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ABSTRAbTi .

Temperatures were calculated, for application to the storage of radio-
active solid waste, as a function of’ time and radial distance for radioactive
solld cylinders in infinite solid media:of "average soil," "average rock,"
and salt. A resistance at the cylinder-—infinite medium boundary was in-
cluded in the form of an air space.;

For the range of parameters used'andbwithin the practical limits of
~accuracy, the maximum temperature rise increased linearly with the heat
generation rate. The fission product spectrum was not significant in the
determination of the maximum temperature rise. Under the pessimistic storage
conditions assumed in this“study, the- storage of cylinders of a practical
size appears feasible without excessive temperature rise. A maximum temper-
ature rise of 1000°F would be produced with an initial heat generation rate -
of 1300-1600 Btu/hr:ft® for cylinders with a 5+in. radius, with 350-450
Btu/br.ft3 for a 10-in. radius, and ‘with 175-210 Btu/hr-ft® for a 15-in.
radius, assuming a thermal conductivity of the radioactive cylinder of 0.1
Btu/hr £t-°F. : :
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1.0 INTRODUCTION

Herein are reported calculations of temperature rise in deeply buried
radioactive cylinders. The emission and attenuation of beta and gamma rays
within a radiocactive solid results. in the generation of heat which must
either be stored in the solid as sensible heat or dissipated to the environ-
ment. The calculation of temperature rise in deeply buried radioactive
solids has immediate application to the several programs on ultimate dis-
posal of radioactive wastes as solids. Conditions of storage for.such
wastes must be such as to prevent temperature rise sufficiently high to
cause evolution.of gases or to threaten the structural integrity of the
storage system. A criterion for safe storage would probably be to prevent
the rise of temperatures above those reached during the calcination process.
The maximum temperature rise in radiocactive solid cylinders separated from
an infinite solid medium by & l-in. air space was calculated over a range
of cavity radii of 5 to 30 in. with heat generation rates up to 2000 Btu/hr-
£t3. The assumed thermal conductivity of the radioactive cylinders was
varied from 0.1 to 1.0 Btu/hr-ft.°F, ,

Cylindrical geometry for the radioasctive solid was chosen because the
cylinders can be sufficiently small in diameter to prevent excessive temper-
ature rise but sufficiently long to permit storage of a large amount of
material. Furthermore, cylindrical cavities can be conveniently made by
drilling. Conditions of storage of radioactive solid cylinders in infinite
solid media of "average soil," "average rock," and salt were investigated.
The effects of specific heat generation rate, fission product spectrum,
thermal conductivity of the radioactive cylinder, and convectlion coefficient

in the air space were studied

The advantages in the conversion of 1iqyid wastes to solids prior to
storage are decreased mobility and corrosion and either fixation of fission
products or volume reduction. Fixation of fission products into a glass
or clay matrix in a nonleachable form generally precludes a significant
volume decrease. ‘The problem of temperature rise is usually made worse by
_ the conversion from liquid to solid in that the specific heat generation
rate 1s increased in proportion to the volume decrease and the mechanism of
convection 1s no longer available for heat dissipation. Three general methods
of 1liquid to solid conversion are being developed currently: (a) evaporation
to dryness f&llowed by thermal decomposition (calcination) in the range
~ 400-800°C,L1-* (b) formation of a gel by the addition of mineral constituents
~ with subsequent drying and firing at about 1200°C to form a- glass,5 and c%
sorption of fission preducts on clay followed by firing at about 1000°C.°”
. The calcination method appears likely to produce solid wastes with the highest
volumetric heat generation rates andilowestVthermaL conductivities°

Calculations for the storage of spherical and cylindrical shapes, with
the physical properties gf glass and diameters ranging from 0.25 to 2.0 ft,
were made at Chalk River® for the condition of shallow burial of radioactive
solids in sand. At burial depths of 10 ft, the heat of decay is soon dissi-
pated to the atmosphere at the surface: of the earth. Steady-state heat trans-
fer was assumed in both the radioactive solid and the sand medium. Perring9
of Harwell chose as his system an infinitely 1ong cylinder of radioactive ‘
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solid in perfect thermal contact with an infinite solid medium of the same
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 temperatures as a function of timeé were
obtained for two fission product concigtrations and cylinder diameters of

5> 10, and 20 cm. Rodger and Fineman™“ 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 conductivities of 0.1 and
0.5 Btu/hr ft.°F for the radioactive solid and the’ surrounding earth, re-
spectively.

