e000020 000be0003·o· 0014d000df 00173000e0 
. -· ·-· .. . ---·---- - ... -·-

00146000e1 0006300100 0008500200 000a200300 
.· - .. -· , ~· ... . .· ........ - .. 

0002f00400 0003e00500 d004b0~699· 9Q~58QQJQO 

000ef00800 007ce00900 0013300a00 ~019700eOO 

001~~ooioo 0014000fc8 qgoe~aQQO! QQ9ea~0002 

ffffffffff 0000000010 0002f00400 0003e00500 
.~ '• ••' •' •'- ~ .-• ,,/ •. ,• ~: • ,•',, I '·· • 

oo04bOO~oo ooo580070Q: 90~~?gq;og 999~~~9?00 

000a200300 00Qbe00030 'OO.Oe000020· 000e5a0001 
. ·- - . ' . -· .. . . .· ' , . - . "' : ... -· ..... .... .) .,• :_. -· ........... -... · .. • - -· - .. 

oooea¥0~~~ qqoeroosoo 90~~3qo~~g go~~OQOfc8 

00146000e1 0014d006df 00173600e0 0019700e00 
. - ... -- .. .. : ... -- - - ·- - .... 

001a6.00f00 007ce00900 .·ffffffffff. ffffffffff 

0000400004 ·ffffffffff 
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Code 

241355f139 241a05f13b 241a05f13c 240034302f 

4010f40117 2400543058 24006430be 407cf40000 

407ee407ee 2413b201a0 5f13b24139 221a05f139 
,_ • .... • . - - - ~-· 7" --- " _., "- • - -· ~ - - - • 

4a003240ef 5f13f24197 5f76~2400e 2019f5f00e 

2413f221a0 5f13f4800d 241a05f13b 241a15f136 
-~ - • • • - • •• • • .._ •• - •. • _. ...... -- •••• - •• _.I - -· ...... _. - • • • ••• - ..... """ 

241355f139 240154303e 2401643058 24017430be 

407cf40000 407ee407ee 2413b201a0 5f13b24139 . ~ .. .. ~- ~- ~ .. 

221a05f139 4a015240ef 5f13f24197 5f7ce2401f 

2019f5f01f 2413f221a0 5f13f4801e 241a05f13b 

241~25f13c 241355f139 240264304b 2402743058 - .... - -~ ~- ..... - - . - ·- '" '" . . ·- ......... _ ... 

24028430be 407cf40000 407ee407ee 2413b201a0 

5f13b24139 221a05f139 4a02600000 2019f54031 

2019f5403d 2402f54035 5403651035 241a35f12d 

2419e5f129 6010f38117 5f10f20129 5f12924035 
-· . ......- . . ..... - --- ·-. -- . --

201a55f035 240362019f 5f0362412d 221a05f12d 

4a0354002f 4302f00000 2019f5404a 2419e5f129 

6011f3811a 5f11f60120 3811b5f120 601213811c 
..... ·--- .... . . 

5f12160122 3811d5f122 601233811e 5f12320l22 
- -- ~- ... -- ·-·· -· -· .. . .. · .. ·-· •. - . 

2012120120 2011f5f129 4303e00000 2019f54057 

2419e5f129 601243811a 5f12460125 3811b5f125 
... . . -- . ' ... .. . ~ 

601263811c 5f12660127 3811d5f127 601283811e 

5f12820127 2012620125 201245f129 4304b00000 

2019f54062 24L345f138 241335f137 2405b43063 . 

2405c43085 24137221a0 5f1374a05b 2405f430a2 

24138221a0 5f1384a05a 4305800000 2019f54084 

. ·-i:.-:.:.. ... -~. 

;• 



:. 

'''I '' 

· .. 
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240ef5f12c 60129380f0 5f12a600f1 387cf207d0 
0 0 0 ~ ..... o K 0 o 0 0, 0 o _, - ~ 0 0 .- ' 0 ·- o 

180103a0f2 7f12b2412b 2012a5f7de 601011b008 

387d01b008 207cf207d1 180103aOf3 7f7df60102 

1b008387d1 1b008207d0 207d218010 3a0f47f7e0 
-- ~· '<t- -·~ ...... 

601031b008 387d21b008 207d1207d3 180103a0f5 

7t7e160104 lb008387d3 1b008207d2 207d418010 . . . . ,• . - . . . 

3a0f67f7e2 7f7d3247e1 5f7d2247e0 5f7d1247df 

5f740247de 5f7cf2412c 221a05f12c 4a06540063 
. ', .. '· . ,.. ..... . 

4306300000 2019f540a1 601051b008 387d41b008 

207d320Jd5 180103a0f7 7f7e360106 ~~098~~?d~ 

tb008207d4. 207d618010 3aOf87f7e4 601071bOOa 
' . .... ._. .. . .. - "' ·~ . . .. . ,, ' ..... ~ ... - ' .... ' ;·· 

3~7d61b008 207d5207d7 180103a0f9 7f7e560108 - ' . ' ......... •' .. · _. ......... . .. '-·-- -. ' -·· .... 

