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Abstract

A computer program (ARDiSC, the Argonne Dispersion
Code) is described which simulates the migration of
nuclides in porous média and includes first order
kinetic effécts on the retention constants. The code
allows for different absorption and désorption rates
and solves the coupled migration equations by arithmetic’
reiterations. "Input data needed are the absorption
and desorption fatés, equilibrium surface absorption
coefficients, flow rates and volumes, and media

porosities.
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ARDISC (Argonne Dispersion Code):
Computer Programs to Calculate the
Distribution of Trace Element Migration
in Partially Equilibrating Media
by

Richard. Strickert, Arnold M. Friedman,
and Sherman Fried

The ability to predict the migratory behavior of trace
elements in the gedsphere is a necessary prereduisite to the
construction of safe geologieal repositories for radioactive-
waste materials. It has generally been assumed that this
migratory behaVior will be described by equilibrium
chromatographic equations.

However, laboratory studies involving tracer amounts of
radioisotepes (Ref. 1, 2 3) have shown that the sorption
<processes are not necessarily reverSible or at equilibrium
under geological conditions and that these conditions affect
the migratory hehavior nf various radionuclldes.

This’code was written to prov1de a method of investigating
these non—equilibridm effects by reducing their description
to a feQ basic parameters, which can be determined by
empirical means.

The common models for the migration and sorption of
solute between solid and solution phases are usually in the

‘form of differential equations (4-9). For example, in a



one-dimensional model using a uniformly porous medium, the
convective dispersion of a solute (such as a radioactive

tracer in solution) is given by

as (x, t) E~Dazs'(x,t) _ V3s(x,t) _ B 3R(x,t)

ot axz . ox - 0ot
- Als(x,t) + R(x,t)] (1)
where:
S(x,t) = concentration of the solution at position
ﬁ ana time t. (mass per unit volume of
solution phase)
R(x,t) = éoncentration of the sorbed species at

position x and time t. (mass per unit
mass of solid phase)

D = hydrodynamic dispersion coefficient .

<
]

water velocdity, assumed to he constant
B = bulk density

A6 = porosity of medium

A — let order radioactive decay constant

uf specles, If it is a radivisulope.

If equilibrium is assumed, then R is a function of 8. A

common equilibrium model is the linear Freundlich isotherm,
R(x,t) = 2 k.S(x,t) (2)
14 B 3 14 . .

where k5 = dimensionless equilibrium constant. This



equation is valid where R(x,t) does not approach saturationv
limits. 1If complete equilibrium is not assumed and
irreversible conditions exist, then the relationship'between
R and S becomes more complicated and the solution for the
differential equation (1) becomes a complex integral. For
’_further details on the mathematical solutions of-such'
equations, see references 6 and 10.

| In the model discussed in this paper, a recursive-
approach is taken to determine the amount of a radiotracer"
sorbed on a rock COlumn‘or the amount remaining in solution
as a function of the time and'distance ftom'the source.
This is a one- dlmen51onal approach and assumes a constant
velocity of solutlon through a uniform rock medlum. Further-
more, no hydraulic -dispersion is considered and the

radioactive decay constant is set to zero.

" BASIC DESCRIPTION OF MODEL

i

A one-dimeénsional column ie-divided into an arbitrary
number (LEND) of units or zones. Each zone can sorb a
solute such that at«equilibrium the distribution of the
species between the surface of the zone and the volume of
solution (1n1t1ally at unit concentratlon of spec1es) is
o/B, where a = the amount of species on the surface, and
B évl - a.

I1f, after this distribution exists, a second cycle



occurs in which the solution from the initial zone is
transferred to a second zone with the same sorption
ch&ractéristics and a fresh solution containing none of
the solute is placed in éhe,first zone, another
equilibration, this time in Eoth zones, will occﬁr.