Symbols. The following symbols aré used in the equations:
A area,fte, ‘ ‘

c  heat capacity, Btu/1b:°F

D diameter, ft
h  convection coefficient, Btu/hr-£t2.°F
k thermal conductivity, Btu/tr.ft2® (°F/ft)
Tivy = T4
m A ————————————
Ty

a heat flux, Bpu/hr-fta

q, initial heat flux, Btu/hr-£%2

Q heat generanion rate, Btu/hre£t®

Qo initial heat generation'rate, Btu/hr - ££°
r radial distance, ft , .
R radius of radioactive cylinder, ft

Rz radius of cylindrical cavity, ft -

t time, hr

T tenperature,°F’

T, ambient temperature, °F

To initial temperature, °F

Tq surface temperatnre, °F

u  variable of integration



@ thermal difquivity, ftz/hr ;gyz;

B a root of the equation BJi(RB) = h/k Jo. (RB)
7 0. 57722 ,‘x = Buler' s coustant
~ density,-lb/fts-

A radioactive decay constant,ihr’lc'
2.0 STORAGE MODEL AND SUBSIDIARY EQUATIONS

. The specific physical application® which prompted this calculation is ‘
the. storage. of - long, cylindrical containers filled with calcined radioactive
wastes in holes drilled in the earth, but the results of the calculation
are somewhat more general. The problem involves diffusion of heat from a
decaying uniform hedt scurce through an air gep 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 cumberscme to evaluate. The problem is more
easily solved by the use of digital computer techniques. - The complexity of
the calculation is greatly decreased if ‘certain simplifying assumptions can |
be made. To gain insight into the’ problem and to evaluate possible assump- -
tions, some limiting cases were studied.for which there are analytical so-
lutions ‘

First, the temperature transients within the cylinder itself were
studied using uniform initial temperature distribution, a uniform and con-
stant heat source, and a constant temperature air sink. The results of this
: study showed that the ‘steady-state temperature distribution within the

. cylinder could be ‘assumed both as an inltial condit ion and throughout the
storage calculation '

v Secondly,  the limiting case oP 8 constant heat flux at the surface of

a cylindrical cavity in an infinite solid was studied. The complexity of
‘this case was Significant in pointing up the desirability of a numerical
solution of the more complex problem of the’ decaying heat source. Results
from this study were useful in establishing the convergence of the subse-
quent numerical calculation. .

, Finally, the problem of the decaying heat source in the infinite medium
- was divided into two parts, (a) the determination of the temperature rise in
the surrounding medium by numerical calculation, and (b) the temperature drop
through the cylindrical container of solids and the air space by analytical
calculation (Fig. 1). ‘The results of the first calculation can also be
.applied to the storage of. cylindrical - containers of. liquid radioactive wastes,
and -the latter to the storage of radioactive solid cylinders in an isothermal
medium. The calculation of storage of’ cylindrical containers of radioactive
solids in an infinite medium Without an air gep is not reported in this work,
but can be easily computed from the calculations presented here. '
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2.1 Temperatures in Solid Cylinders, Initially at Uniform Temperature, w1th
Constant Heat Generatlon and Convection Cooling at the Surface

The history of a radioactive cylinder 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 of its formation, a radioactive
cylinder will probably be at a uniformly high temperature; for example, it
may be formed by the calcination of a waste liquid. The equation of heat
conduction for this cage is

Sargageig o
with the initial conditi§ﬁ |
| T=Toatt=0vv':' : (2)
and boundary condit;ons
33 Oatr=0 -ka— hT at r = R (3,4)

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

Nr,t) = Ta(r,t) + Ta(r) (5)

EQuation 1 now becomgs
kT a (6)

with the initial condition

Ty + Ta = Tp 8t £ = 0 | - (M
and boundary conditions 7
ory o _ | | |
yr-l-Oan;lar ._oatr_o (8)
-k ‘)f th atr=R , (9)

(10)

|
=
H_l-a
e
B - &
H
o
o)
ct
H
1]
2s ]
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Separating varisbles in eq. 6 ylelds

= }_ .
?’- -5 (11)
az'rgf _1_%2; g= o | ‘
o .+ S f =0 . - (12)
Equation 11. wi'bh conditions 7, 8, a.nd 9 has been solved by Carslaw and
Jaeger:11 - : _ _ C
_ Qh(To _; T2) =) - aarglt . J'o(rﬂn) . )
Ty = — Z | — (13)
‘ . a ., 3
k2 Pajlo n:
vhere B, are the 'ro'ot,s of
BJ1(RB) = ¢ Jo(RB) | (14)
The solution to eq. 12 with conditions 8 and 10 1s.
(15)

Combining equations 13 and 15 ylelds the desired solution:

R

_QR3 _r® 2k
T-Hr(l 2+hn>,

- Jo(rBp)
+'}2<—§To IQ;RTe('E'Z'ﬁ Zexp( aﬁﬁt) . o.' - (16)
| R8 ma (i? fsﬁ) (EE)

at steady state (t — ®©) and

T= ﬁ'(l T m) | (27)

Equation 16 was used to calc_':ulate"' thg'_approach to steé.dy*sﬁate. for i -
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a few sample conditions of interest in waste processing. Assuming natural
convection cooling with air, a convection coefficient of about 1 Btu/hr-
Ft2.°F was estimated and checkedl? after calculation of surface temperatures

by - o _
T, = T
h = 0. 27( é) , ' (18)

For the case of natural convection cooling in water, a coefficient of 30
Btu/br-£t2.°F was estimated.l® A thermal diffusivity of 0.006 £t2/hr was
assumed, based on values of Alz0s .of 0.0075'ft /hr and for Fez05 of 0.0059
£t3/hr.15 13 Assuming an initial uniform temperature of 1300°F, which might
be reached in a calcining or fusing operation, the steady-state center-
line temperature was approached within 10°F in 30 to 150 hr over the ranges
of radii from 0.333 to 1.0 £t and thermal conductivities from 0.1 to 1.0
Btu/hr ft- °F (Fig. 2a, b). On the basis of these calculations, the cylin-
ders were assumed to have reached their steady-state temperature distri-
butions prior to storage (refer to assumptions. in Sec. 3.2).

