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INTRODUCTION

The purpose of this manual is to provide users of UCB-NE-108 with the information necessary to use UCB-
NE-108 effectively.

DESCRIPTION OF THE CODE

UCB-NE-108! is a computer code for calculating the fractional release rate? of readily soluble radionuclides
that are released from nuclear waste emplaced in water-saturated porous media, and transported through
layers of porous media. Waste placed in such environments will gradually dissclve. For many species such as
actinides and rare earths, the process of diseolution is governed by the exterior flow field, and the chemical
reaction rate or leaching rate. In a spent-fuel waste package the soluble cesium and iodine accumulated
in fuel-cladding gaps, voids, and grain boundaries of spent fuel rods are expected to dissolve rapidly when
groundwater penetrates the fuel cladding® UCB-NE-108 is a code for calculating the release rate at the
interface of two layers of porous material, such as the backfill around a high-level waste package and natural
rock, to check compliance with the U. S. Nuclear Regulatory Commission’s (USNRC) subsystem performance
objective. It is an implementation of the analytic solution given below.

THEORY

The situation studied is shown in Figure 1. Waste face an internal gap or void space and is exposed in turn
to two layers of porous media. The first layer of thickness 4 can be a backtill in a nuclear waste package, and
the second the natural rock.

We define the origin at the interface of the two layers.
The governing equations are

"Oey - 8¢y . D

w—Dl-a—ﬂ-—Acl, —b<:<0.t>0,D1=E (1)
863 _ a’c, D
o —D:az’ - Acs, :>0,¢>0,D:§E (2)

where ¢ is the species conceniration in ground water [M/L3],

D s the species diffusion coefficient [L2/t],

K is the species retardation coefficient,

¢ is the porosity,

A is the decay constant [t~?),

and subscripts 1 and 2 refer to the layet closer to the waste and further away respectively.
The side conditions are

C1(3,0) =0, -b<z <0, (3)
ca(z,0) = 0, z2>0 )
cl(olt) = c’(olt)l ¢ 2 0 (5)
361 - ac: -
—qu;- = _C’DE at z=0, t>0 (6)
c2(00,t) =0, t>0 (7)

The species concentration in the two regions is coupled by a mass balance equation over the void volume V
with surface area S

dar(=b8) _ ) cde(=ht)
—V—-at———Dtls-—a;—-l-z\Vcl(—b,t), t>0 (8)
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The initial concentration of the readily soluble apecies is taken to be
¢1(~6,0)=¢° an specified 9)

The mass tranafer rate at the backfill/rock interface is

- @ 252
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M(0,1) = 2K ¢ S_(6 ) "E'O[\/ P {__4D1t vDyexp {(2n + )by + D17t}
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where
14
= /ha = 11
) o v = K160S/V (11)
The fractional relesse rate is obtained by dividing the mase flux by the 1000-year inventory of the species.

Unlike UCB-NE-107,* UCB-NE-108 does not include a contribution from the waste matrix.

ALGORITHM

UCB-NE-108 is an implementation of (11). UCB-NE-108 computes the mass flux as well as the fractional
rele.se rate.

The evaluation of .
F(z?) = e erfe 7

is by an adaptation of the rational approximation of the error function.®

Numerical Illustration

Figure 2 shows some example fractional release rates of 133Cs,}3'Cs and !2°] based on (11). In thisillustration
we consider the release from a bare waste form exposed to ground water shortly afier emplacement. We
assume that fuel cladding and a container are not present, water contacts the interior of spent-fuel rods
shortly after emplacement, and 1 percent of the total inventory of cesium and iodine is rapidly dissolved into
the "void water” that fills voids in the waste package. The void water is equivalent in volume to a 7.4-cm
thick layer of water between the waste solid aad backfill. Ground-water flow is sssumed to be small enough
that mass transfer through backfill and into the rock is controlled by molecular diffusion. Time-dependent
fractional release rates at the backfill/rock interface, normalised to initial inventories, are shown in Figure
2 for a diffusion coefficient of 10~% cm?/s, backfill porasity of 0.2, rock porosity of 0.01, a concentration-
based distribution coefficient of 100 for cesium, and for a backfill thickness of 30 cm. Nonsorbing iodine-129
arrives at the backfill/rock interface in less than a year, with a peak release rate about tenfold less than the
equivalent fractional relcase rate limit calculated from the NRC criterion. Cesium-135 and cesium-137 arrive
later simultaneously, but the normalized peak release rate of cesium-137 is less because of more rapid decay.
The peak release rate of cesium-135 is about tenfold less than its release rate limit, but the peak release rate
of cesium-137 exceeds its limit by several orders of magnitude for several hundred years.