This process would be repeated for additional cycles and
-zénes. Thus after a given number of cycles (C), for a

particular zone (Z), Lhe fullouwing relationship would

exist:-
R(C,2) = a[R(C-1,2) + s(C-1,2)] (3)
S(C,z2+1) = B[R(C-1,2Z2) + S(C-1,2)] (4)
where:
R(C,%) = fractional amount of matorial (rclative

tn some scaling‘value) sorbed on the
Zth zone after the Cth cycle.

s(c,z+l)

fractional amount of material (relative
to the scaling value used above) in
solution in the (Z+1l) Zzone after the Cth

cycle.

S(C;Z+i) isifhe'solution which was equilibrated in zone 2
during c&clé C and transferred to zone (Z+1l) at the.end‘of<
cycle C. Depending on the value 6f s(c,0) for C > 0, the
input of solute to the column may be in the form of a pulse

or a‘continuous feeding. R(C;O) = 0 is assumed for all C.



If the movement from 2one to zone were fast enoﬁgh
such that complete'equilibrium in each zone did not occur,

one could‘desighate‘an arbitrary fraction of the tracer

initially in solution reaching equilibrium, F, where:

fraction of tracer sorbed from solution during a cycle time, t T(S)
fraction of tracer sorbed from solution-at equilibrium

F(t) =

For the tracer which is initially on the surface of the

zone, one could designate an arbitrary fraction of the

tracer reaching a desorbing equilibrium, G, where

fraction of tracer desorbed from the surface during a cycle time, t (6)

G(t) = fraction of tracer desorbed from the surface at equilibrium

The determination of F and G values for a particular cycle
time must be determined in kinetic sorption and desorption
experiments.'

For each particular zone, during a given cycle, the
sorption-desorption process is separaﬁed into two distinct
paths with either F or-G involved in each péth. Such an
approach incorporates a first Qrdef'rate toward equilibrium.
While it is probably not likely that the complicated
chemistry of sorption is a first order process, such an
approximation is valid if one is dealing with tracer
concentrations of the solute and the concentration of
sorptidn sites remains constant (i.e., saturation is not
achieved) .

If a cycle is now defined as a partial equilibration



between the tracer and the zone surface, followed by an
instantaneous transfer of the solution to the next zone,

the following recursive formulae apply (see Figure 1):

R(C,2) = GaR(C-1,2) + (1-G)R(C-1,Z) + FasS(C-1,2) (7)

s(c,z+1) = FRS(C-1,2) + (1l-F)s(C-1,2) + GBR(C-1,2) (8)

Oor, rearranging

R(C,2) = [Go+l-G]R(C-1,2Z) + FaS(C-1,2) o (9)
sS(c,z+1) = [FB+1-F]s(Cc-1,2) + GBR(C-1,2) (10)
where, R(C,Z) = fractional amount of tracer sorbed

on the surface in the Zth zone after
the Cth cycle

fractional amount of tracecr in

S(C,Z2+1)
| solution in the (Z+l)th:zone during
the Cth cycle.
For a mathematical diséussion of RKC,Z) and S(C,Z+1), see .

Appendix A.

PROCESS DURING C'™ CYCLE IN ! FiNAL
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ARDISC (Argonne Distribution Code) and ARDISC 1 are
' two F@RTRAN programs to célcﬁlate:the distribution of a
: radioisofope in zones of partially equilibrated rock.

The number of zoneé, the number of cycles and the amount

of applied tracer can be specified in the program input
along with various sorption, equilibratioﬁ, and other
factors. The output consists of a lisfing of the

" distribution of the tracér on the rock zones, and in thev
zone soiutions, as‘Weli as-cumulative totals of each. Other
options such as a plot of the distribution-aﬁd ané grouping
‘ may aléo be employed aﬁd are discussed below. Both input
and output involve dimensionless numbers, so that a conversion
té concentration (eithe; molar or molal) wquld require an
additional subroutine to alter the final arrays of R énd S
values.

The difference between ARDISC and ARDISC 1 is in the
number of Zénés which are involved in the distribution
analysis. Using ARDISC, only theAfock zones are computed
and listed in the print-out. Any tracer passing out of
£he final rock zone is dropped from the calculation.