1b008387d7 1b008207d6 207d818010 3a0fa7f7e6 
. - . •' ... ._. ............. ····'-·-- .. -· .. 

601091b008 387d81b008 207d7207d9 180103a0fb 
•• ' • , • • .. ' - • ,,.. ·--. r -· • '~ ·• ' • • 

1t7d8247~6 5f7d7247e5 5f7d6247e4 5f7d5247e3 . . . ~ .. ..__: . ' .. - .. ...... . ... . . .._· ............ ---- ..... ·- -· 

5f7d440085 4308500000 2019f540bd 601ba1b008 
. . .. -· .. ·-. " .. _, - .... ·, -- ' - ........ _ ·- -·- . 

· 387d9lb008 207d8207da 1801·03a0fc 7f7e86010b ....... - ~ - ...... --- ............. ·- --· ' ... ' - .. 
\ . . . ' 

1b008387da 1b008207d9 207db18010 3a0fd7f7e9 
.. .. ••• - ._. _._, ··; ._ ..... ..-...; -~ _.- ,,d· .... l, ............. . 

601'0c1b008 387dblb'o08 207da20~dc 180103a0fe .... - .... ' - .. - - -·---· ... -- ··--. ...) .... _. __ .. '""··'·" 

7_f_te~~o~·oct _1_bOOS3.~?ci~ .~1?09§?.0.?~~ ~~~~g1_891Q 
:3a0f~7f7eb 6010e1bOOS .387ddlbOOS 207d~18Q10 

0 ° ,0 .,' ', • , 
0 

0 ' • , .:. o •", "' I ,. • • o, • .. '-• ,_ IJ ,• •• ~~ e ' .... ,; •" ,, I I ._- , - • ,. _ 

~a.1.o~i~?d4 24'?e.??f.'?~q ~~?~-~s~z~~ ~~!~-?~f?~~­
·247~85t7cte 430a200000 2019f540c1 2019f540c2 

., ... ·. . ~· .... .; ... . .... ~· ···-· .. ·-·if•"'---·-- ...... ~~..-· ..... , ........ :. 

~~~~f$4Q~~ 240b·~4Q~f· ~~q~~~~Q~~ ~~q~~~QO~~ 
... ~·49~·4·4~-9~9· 490(;! ~9Q·Qqq ~~~-~~-~~.9~Q ~~1:.~_1?,~~.3.~ 

'240c8430e0 400ea00000· 2413b12020 5f1328c132 

·acOdf4.30cd .·241a15f1·3d: ···24la45f13e 607cf38136 
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5f7ee400be 240d143146 000648c7ee 240cf2019f 
- .. ~~ ,. . -~ 

5f0cf240d0 2019f5f0d0 
·. 
240d2201a0 5f0d22413d 

- ... - .. ... 

221a05f13d 480db8c0df 410da241a1 . 5f13d2413e 
- . .. .. -. ._.· -~ ... ,,, -- ... - ---· - -· .. 

221a05f13e 4a0cf400be 430be00000 3500000000 
·~ ... ,_ ......... -· .. ····-· . -· ·-' ·._)_. ~ -- ... ·-- ~-- ' 

2019f540e2 2019f540e4 240e0540e3 880e0430e4 
-·- ... - .... . -

430e000000 3212340e0a 1e10321134 Oe180e1c0a 

1e13191810 .3800000000 342d321e34 i3170e1032 
~- .... ·. . ·-- .. "- .. . ...... · -~· .. - ··' ··' ·-· ~· -· - ..... ~- -· -· ... 

. . 

1334180c1c Oe170e181e ~9~~9090~~ 0000000031 

Ob1c432ca5 2bc6a7ef9d 0000abc605 00026871fb --- - ,_, ···-··· _ ..... ·--··-····-·-··-·····-

00054665ea 000b8f5bb9 001950a4ef 00011be76f 
- . ·.• . .. - .. · ,_, ~-· ·-' ·- ·- ~ .. ·-- -· ~· ·--· .. ·- . ·,,....,. ~-- ~-i·~-•,; _ _I • - --· •• -

00026eb84d 00055332fa 000ba7af6d 001987ae93 -. , .. _;. ·.. . .... . ... / . - -- -- .. ..... --· --- . ~-- ·., ..... ~- -· . ·--· - ........ . 

00023ccca0 9.99~~6c8e6. ogg~~~28~? 99!?§~~??'? 

00337ebb24 0001687339 0004466728 000a8f5cf7 
·-· - ~ ...... • . .. ·-:· ..... -- ......... -. . -... ) '-1 .... ~ ...... '--··-··'---- ' .. - :-' 

001850a407 00001be687 00016Sb765 0004533438 
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