Since the rate of heat generation by radioactive wastes discharged
from the reactor one year or more would decrease less than 5% in one or-
two weeks, the assumption of "constant" heat generation rate during the
unsteady-state perlod is permissible. After reaching an apparent steady
state, the temperature distribution in the cylinder would decrease differ-
entially as the heat generation rate continuouSly decreased as a result
of radiocactive decay. However, the temperature distribution in the cylin-
der can be calculated with good accuracy at any time by using the proper
value of instantaneous heat generation rete in the ‘steady~-state equations.

2.2 Infinite Cylindrical Cavity in Infinite Medium with Constant Heat
Flux at Boundary

Th&s case was derived by Carslaw and Jaeger for zero initial temper-
ature:1 . ,

e - 29 j?(: - ap2€) Jo(hr) Ya(iRa) » Yo(kr) J1(kR2)

. : ap. (19)
VAR + B(R)] SRt

Equation 19 is not in convenient fdrm‘fdr numerical evalﬁation, but Carslaw
and Jaeger pregent a graph for the evaluation of surface temperature for
values of at/Rs less than 10. For large velues of time, the surface temper-

ature is given by _

- .2 .

_ Rz, floy . of Rz |

T =3¢ mé )7 f%n )@m
2 .

where 7 = 0.5T722ueus 18 Buler's constant and the Landau O indicates that
the remainder term 1s of the order of Rgﬁzt. For this case of constant
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heat flux, eq. 20 shows that the surface temperature increases logarithmi-
callg without limit as the time increases. For the period of time in which
at/R2 is greater than 10 but the heat generation rate has not yet decreased
appreciably, eq. 20 can be used to calculate the cavity surface.temperature.
It will be seen later that the period of time over which eq. 20 can be used
is the perlod of greatest interest.

3.0 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 for this case by the methods of classical mathematical physics
would be even more complicated and cumbersome to evaluate than eq. 19. For
this reason the decision was made to obtain numerical solutions for the cases
of interest by a finite-difference method. Explicit difference equations
were derived and a code utilizing them was written for the Oracle. The re-
sults of these calculations are presented in Sec. 5.1. '

A detailed derivation of the difference equations is given in the appen-
dix (Sec. 7.2). The equations, based on Fig. 3, are

(My -'1) T,t + Tot

r .
Tl,t + Ot 7 %M-i ln(l + m) + My (21)
where
r2 m2
_ 1 . -
M2 = 20t |Tn(T + m) n(1 + m) (22)
and .
Ti -1t t M - 2) Ti,t + T3 4 1,t (1=2,3 4 ...,15)
Ti,t + ot = My - (23)
where r2
{ - 3
M 1 |n2(2 + m) (24)

i - T20at (In(I + m)

Necessary conditions for the stability of the difference equations are M;
> 1 and M; > 2. If the size of the assumed time increment is too large,
errors introduced by approximations are amplified and eventually cause
wildly oscillating temperatures to be calculated.l”? The solid medium was
divided into increments increasing with radius to permit small space in-
crements near the surface but larger time increments farther out in the
solid medium.

A flow diagram of the Oracle code is given in Fig. 4. A time incre-
ment At was chosen 10 meet stability requirements for T; through Ty and the
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Fig. 3. Incremental Division of Infinite Solid Meduim for Derivation of Finite Difference Equations.
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proper values for the constants M; were incorporated in the code. Fifty
iterations were carried out for zone I and then an iteration was done of
zone 2, which had a time increment of 50 At. The process was repeated for
X iterations of zone'§{f followed by an iteration of zane ILIL. The counter
Y was set to cause the calculation of a new heat generation rate after
sufficient time had elapsed for & decrease of about 5%. Counter Z stopped
the calculation after a sufficient amount of storage time had elapsed to
?how the ?axlmum temperature. A copy of the code is given in the gppendix
Sec. T.3). :

3.2 Storage Model Assggptions

The temperature rise calculations were based on the following assump=-
tion5°

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 properties are independent of temperature.

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

d. No chemical reactions or changes of state occur.

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 cylinder wall end the surrounding
s0lid medium is determined by the instantaneous heat flux through two air
films.

g. The surrounding medium is 1nitially at uniform temperature.

As shown by the calculations in Seec. 2.2, cylinders of the sizes and with
the properties of interest would clcsely approach steady state in 30 to 150
hr. Thus if at least & week or two of handling and transportation was re-
quired prior to ultimate storage, assumption & would be closely approximated
at the time of storage and would continue to be good as the temperature dis-
tributlon in the cylinder responded to the differentially changing cavity
surface temperature.