Using ARDISC'l; both rock zones and transfer zones (where no
sorption occurs) are computed. The number of transfer

zones is equal to the total number of cycles -(MAXL) minus
the total number of rock zones (LEND);~

The Program Control cards (Data Caras)»consist of an -

initial rock specification card of the form:



Columns Type Variable Description

1-10 F10.0 - RA The radius of a spherical zone,
‘ in cm. Default = 1.
11-20 ~ F10.0  POR The porosity of the rock, as a
‘ frectidn. Default = 1.
21-30 F10.0 DEN . Tﬁe density of the rock, in g/cm3.
| Default = 1..
31-4v " F10.0 ATIME The total time for all cycles,
| in sec. Default = 1.
80 11 - NOERR =0 or blank; suppresses certain
| IBM error messages.

#0; no suppression of IBM error

messages.

None of the above variables are necessary for a migratien
calculation; but they are necessary forAadditional,ihformative
'calculation at the end of each print—ouﬁ which may be useful.
The values given in the l1lst card apply to all calculations

in the job.

The second program control card is the one which contalns
the 1nformatlon needed for a migration calculation. For
additional migration calculations using di:ferent migration
characteristics or options, separate cards of the same
‘fofmat must be inserted directly behind’the.second program
control card. The format of the second program control

eard is as'follows:



Columns Type Variable - Description .-

1-10 F10.0 = AMAXL The number of cycles in the cal-
- culation. 1In ARDISC 1, this also
specifies the toﬁal number of
zones computed. ‘In the programs, .
MAXL = AMAXL.
11-15 °  F5.0 ALEND The number of zones in which the
| rock-solution sorption-desorption
mechaﬁism takes place. In ARDISC 1,
the remaining AMAXL-ALEND zones
are treated as transfer zones
only. In both programs, LEND =
ALEND and LEND must be less than
‘or equal to MAXL.
16-20 F5.0 AKM The number of zqhes in a groﬁp.
In print-out and plbtting, tﬁe
tracer distributions and sums'are
‘listed for groups of zones, to
"save space. ' For ARDISC, ALEND/AKM
,must‘be an integer value; for
ARDISC 1, AMAXL must be an
integer.
'21-25  F5.5 F The fraction of the tracer initially
| | in a zone solution reachihg an
equilibrium distribution during a

cycle time.
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Columns Type Variable Description (cont'd)

26-30 F5.5 . G The fraction of the tracer initially
on the zone surface reachingxan
equilibrium distribution during a
cycle time.

31-35 FS;S - AL '+  The fraction of a‘trace;>sorbed on
the zone surface at equilibrium.

36=40 - F5.0 .80 he number of units of tracer fed

| into the solution on the first zone
fbr each cycle. This corresponds
to a continuous, constant leaching
of tracer from a source.

41-45 F5.0 s1 . The number of units of tracer

| initially present in the first
zone at the start of the first
cycle. Durihg'subsequent cygles,
no activity ié fed intoAﬁhe 1st
’ sone from an outside source.

. 46-=50 fS.O .~ SWTCH The cycie number at which the value
Qf‘SO ie 6hangcd;, Default:‘ Option
is not used.

51-55  F5.0 SSWT ' The value of SO beginning at cycle

 'SWTCH'.
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Columns  Type Variable - Description (cont'd)

56-60 F5.0 PLGT  The type of plotting option desired.

. - o

No plot
= 1 : R values are plotted as a
fxn of group number
= 2 : S values are plotted as a
fxn of group number
' 61-65  F5.0 SAT Limit on the number of units of
| tracer which één be sorbed on a
zone sﬁrfacé; if SATA= 0 or blank,
saturation limits are ignored.
66-70  F5.0 STRT The initial value of R(C,2Z) and

S(C,2) for all zones. Default = 0.

The usefulness of SAT is limited by the'fact that as
- saturation beqomes impd:tant, the kinetics of the sorption
and desorption reactions are not likely to‘be 1st order,
and the F and G value would be dépendent on concentration.
However, in ARDISC, the F'and'ijaluesbare fixed.