INPUT

The input consists of 3 lines. The input can be directed to a file by s command such as

ASSIGN inputfile FOR005
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in the DEC/VAX VMS Operating System.

The input lines are
First Line (in free format)
n0 = isotope initial inventory in the gap, g/m® [¢® in (9)]
s = surface area of the gap, m?
v = volume of the gap, m®
1 = backfill thickness, m
df = diffusion coeflicient, m?/a
lambda = decay constant (if < 1, 1/a, or half-life, if > 1, a)

Second Line (in free format)
kl = backfill retardation coeflicient
k2 == rock retardation coefficient
epsl = backflll porosity
epa2 = rock porosity

Third Line (in free format)
istep = maximum time to compute, & [tmax=9*10**(iatep-4)]
weight = isotope initial inventory, g
iplot = generate a plotting file (if =1)
init=0 if fractional release rate is to be normalised to initial inventory

OUTPUT

There are two output streams. The first is a tabular output, currently directed to the sczeen. The second is
a stream of output data, for use by a X-Y plotter or plotting program such as TELL-A-GRAF, if (iplot=1).

The tabular output is currently directed to the screen. In a DEC/VAX computer this output can be directed
to a file by & command such as

ASSIGN filename FOR006

The tabular output prints the time, the mass transfer rate and the fractional relesse rate at the backfill/rock
interface, and the number of terms used in the infinite series computation.

The output for X-Y plotting consists of only time and the fractional release rate in free format.

UCB-NE-108 is written in FORTRAN and does not call any outside libraries. It operates on DEC/VAX/VMS
and DEC/UNIX machines.

VERIFICATION & BENCHMARKING

UCB-NE-108 is an implementation of (11). It was verified through hand calculations. The correctness of
UCB-NE-108 was aleo checked this way. Eq. (11) was given to several workers and they were asked to write
computer programs independently. The outputa of the various programs are then compared or benchmarked.
They gave identical results.



REFERENCES

P. L. Chambré, C. H. Kang, W. W.-L. Lee and T. H. Pigford, “Mass Transfer of Soluble Species into
Backfill and Rock,” Trans. Am. Nxe. Soc., 53, 136, 1986.

U. S. Nuclear Regulatory Commission, Disposal of Higﬁ-Level Radioactive Wastes in Geologic Reposi-
tories, 10 Code of Federal Regulations 60.113(a)(1)(ii)(B), 1983.

P. L. Chambré, C. H. Kang, W. W.-L. Lee and T. H. Pigford, “The Role of Chemical Reaction in
Waste-Form Performance,” in M. J. Apted and R. E. Westerman (eds.), Scientific Basis for Nuclear
Waste Management XI, 285, Pittsburgh, Materials Research Society, 1988.

L. H. Johnson and D. W. Shoesmith, “Spent Fuel," in W. Lutze and R. C. Ewing (eds.), Radioactive
Waste Forms for the Future, New York: Elsevier, 635, 1988.

W. W.-L. Lee, UCB-NE-107 User’s Manuai, LBL-26672, UCB-NE-4132, 1989.

K. H. Haskell and R. E. Jones, 1978. Brief Instructions for Using the Sandia Mathematical Subroutine
Library (Version 7.2), SAND77-1441.

=~



Layer 2, e.g. rock

Layer 1, e.g. backfill

Gap

Waste

X4 141
i h)

e b i

-——*-——-—»x

(4
N
y

b

A4
¥

1
]
L

LIRS

Porous Media

Figure 1. Release of Soluble Species in Two Layers of



10°g 1-129
-4

10 Cs-135
2 10°
S 10°- E
e 3 ©
& a7 ©
o) 10" 3 ©
® 3 @
B 18] <
3 10 e
© .
€10
2 ] Cs-137
8 1" ~—
ﬁ: 1() ;

10'"-;

10“’: X

3 4 5 8 7
10° 10° 10° 10° 10° 10

Time, years

102 10" 10° 10

Figure 2 Fracticnal Release Rates for Various Nuclides
Through 30 cm of Backfill



program UCB_NE_l08

This program calculates the fractional release rate
into the rock normalized by the initial isotope
inventory in semi-infinite domain of planar geometry,
Waste Form-Gap-Backfill-Rock geometry.