The assumption 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 1.0 Btu/hr-ft°.F. In the radioactive
solid cylinder, where the: temperature changes are greater, the error is more
serious; however, corrections cannot be mede unless a particulsr material
is chosen for which the effect of temperature on thermal conductivity is
known.
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Assumption ¢ 1s well justified because 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-137 chain is due to the gamma decay of the
Ba-137 daughter, but these photons are not very energetic (0.661 Mev)..

This assumption is on the conservative side, since ﬂreater distribution of
the generated heat lowers the axial. temperature.

With reference to assumption e, the volumetric heat capac1ties ‘of l 5
calcined metal oxides and glasses are @f the order of 10 to 30 Btu/ft3 °F
Thus, for an average temperature rise of 500°F, sensible heats of the order
of 5000 to 15,000 Btu/ft3 are produced, Over the range of heat generation
rates of interest, these sensible heats are negligible compared with the
total heat generated up to the time the maximum temperature is reached.

Two air films were assumed to determine the temperature difference
between the cylinder and cavity surfaces since heat transfer across very
tall enclosed air spaces is not well understood. The Grashof number, based
on the l-in. clearange, was greater than lO", showing that conduction would
not be controlling

4.0 HEAT GENERATION RATES

Heat generation rates were calculated for Army Package Power Reactor
(APPR-1) fuel re rocessed by the DareX'Procgss.17 For an average thermal
flux of 2.7 x 103 neutrons/cm®.sec and. an irradiation time of 1.9 years
at 80% load factor,1® fission product concentrations were calculated for
decay times of one, three, and eight years.l9. Eigkt nuclides were found
to be significant heat producers in one-jyear-decayed fuel and five nuclides
in three-_gnd eight-year-~decayed fuel (Table 1). The solvent extraction
flowsheet! specified 240 liters of raffinate solution from the first ex-
traction column per kilogram of uranium fed. All fission products were
assumed to have remained in this raffinate, and a concentration factor of
8 was assumed for the conversion of the raffinate to solid form. These
calculations resulted in heat generation rates of approximately 700, 210,
and T0 Btu/hr per cubic feet of s¢lid for ¢ne-, three-, and eight-year-decayed
materials. Details of these calculations are-given in the appendix (Sec. T.l).
A graph of heat generation rate as a functien of time, normalized to one~year
decayed material, is given in Fig. 14 (appendix)

Heat generation rates for the APPR-1 fuel were regarded merely as .
representative values, and temperature rise calculations were carried out
with heat generation rates up to 2000 Btu/hr per cubic foot of -solid.

While the fission product distribution from sllghtly enriched power reactor
fuels with higher burnups are somewhat different from those of the fully
enriched APPR-1l, they are dominated by Ce-lhh ‘after one year of decay time
and by Sr-90 and Cs-137 after eight years and do not cause a signiflcant
difference in the temperature rise values. » .
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Table 1. Fraction of Heat Generation Rate for
Various Nuclides®.from APPR+l, Fuel .

W

. Decayed‘ Decayed Decayed

‘Nuclide | 1l year 3 years 8 years
se89 0,007 - -
Y01 0.613 | - ieév-
295 —16-95 oot e e
Ce-ih%u o.}?l | 0.456. 0.015

- Ru-ldé_ ” 0.651 o047 ‘ébééﬁ
' Ppell7 f; | 6.017  0.036 0.024
sr-9o;glul 0.081  0.278 ‘6;5?§
Cs-137 0.055  0.183 0378

T1.000 1.000 1.000

& The decay energy from its daughter was attributed
to the nuclide listed. Transient equilibrium was
assumed in all cases. ' S
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5.0 RESULTS

5.1 Cavity Surface Temperature as a Function of Time

By means of the Oracle code cavity surface temperatures were calculated
for cavities with radii ranging from 5 to 30 in. The time for the maximum
temperature of the cavity surface to be reached depended primarily on the
decay rate of the heat flux and was only slightly affected by the physical
properties of the solid medium. For heat fluxes decaying like one-, three-,
and eight-year-decayed reactor wastes, temperature maxima were reached in
about three months, six months, and six years of storage time.

Tbmperature-tlme curves for the surface of a cavity in an infinite
medium of "average soil" showing the effect of decay time are given in Fig.
5. Temperature-time curves for the surface of a cavity in an infinite salt
medium showing the effects of cavity radius and magnitude of heat flux are
given in Figs. 6a - ¢ and 7. By the methods of Sec. 2.2, assuming constant
heat flux with time, temperature-time curves were drawn for comparison.

The constant heat flux calculations served as a check on the convergence
of the finite difference equations, showing good agreement in all cases.
The physical properties of interest of "average soii,” "

average rock,"
and salt are given in Table 2. .

5.2 Temperature Profiles in the Infinite:Medium

A few examples of temperature profiles in the infinite medium are
given in Fig. 8a - ¢, including in each case the profile at the time of
maximum surface temperature. The caleulation grid extended to a radial
distance of 297 ft for the 10-in., radius, to W47 £t for the 15-in. radius
and to 894 £t for the 30-in. radius, at which points an isothermal boundary
was assumed. The validity of this assumption is confirmed by the fact that
the thermal gradient had not progressed to these distances by the end of
‘the calculations for any case examined.