Curreﬁtly (29 Aug 78) tﬁe two ARDISC-programs are
located on catalog diskldata set at the Applied Mathematics
Division, Argonne National Laboratory. The ARDISC program
is limited to a maximum ALEND value of 20,000. The ARDISC 1
program is limited to a maxiﬁum'AMAXL value of 20,000. The

time required to run a migration calculation for MAXL = 5000

<
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and LEND = 100 on ARDISC is apprbximately 2 seconds. The
tihe required by ARDISé 1 is approximately proportional to
MAXL2/2). The time for ARDISC is approximately proportional
to LEND+«MAXI, - LEND2/2.4'A rough approximation to a time
estimate for the computation is

MAXL2

T=£f"

for ARDISC 1

UL .

2
.EE%E—] for ARDISC

T = f[LEND-MAXL -
where f ¥ 4 x 107% sec.

The job cards needed to run the ARDISC or ARDISC 1

program are as follows:

Card No.

1.. - //Jobname Jg@B (Facctno,l&,,tf);REGI¢N=400K;‘-
o PRTY=p, CLASS=C '

2. Accountiﬁg Card (see AMD Users Guide for details)

3. //Stepname EXEC PGM=program {seé below}

4, //STEPLIB DD DISP=SHR,DSN=C120.B26114.ZONKER

5, //FTO6F00L DD SYS@UT=A

6. //FTOSF001 DD * |

Data Control Deck

7. /* END OF FILE .
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22 = thousands of lines of output estimated

tt = number of minutes of CPU time estimated
p = priority (see AMD User's Guide)
. . (For ARDISC, PGM = DRIPPER
Program : o
For ARDISC 1, PGM = DRIPPER 1l

TAn ARDISC program exists which can handle a value of
AMAXL < 50000; it can be called by using PGM = DRIPPERS.

However, it requires that REGION = 700K.
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APPENDIX. A .

The‘mathéﬁatic;l‘descriptién of solute flow through a
- one-dimensional column divided into an arbitrary number of
zones is discussed by Gluéckauf (1), and is followed (with
some modifications) for the ARDISC model. To simplify

matters, dimensionless numbers are used:

C = cycle number
Z = zone nﬁmber
R(C,2) = fractional amount of material (relative to some
scaling value) sorbed on the Zth zone after the
-Cth cyéle
S(C,Z+1) = fractioﬁal amount of_material'in solution in
the (Z+1) zone after the Cth cycle. (The
solution was transferred from the Zth zqhe

at the end of the Cth ¢ycle, by convention.)

For material balance to occur, an increase in the material
sorbed on the surface of the Zth zone dfter a cycle change,
- must be equal to a decrease in the material in the zone

solution after the same cycle change:
AR/AC = -AS/AC (a-1)
For an- arbitrarily smalllcycle change,

R(C,2) - R(C-1,2) = s(c-1,2) - S(C,z+1) (A-2)
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Again, the term S(C,Z+l) is used since, by convention, the
‘solution is transferred to the nekt zone at the end of each
cycle.

Using a Taylor Series Expansion,

R(C-1,2) = R(C,2). - (%g)z + %(9—§) - ...  (a-3a)
' . 2\ycg
S - :

‘w (38 1/5°%s

S(C-l,Z) = S(C,Z) - -— + —( q) T e w e (A—3h)
4 2 :

3S 1/9°s

s(c,72+1) = s(C,2) + (——) + = q) I (A-3c)
: T \3z/c 2(aza c
where R = R(C,Z) and X = s(c,i)n ,

. Higher order differentials are negligible provided that the
cycle and zone changes are small relative to the final
maximum C and Z values.

Subotituting (A-3) into (A-2) gives

820y e
(%g)z - %(EE% 7 ;(%%)z«+ %(35% Z _I(%%)C- é(ggg)c '(AF4)

or rearranged to give

(as) + (8R> - 1(325) 1.(325) + (azR) + (as) = 0 (A-5)
e — 3\ "3) T s\T= A : 370
3C /%2 aC Z. 2\372/c  Z|\3c2/, ac?/z| ag C .