Input Parameters

First Card (in free format)
no = isotope initial inventory in the gap, g/mw*l
s = surface area of the gap, m**2
v = volume 3f the qap, m*"]
1 = backfill thickness
df = diffuaion cosfficlent, me*2/yr
lambda = decay constant (if <), 1/yt. or
half-life (1if >l), yr '

Sacond Card (in free format)
Xl = backfill retardation coefficient
k2 = rock retardation coefficient
epsl = backfill poroity
eps2 = rock porosty

Third Card {in free foramat)
istep = maximum time to compute
tmax=9*10%* (istep-4)
waight = isotope initial inventory
iplot = gsnerate plotting file (if =1)
init=0 if fractional release rate is to be normalized
to initial inventory

OUTPUT

Time, mass tranafer rate in the rock, fractional release rate
(normalized to 1000-yexr ilnventory) and

number of terms used in the computation of the inrlnit. series.
If iplot=l, then the output file FOROO4.DAT is

qenerated, and it prints time and fractional

release rate for TELL-A-GRAF.

Chul~lyung Kang
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implicit double precision (a~h,o0-~2)
double precision kl,k2,n0,mdot,l, lanbda
common/aaa/pi
read(5,*)n0,s,v,1l,df, lambda
read(5,*)kl,k2,epsl, eps2
read(S, *) latep, welight, iplot, init
write(6,*)n0,s,v,1,df, lanbda
write(6; *) kl,k2,epsl,eps2
write(6, *)istep, weight,iplot,init
write(s,110)

110 format(///' time, flux, frac. rel. rate, no., of term'/)
if(lambda.qgt.l.)lambda=log(2.d0)'/lambda
dl=df/kl
gamma=kl*epsl*a/v
delta=sqrt (k1/k2) *{epsl/eps2)
pl=acos(-1.)
fact=kl*epsl*nO*s*2, /(delta+l,)
do 100 i=1, istep
do 100 j=1,9
t=j*10.*~(i-4)
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decay=lambda*t
1f (decay.gt.B5.}go to 100
sum=0,
n=0
zl={2.%*n+l.} *1/(2,*aqrt {d1*t))
1f(z1%zl .gt. .85.)go to 20
Z=zl+gamma*sqrt (dlet)
if{delta.eq.l. .and, n.eq.0)then
factl=exp(-21*zl)
else
factl=exp(~zl*zl)* {{delta-1.}/(delta+l,})**n
endif
factl=factl® (aqrt (d1l/pi/t) ~gamma*dl*herfl (z))
susesum+factl
1f (aum.eq.0.)go to 1
if(abs{factl/sum) .1t, 1,d-5)go to 20
Ren+l
Q6 to 10
mdot=fact *sun*exp{~decay)
1f (init,eq.0) then

fracemdot /waight
alse

fracemdot./ (welght *exp(~1ambdat1000.))
endif
if(frac.ge.l.8=18)then
write(§, 200) t,mdot, frac,n
if(iplot.eq.l)write(4, *)t, frac
endlf
cont inue
format {1pdl15.9,2d15.5,195)
stop
end
FUNCTION HERFL(X)
REAL*S X,AX, NERFL, TMF, X2,A, B, 3QPL
REAL®S P{6).Q{8),R{4),.S{1),0NC

DATA P/22.898992051659D0,26.094746356073D0,14.571898396926D0,

+4.267720107009400, . 564371606063810D0, ~-6. 0058151 9394080-¢/,
+Q/722.09090374989100, 51.923570607352D0, 50.273202863803D0,
+26.200793738761D0, 7. 560840229361 800, 100/,
+R/=1,.21308276209978D-2,-.119%03953268146D0,
++,243911029480626D0, -1.24319919277746D-2/,
+3/1,30026843452770-2, . 499552441961 43700,
+  1.43771227937118D0,1D0/

DATA SQPI/.564189503547736D0/, ONE /1D0O/

AX=DARS {X)

IF (AX.GT.4.0} GO TO 10

THR=P {1) +AX* (D (2) +AX* (P (3) +AX* (P {4) +AX* (P {3) +AX*P (€}))))}

A=THP/ {Q (1) +AX*® {Q(2) +AX* {Q{D)
+ +AX® {Q14) +AX* (Q{3) +AX*Q(6))))))

HERFL=DSIGN (A, X)

GO TO 100

CONTINUE

N2=ONE/AX/AX

BoX2% (R{1) +X2° (R(2) +X2* (R(I} +X2*R{I )
+ 7(8{1)+X2° {5(2) +X2* ($(J) +X2*8{4))))

A= {SQPI+B) /AX

HERFL=DSIGN (A, X)