5.3 Temperature Rise at the Radioadtive Cylinder Axis as & Function of Time

The temperature rise in the radioactive cylinder above the initial
ground temperature was computed by adding the temperature drop through the
radioactive cylinder, the temperature drops across the convection film at
the cylinder and cavity surfaces, and the temperature rise of the cavity
surface above the initial ground temperature. The temperature drop from
the axis to the surface of the radigective cylinder was found from eq. 17
to be;

(25)

Tbmperature drops across the convection films at the cyllnder and cavity
surfaces were calculated by
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Table 2. Physical Properties of Various Media

— ]

Thermal Conductivity, Thermal Diffusivity,
Medium Btu/hr.fte°F £t2/hr
Average 80il-l 0.56 | 0.0178
Average rockao 1.0 o 0.0457
a1t 22 2.80 (100°C)- - 0.101
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The heat generation rate Q decreased with time according to Fig. 1k
(appendix), while the temperature rise of the cavity surface was obtained
from Figs. 5-7. Because of the more direct dependence of the temperature
drops through the,radiocactive cylinders and across the air gap on the de-
creasing heat generation rate, their comntribution to the temperature rise
caused the maximum center-line temperature to occur considersbly before
the maximum at the cavity surface.

The time required for the temperature at the radiocactive cylinder axis
to reach a maximum decreased as the thermal conductivity of the radiocactive
cylinder decreased, again because of the increased fraction of the total
temperature rise due to the cylinder itself. With a thermal conductivity
of 0.1 Btu/hr £t-°F, the maximum temperstures for one-, three-, and eight-
year~-decayed materials were reached in about one week, two weeks, and seven
months of storage time. Thus the temperature at the cylinder axis reaches
its meximum before the heat generation rate bhas decreased significantly,
and the methods of Sec., 2.2, which assume constant heat flux, may be used
here. The temperature rise at the radicective cylinder axis as'a fUnctlon
of storage time for a few sample cases :1s. given in Fig. 9a = c.

5.4 Effects of Thermal Conductivity of Radiosctive Cylinder snd Convection
Coefficient on Maximum‘Tmeerature.Rise

The maximum temperature rise increased sharply as the thermsl con-
ductivity of the radiocactive cyllinder was decreased below C.l Btu/hr £t F.
The influence of the convection coefficient became less important as the
radius increased, since the temperature drop across the convection film is
inversely proportional to radius while the temperature drop through the
radiocactive cylinder is proportional to r2, These effects are illustrated
~in Fig. 10a - 4.

5.5 Effects of Decay and Dilution Prior to Storage

The specific heat generation rate of a radiosctive meterial can be
decreased prior to ultimate storage by (1) allowing the material to decay
in a temporary storage system, or (2) diluting with a nonradiocactive
material. Thus, by manipulating these two alternatives, wastes with:differ-
ent fission product spectra but the seme specific heat generation rates can
be 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 higher maximum temperature rise upon storage.
Over the range of conditions studied, the effect was found to be small. The
difference in maximum temperature rise between one- and three-year-decayed
materials was about 2% and between one- and eight-year-decayed materials
about 7% (Fig. 11).
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5.6 Comparison of Storage in Soil, Rock, and Salt Media

The thermal conductivities and thermal diffusivities of "average soil,"
"average rock,” and salt are given in Table 2. The temperature rise at the
axis of the radioactive cylinder was calculated for st@rage in these media
assuming thermal conductivities of 0.1 and 0.3 Btu/hr.f+-°F for the eylinder
(Fig. l2a,b) For a given initial heat generation rate and cylinder radius,
the maximum temperature rise for storage in "average soil" was 25 to 50%
higher than for storage in salt and 10 to 20% higher than for storage in
"average rock." As the thermal conductivity of the cylinder increases, the
choice of storage medium becomes more important because 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 several advantages from an oper-
ational viewpoint, it is probably the most conservative storage method
with regard to minimizing temperature rise. A method that would give a
lower maximum temperature rise would be to cool the’ radioactive cylinders
with a fluid from a constant-temperature source circulating by natural
convection. Assuming that water is not a:permigsible ‘fluid:for:ultimate
disposal of radioactive wastes because of corrosion or leaching considera-
tions, air might be used as the coolant fluid.

The temperature difference at steady state between the sxis and the
surface of a cylinder with constant uniform heat generation is given by
eq. 25. The temperature difference across the air film at the surface of
the cylinder is given by eq. 26. Assuming that the cylinder is in a verti-
cal position and cooled by natural convection in air, the convection co-
efficient is given by eq. 18. Combining eqs. 26 and 18 yields

Toeg = Tp = 1.88RQ°°%° | (21)

r=

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

Tocp = Ty = aR= +V1 88RQ° -89 ' (28)
r=0 A F]E— ) ° ‘ .