For a first order reversible rate reaction

where kl'and k2 are the sorption and desorption rate constants,

one can write

c ‘ (A-6)
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where kl and k2 are the dimensionless rate constants

k (A-7)

'

1 k
v k

k., =

2 =K (A-8)

2
1+ K
For the Zth\zbné and Cth cYcle, and if dc = 1 cycle change,
A ' v
R(C,2Z) - R(C-1,2) = k,8(C-1,2) - k,R(C-1,2) (a-9)
This is rearranged to give the recursive equation
' 1 ‘ L . .
R(C,Z) = kls(c-l,z) +'(1—k2)R(C—1,Z)' (A-10)
If it is assumed that equilibrium has occurred during cycle'

C, then

R(C,2Z) _ o _ y ° . »
s(c,z+l) ~B =K x (A-11)

where K is the distribution coefficient and a.+ B = 1 .

But since

K =ky/k, | | (A-12)
a PRI, k', Y2 1 (A-13)
an . = — - -~ } - = ] -
IS T N S T T
then, . Ly ) .
. | ki=a=(l-%k). . (a=14)
Thus,

R(C,Z) = al[S(c-1,2) + R(C-1,2)] (A-15)
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Using equation: (A-11l), the recursive equation for S(C,2+l)

can be shown to be
s(c,z+1) = BIs(c-1,2) + R(C-1,2)]  (a-16),

The approach taken with ARDISC is that R and S are not
équilibrated with each other in a given. zone during a given

 cycle so that

R(C,2)

# 2 (a-17)
s(C,z+1) B
To develop recursive equations for R and S for each zone
and cycle, the following reaction éan‘be established:
‘ ! 1] ' . ]
*k k *k
S* «—2 S ;§ R -3 R*
L}
kR
where, at the start of each cYcle C,
R*(C,2) = s*(C,Z) =0 (A-18)
and at the end of each cycle C,
R(C,2) = S(C,z+1l) =0 (A-19)

The distinction between S* and S and hetween R* and R is an
artificial one, made for the purpose of mathematically
describing a partially equilibrated system using reactions

‘'which themselves go to equilibrium. - With this description

[} ' ] . < '
Jc = ~kgR + kgS (2-20)
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and

dS.__"."_" ‘ . —_97

- ac = kSS + kRR (A 21)
where ' C ' x| 4 Akl

. k2 = kR + k2 (A-22)

and --_ S " ' ‘ s

kl —‘kS + *k1 (A-23)

The rate constants kl and k2 are the dimensionless rate
constants discussed in earlier discussions of first order
rate reactions.

If F and G are defined such that

1

N |

F = —T——g‘—r : . (A-24)
*- . .

) kg + *ky

I} k' . .
G = —2—1 | (A=25)

k., + *k :

equations (A-20) and (A-21) can be written

dR _ ) 1 _
| (a—c-) _.—GkZR + Fkls _ (A-26)
| dsy i_ Ay ' ,
(aE> = —Fkls + Gk2R '(A-27)' A

Again, letting dC = 1 cycle, these equations can be trans--

‘formed:
,‘ [} 1 ]
R(C,2) - R(C-1,2) = —Fle(C-l,Z) + szR(C,Z) (A-28)
- | ] L ‘
s(c,z+1) - s(c-1,2) = ~Gk2R(C—;,Z) + Fkls(C-l,Z) (A-29)

or, upon rearranging and with k; = a and k, = 8
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R(C,2) = [Ga-G+1]R(C-1,2) + FaS(C-1,2) (r-30)

s(c,z+1) = [FB-F+1]1S(C-1,2) + GBR(C-1,2) (A-31)

These are the recursion equations used in the ARDISC model.

1. Glueckauf, E., Trans. Faraday Soc. 41, 34-44 (1955) ..
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