CONTINUE

RETURN

END



Csal>run neldd

9.270000000000000 6.000000000000000 0.4300000000000000
7.40000000000000008-02 3.1 03 2.31 0E-07
100, 0000000000000 2400. 0.
1.0000000000000000E~02
11 417.0000000000000 0 ]

time, flux, frac, rel, rate, no. of term

2.00000D+00 2,497130-10 5,90037D-1)
3.00000R+00 2.471820-07 5.927620-10
4,00000D+00 7.060130-08 1.69301D-08
3.00000D+00 4.972900-03% 1,192%4D-07
6.00000D+C0 1.730120~04 4.196910-07
7.00000D¢00 4,167100-04 9.99123D0-07
4,000000+00 7.790030-04 1.870220-06
9.00000D+00 1.243970-0) 2.987920-06
1.000000+01 1,704920-03 4.2803%0-08
2.000000+01 6,392910-03 1.581270-0%
3.00000D+01 7.90%030-03 1.89663D-03
4.00000D+01 7.641240-03 1.83243D-03
5.000000+01 €.950330-03 1,66673D-03
6.00000D+01 6.22134D-03 1.4919%4D-0%
7.000000+¢01 3.560020-03 1.335260-0%
4.000000+401 3.012370-03 1.20201D-0%
$.00000D+01 4.549100-03 1.0%067D-03
1.00009D+02 4.161000-03 9.97941D-0¢
2.00000D+02 2.326210-03 $.57043D-06¢
3.00000D+02 1.670960-03 4.00711D-06¢
4.00000D+02 1.318270-03 3.16132D-06
$.00000D+02 1.0929%0-0) 2,62108D-06
6.00000D+02 9.34M1D-04 2.242060-06
7.00000D+02 9.172130-04 1.95974D-0¢
8.00000D+02 7.237700-04 1.74047D-06¢
9.00000D+02 6.32331D-04 1.564020-06
1.000000+03 $.924400-04 1.42072D-06
2.000000+03 3.020940-04 7.24447D-07 10
3.00000D+03 1.946993D-04 4.724100-07 11
4.000000+02 1.431470-04 3,4327%0-07 1)
$.00000D+03 1.107220-04 2.65521D-07 14
6.00000D+03 0.92)600-03% 2.12993D-07 14
7.00000D402 7.405720-0% 1.77995D-07 13
4.000000+02 6.282050-0% 1.50668D-07 16
$.00000D+03 $.4226%0-03 1.30040D-07 16
1.00000D+04 4.745300-03 1.13801D-07 17
2.00000D+04 1.502410-0% 4.56213D-0¢ 20
3.00000D+04 1.006650-03 2.60388D-08 21
4.00000D+04 7.236460-06 1.733360-08 22
$.00000D+04 3.233310-0¢ 1,26027D-08 22
€.00000D+04 4.02384D-0¢ 9.670260-09 23
7.00000D+04 3.222070-06 7.728700-09 24
9.00000D+04 2. 643507006 6.33270p-09 24
9.00000D+04 4,226390-08 $.335060-09 23
1.000000+0% 1.904460-06 1.567060-09 23
2.000000+03% 6.707100-07 1.60042D0-09 26
3.00000D+0% 3.590920-07 4.61121D-10 2¢
4.02000D0+0% 2.2846570-07 $.48338D-10 26
$.00000D+0% 1.601080-27 3.84145D0-10 2¢
€.00000D+03 1.19229%0-07 2.93%200-10 26
7.000000+03 9.2536%0-00 2.219110-10 26
4.00000D40% 7.4058%0-08 1,7755%0-10 26
$.00000D405 €.06780D-08 1.45511D-10 27
1.00000D+06 5.06433D-08 1.214480-10" 27
2.00000D+06 1.423030-08 3.41253D-11 27
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3.00000D+06
1.00000D+0¢
$.00000D+06
6.00000D+06
7.000000+0¢
0.000000406
9.00000D+06
1.00000D+07
2.00000D0+07
3.00000D+07
4.00000D+07
$.000000+07
FORTRAN STOP

6.147730-0%
J.168080-0%
1,79€300-09
1.08313D-09
$.830400-10
4.434400-10
2.54761D-10
1.996150-10
6.93207D-12
3.726970-1)
2,303000-14
1, 679670-19

1.47420D-11
7.59731D-12
4.312460-12
2.60227D-12
1.63000D-12
1.06241D-12
7.06861D-13
4.70693D-13
1.06716D-24
0.337350D=-16
3,.718730-17
4,027%0D-10

27
g
27
27
27
27
27
27
27
27
7
27
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