Equation 28 was used to calculate a few cases of interest (Fig. 13).
Infinite-medium cases with radioactive solids of thermal conductivity of
0.1 Btu/hr f£t.°F are replotted here for comparison. For storage in a
constant-temperature air sink with natural convection codling rather than
in an infinite salt medium, the permissible heat generation rate is in- -
creased about 50%.
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7.0 APPENDIX

7.1 Calculation of Heat Generation Rates

For a thermal flux of 2.7 x 10%° neutrons/cm »sec and an irradiation
time of 6.0 x 107 sec, the fission product growth calculations are summarized
in Table 3. ,

Assuming 29 gél of li%uid waste produced per pound of U-235 reprocessed,
as in the Darex flowsheet, o

'ﬁ%<; 1 1b U-235 tg)(?it %a(g'mOlé) = 0.0667 g-mole.U-235 per gal liq waste

0 gal 1liq was 235 g

Assuming a concentration factor of 8 from evaporation and calcination,

8 gal 1liq waste g-mole U-235 ' _ ‘ o |
(gal solid_waste><o 0667 Zal liq waste = 0.534 g molée U-235 per gal solid waste

Therefore

0.534 g-mole U-235|/Wt g-mole f.p. 6.02 x 1023 atoms )/, dis
gel solid waste )|NZ5 g-mole U-235 /(" g-mole /i~ hr /¥

( %2)(1 52 x 10716 ﬁtu) 4.89 x 107<Nt )(}»)(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 1k was obtained by the use
of Fig. T-184, p. 355, of reference 19. : :




Table 3. Calculation of Fission Product Concentrations

in APPR Fuel

Fraction of Shutdown

Saturation Fraction of (Nt/N7) ‘ Nt/N&s, moles/mole
Value Saturation - -
Nuclide (Ns/Né) (NT/Ns) 1 year 3 years 8 years l‘year , 3 years 8 years
Sr-89 5.0 x 10 2 1.0 1.0-x 1072 - -- 5.0 x 105 - --
Y-91 6.7 x 1073 1.0 1.5 x 102 - - 1.0 x-107% - -
Zr-95--Nb-95 8.0 x 1072 1.0 1.8 x 1072 - - 1.bk x 1074 -- --
Ce-1hl 3.45.x 1072 0.78 0.43 7.k x 1072 1.0 x 1072 1.16 x 10”2 1.99 x 1072 2.69 x 1075
Ru-106 2.7 x 10'.3 0.71 0.49 0122 | 4.0 x 1072 9.39 x 107% 2.34 x 107% 7.66 x 107
Pm-147 4.0 x 1072 0.43 0.83 0.48 0.13 1.43 x 1072 8.26 x 1072 2.23 x 1073
Sr-90 1.2 4.8 x 1072 1.0 0.94 0.80 5.80 x 10°2 5.41 x 1072 4,50 x 1072
Cs-137 1.9 5.2 x 1072 1.0 0.94 0.80 5.20 x 1072 4.89 x 1072 4.05 x 1072

~gg- -



Table U4, Specific Heat Genmeration Rates for Important Fission Products

Nuciide

Avg. (Eyp) + Total (Eg), Mev

A, hr'?

Qo, Btu/hr.gal-solid

Parent ~ Daughter Total 1 year 3 years 8 years
Sr-89 0.487 Stable 0.487 = 5.33 x 107% 0.63 -- --
Y-91 0.512.  Stable 0.512  4.97 x10™% 1.éh - --
'_Zr;95-mb;95 0.860 0.798 . 1.658 j4;57-x'1of4 "5.;; - -
,déQluu o | 0}130 ©1.05 © 1.8 »'J9Q93_#j10'§ £ 66.50. . 11.h0 o.ls_
' Ru-106 - 0.013 - 1.30 131 7.92x105 476 119 . 0.0k
fm-1h7., ; 0.074 . Stable o.o7h- ' 5@0& x 1075 1.57 0;91 ok
s7-90 020 073 093 285x107°  TA 69T - 5.80
05-137 ‘ ©0.19 10.661 - 0.798  2.40 x 1078 4L.87 k.58 3,79
| - 92.37 25.05 | 10.02

- ng-
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T.2 Derivation of Finite Difference Equations

The expression for T, is obtained by a heat balance between r; and the
log mean of r; and rp; basis 1 £t of beight.

Input: g Btu/br.ft® = q A; At Btu = q x 2nry At

- Aj _ 21t(r - ]’.‘
As/A;)  In (rofry

Output: kA;,o(Ti,¢ - To t) Ot _ _As
N where A1,2 =Tn (

Let Ary = mrj
-ri=ri_1+Ari_1=(l+vm)ri\-1—'

2n[(l + m)ry - r1]  2mmry
In [(L +m)ry;/rs  1n (1 + m)

then * Ay, =

. 2 2, : ‘
Accumulation: n(ri,2 = r1)7% (Ta,t + At = T1,t)
—TA——Tmr c - 22l (o . - T1 ¢)
maTay) - % (T,e 4ot - To,e
Input.- Output = accumulation

2

rig 1n (1 + m) _.2__ m ' ' -
" - (T1,t = Ta,¢) = 11 T arm " ® (1 + m) fm (T1, ¢ + Ot T1,+)

2| 2
Let M = XK1 Z

= Bk At 1n(1;+m)'ln(l,+m),

My - 1) Ty,t + To, %
My

- qr
Tl,t + At =ﬁi‘ (In 1 +m) +

The expression for T; is obtained by a heat balance between rj_,,4 and ri,i + 1°

Tt KAy - 1,a(T-yt- By8) 6 20k(Ty L gq - Ty,g) OF
Ary o g B In (1 + m)
Output: kA3 4 2(Ty ¢ = Ty 4+ 1,6) &b 2mk(Ty ¢ = Ty 4 1,¢) Ot
| ary ” = In (1 + m)

2 2 ' v
Accumulation: m(ry 4 3.4 - Ti,i - 1) &(Ti,-t + At - Ty, )
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‘ 2
_ m 2 2 :
"[—7——”1 Ty (71 - 71 - 1) 72Ty, ¢ + at - Ti,t)

Input-output = accumulation ‘
femP(m® + 2m)rs -

2k At 1n (1 + m)

: 2
_,Cg) m3(m +2) | Fi-1
Let My -(; [;n(l +m)| 24t
| Moot t (M -2) Ty g+ TEo4og,t
Ti,¢t + ot = T

Ty 1,6 - 2T, ¢+ T+, t= (Ty, ¢ + at = Ti,t)

T.3 Qracle 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 constants are multiplied by a
scale factor of 2 1% prior to conversion to the hexadecimsl system. A
starred number is written assuming the binary point to the right of the re-

gister (e.g. 1* = 00 000 00 OOL)..

- A diasgram of the code showing the sub-

routine organization is given in Fig. 15.

Table 5.

Oracle Code Constants..

. . . . ) = - )

Kind of
Location Nuniber - Constant -
OEF Starred Sets loop counter for item 100
OFO . Fraction. ryln (1 +m).
_ . R
OFl1 ‘ Fraction Ml -1
OF2 through 100 Scaled M; through Mis
101 through 10E Scaled (M2 = 2) through (Mys - 2)
10F through 116 - Scaled Initial heat generation rates (Btu/hr £t2)
‘ for the eight nuclides of.one-year decayed .
_ material
. 117 through 11E - Fraction - 1.= Mt for elght nuclides
. 11F through 128 ‘,Scaled _ Initial heat generation rates for .the five
nuclides of three-and eight-yeaz decayed
~ material
133 ' . Starred 'Sets Ioop counter for item 200
134 . Starred Sets loop counter for item 300
135 Starred Sets loop counter for item 010
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Oracle Code with Constants Set for a Cavity‘Radius

of 10 In. .

0000000010
0000400700
0000800030

0000c00800

001ab00000
0019800e01
0019000¢2a
0012000eal
001a400eae
000€000020
001460001
0002£00400
000e£00800
001a600£00
PELLEELLEE

000400600

0002200300
000€220002
00146000e1
10012600£00
0000460004

Directory

0000100400
0000500100
0000900020
0000400900
006230012

0019500e10
0019d00e 78

001a100ea2
001a500eb1
0005200030
0006300100
000300500
007¢200900
0014000¢c8
0000000010

0005800700

000be 00030
000e£00800
0014d000a
007¢£00900
FEEPEFEFES

0000200500
0000600200
0000220001

1000000200

FEFELELLES
0019200e 2b
00190080
0012200ea3

fELLLEELee
001440004f

0008500200
0004500600
0013300200
000e520001
0002£00400
0006300100

0002000020
0013300200

00173000e0
FEPEPEFLLE

0000300600
0000700300

0000pa0002 -

peeeeeeees
0019700000
00195002
0019£00e8a
0012300¢a7

0000000010

00173000€0
0002200300
0005800700
0019700¢00

0006220002
0003e00500
0008500200
000e 520001
0014000£c8
0019700200
ffffffffff ‘



241955;139
4010140117
407ee4¢7ee
42003240ef

2413122120

2413551139
407¢£40000
2218051139

2019£5£01f

241a25f13¢
24028430be
5£13524139
2019154034
2419e5£129
201557035
4a0354QOéf
6011£3811a
5@12160122
2012120120
2419e5£129
601263811c
5712820127
2019154062
2405¢43085
2413822120

- ko - -

-Code

24ga05f;3b
2400543058
é413béo1ao
5£13£24197
5£13748004
240154303
407ee407ee

4a015240ef

2413£221a0

241355£139
407¢£40000

221a05£139
2402154035
6010£38117

240362019

4302£00000
5£11£60120

3811d45£122
2011£5£129

601243811a

5r12660127

2012620125

241345138

2413722120

5£1384a05a

241a05513¢

124006430be

5713024139
5£7ce2400e
241a05£13b
2401643058
2413020120

5£13£24197
5£13£4801e
240264304b

407ee407ee
4202600000

5403651035
5£10£20129

5203624124

2019£5404a

381105120
601233811e

4303200000
5612460125

3811d5£127

2012457129

241335£137
5£1374a05b
4305800000

240934302f
4079?40090
2212057139
201975£00e
241a15£13¢
24017430be
5713524139
5£70e24017
241205£13b
2402743058

241320140
2019154031

2412357124
5712924035

221a05£124

2419¢5£129
591?13311c
5£12320122
201954057
3811b5£125
601283811
4304500000
2405b43063
2405f430a2
2019£54084




240e£5£12¢
18010320¢2
387d01b008

 1b008387d1

6010315008
7£7€160104
3a0£67£762
~ 5£7d0247de

4306300000
2072320745
1000820744
3874610008
1000838747
6010915008
767482476
| 5£74440085
13874910008
1500838742
1 6010¢1b008
772260104
3a0££7¢7eb
321007¢70a

1247¢85£709
. f2o19f54ode
-ﬁ240c4430e0

240c84300
7?8§§df4500d

-hl a

60129380f0
7612024120
207c£207d1
1500820740
3874215008
1000838743
7f7d3247e1
567052412
2019£540a1
180103207

2074618010 ¢
2074520747
1600820746
3874816008

5£7d7247¢5
4308500000

207d8207da

1000820749
387db1b008
1b008387d
6010e1b008
247ebSf7de
4302200000
240be540cf

400e500000=

.....

4006200000
241a15£13d

5f12a600f1
2012a5f7de

18010320£3

2074218010
2074120743

1b008207d2
5£7d2247¢0
1221805£12¢

601051008
7f7e360106
3a0f87f7e4
4?0!9?%9?9
2074818010

2074720749
5£7d6247e4
2019£540bd

180103a0f¢c
207db18010

207da207de

1b008207db
387dd1b008

247ea5£7db
'2019£54001
240be540dQ

2413012020

2413012020
241a4513e

3??9?297d0
6010115008

7£7d£60102

3a0£47£7e0
180103a0£5
207d418010

5£7d12474s
4206540063

3874415008
1000838745
6010716008
7£7€560108

e e

320fa7¢7e6

180103a0D

5£7d5247¢3
6010210008
7£7¢860100
380£d7£7e9
180103a0¢¢
2074418010
262dc18Q10
247e95¢7da
2019£540c2
51002400be

5£13180131

5@1328c132
607c£38136



5f7ee4QQb§
5f00f240d0
é21a05f13d
221&0$f;3e
2019f540¢2
430e000000
1613191810
;334180&10
Oblc432cas
00054665¢a
00026eb844
00023cccad
00337ebb24
0018502407
000aa7ae85
0009bc29c4
0001b479de
0002266648
308312697
722d0e560
909&9?1??%
000030a31c
0000000000
0000000000
0000000001
OQOOOOOOOO

f
/
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2404143146
2019£5£0d0
480db8e0AL
420¢£400be
2019f5§0¢4‘
3212340002
3800000000
0e170e181e
?bc6a7ef9d
000b8E5b
000553321
0004e6c8e6
0001687339
000010687
001887afd1
001683d89a
0007466594
00023852ac
36978a4£d
780005302
000163d61b
00000ccdde
0000000000
0000000000
0000000000
000000000e
0000000000

000648c7ee
2404220120
410da241al
4305200000
240e0540e3
1010321134
3424321634
1038000000
0000abc605
00195024t
000ba7at6d
000abc2887
0004466728
00016eb765
00013ccbba
00327ec2d3
005243376¢
0006a7ar31
7020¢49ba5
79ab2240¢
00028000¢¢
00004e14¢e7
0000000000

il

0000000000

d b

0000000000
53e2d6238d
0000000000

2400£20198

5104224134
513d2413e
3500000000
880004304
0e180e1c0a

13170e1032
0000000031
00026871£D
00011be 767
0019872€93
001783d75¢
000a8FSef7
0004533438
0003e6c7fe
000000041
000683g6re
2a0083126¢
7353£7ceds
0011547bad
0006£47067
00074cectc
0009006000
0008090000
0000000018
0000000000
0000000000



0000000000
2414141141
16009401 9¢
241465£14b
.6014643i4e
5£1a842152
5r1a74e157
241a64b15a
2412820120

5819d1b008

241652162
© 5£1a848166
4115b43144
0000000000
: éO}g554138
1e0047f1aa
271294b17e
5717040182
2018951185
4317340157
10666666666

1000029£16b

0000000113
0100000000
2d00000000
0000000001

000000000

0000000000
0000000000
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0000000000
2019r14014

94LLL41142
1201454140
'2o1a554167
2416441152

160007f1a7
8c19a4115a

5r1a84al164

10001517
2416e5c164

2416£5¢164

2416200000
0000000008
2417352150
160047171

241894117
2418841182
2218260173
4019940182
004347034
00000431be
0000000011
11000000000

0000000000

0000000002

0000100001
0000000000
0000000000

0000000000

5114494126

201a554148

2414243173
7£1a62416b
2416e5c164

6019841157

8c19c2416¢

2412710002
2719440158

4315e8¢199
8019b4315e
4116700000
0000000113

5216612008

5815958152
2418754159
2417651154

4918716000

4019940197

0010624443

0000006260
0000000003
2500000000
0000000000
0000000003
000000058

0000000000
0000000000

0000000000
1003¢54145
2012554167
0000000000
5616224170

2512620172

160007819d
5c1628¢19d
2012718004
801994315¢
4314426171
2719d4b14d

4116600000

2012554175
100471129
5816258163
2612220120

2412220171

4019a7£172
4900000000

0001a36e2f
0000000abd

0000000000
2600000000
0000100000
0000000007
0000000000
0000000000
0000000000
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