LBL-21486 e

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

"EARTH SCIENCES DIVISION

RECEIvE.L
_ LAWRENGCE
BERKELEY LABORATORY
To be published as Chapter 19 in Coupled Processes Associated
with Nuclear Waste Repositories, C.F. Tsang, Ed., JUL 2 7 1988
Academic Press, Inc., Orlando, FL, 1987
s LIBRARY AND
DOCUMENTS SECTION
Simulation of Chemically Reactive Solute Transport

Under Conditions of Changing Temperature
C.L. Camnahan

April 1986 TWO-WEEK LOAN COPY
This is a Library Circulating Copy

which may be borrowed for two weeks. ~

JUP B B

a3t le 14T

N

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098.



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Simulation of Chemically Reactive Solute
Transport Under Conditions of Changing
Temperature

C.L. Carnahan

Earth Sciences Division
Lawrence Berkeley Laboratory
Berkeley, California 94720, USA

ABSTRACT

A numerical code, THCC, has been developed for simulation of mul-
ticomponent solute transport in saturated porous media with aqueous
complexation and precipitation/dissolution of stable solid phases in the
presence of variable temperature. THCC evolved from the isothermal
code CHEMTRN and is capable of simulating the diffusion of solutes
along a steady gradient of temperature and the mixing of fluids having dif-
ferent initial compositions and temperatures. Example calculations
demonstrate the close coupling that can exist between temperature varia-
tions and the transport of chemically reactive solutes. This coupling can
be an important consideration in the assessment of performance of
nuclear waste repositories. :

INTRODUCTION

The coupling of heat flow with chemical reactions can affect the tran-
sport of chemically reactive solutes in saturated porous media by the
influence of changing temperature on chemical reaction rates and equili-
bria. In the vicinity of nuclear waste canisters, strong gradients of tem-
perature will be established quickly within packing and surrounding geolo-
gic materials, and mixing of waste-bearing fluids of differing temperatures
and compositions will occur. Prediction of migration of wastes and



assessment of compliance of a waste repository with regulatory standards
require the ability to account for effects of interactive coupling between
chemistry, temperature, and fluid flow.

In recent years, considerable progress has been made in the develop-
ment of thermodynamically based computer codes that incorporate chemi-
cal reactions, under the assumption of chemical equilibrium, into the solu-
tion of multicomponent solute transport equations. This has been accom-
plished either by iteration between solutions of the transport equations
and solutions of usually nonlinear, algebraic equations of chemical equili-
brium (the “two-step™ method, e.g. Grove and Wood, 1979; Theis et al..
1983. Cederberg et al.. 1985). or by simultaneous solution of both tran-
sport and chemical equations (the *“direct” method. e.g. Rubin and James,
1973. Valocchi et al., 1981. Miller, 1983; Miller and Benson, 1983:
Kirkner et al., 1985). These codes provide strong coupling of chemical
reactions to the solute transport equations, but the coupling to fluid flow
is weak due to the general assumption of a flow field invariant in space
and time. The current codes provide only weak coupling to temperature
in the sense that temperature can be varied from simulation to simulation,
but not within a single simulation.

A computer code (named THCC) incorporating a variable temperature
field in the framework of multicomponent, thermodynamically based.
reactive chemical transport mode!l has been developed. The starting point
for this development was the CHEMTRN code (Miller and Benson, 1983).
Here. I describe the THCC code briefly and provide results of simulations
of two simple chemical transport problems under conditions of vanable
temperature.

DESCRIPTION OF THE CODE THCC

In the code THCC 1t is assumed that heats of chemical reactions do not
affect the temperature field, the temperature field does not affect the (con-
stant) fluid flow field, and effects (thermal diffusion. thermal osmosis,
chemical osmosis, and ultrafiltration) arising from thermodynamic cou-
pling between flows of heat and matter (Carnahan, 1984, 1985) are absent.
These assumptions allow the calculation of heat transport to be done
independently of the calculations of solute transport and chemical equili-
bna.

All partial differential equations of transport, written in one dimension
or in radial coordinates, are converted to finite difference form. At each
new time, the heat transport equation with initial and boundary condi-
tions is solved and temperatures are assigned to each spatial node. Values
of equilibrium coefficients for all chemical reactions at all nodes are calcu-
lated using these temperatures. The temperatures and coefficients are
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invariant during the subsequent solution of the solute transport equations
and the chemical equilibnum equations.

The solute transport equations and the chemical equilibrium equations
are solved by the “direct” method in a manner generally similar to that of
the CHEMTRN code (Miller and Benson, 1983). but with several differ-
ences in detail. In the THCC code, the primary unknowns, found by
Newton-Raphson iteration, are concentrations of basis species and solids;
concentrations of aqueous complexes are secondary unknowns and are
replaced in the numerical solution by mass-action relations. Also in
THCC. Jacobian matrix elements are calculated explicitly rather than by
divided differences, and the parts of the elements that depend only on
invariant quantities are calculated only once during each simulation: the
Crank-Nicolson method is used in the finite-difference approximations of
the transport equations: and a  different  algorithm for
precipitation/dissolution of solids is used.

The present version of THCC treats formation of complexes in the
aqueous phase and reversible precipitation/dissolution of solid phases.
and it updates activity coefficients duning the Newton-Raphson solution
procedure.

Three types of transport problems involving variable temperature can
be simulated by the present version of THCC. In the first type. a fluid of
constant composition and temperature flows into a one-dimensional
porous medium saturated by a fluid of initially different composition and
temperature. In the second type. heat and solutes diffuse from a boun-
daryv held at constant temperature and composition into a porous medium
saturated by an initially different fluid. In the third type. a constant gra-
dient of temperature is imposed on the medium with a given initial com-
position. and solutes diffuse between boundaries having constant compo-
sitions and temperatures. The code also can be run isothermally with
either constant-concentration or constant-flux boundary conditions.

EXAMPLE PROBLEMS

Two examples of simple chemical transport problems involving variable
temperatures are given. Although the THCC code is capable of treating
more complicated chemical systems, the examples shown here have been
kept simple chemically in order to emphasize the effects of variable tem-
peratures.

Diffusion of Silica along a Gradient of Temperature

A linear temperature gradient equal to 200°C/m is imposed on a I-m
domain with temperatures of 230°C and 30°C at the inner and outer boun-
daries, respectively. Initially, the domain contains a total concentration of



silica equal to 0.02 mole per dm? of fluid phase, distributed between fluid
and solid phases according to the value of the solubility of amorphous sil-
ica along the temperature gradient. The solubility. governed by the reac-
tion

SioZ(am) + 2HZO(I) = Si(OH)?(aq') ’ “)
is calculated from (Rimstidt and Barnes, 1980):

8401

- -4 9
T 7.880 X 107° T, (2)

log K = 0.338 —

where T is the temperature in K. Afier the initial equilibration. diffusion
is allowed to occur with concentrations of silicic acid at the boundanes
fixed at their initial values. A constant diffusion coefficient equal to 10~°
m?/s is used. Figure 1 shows the initial concentration profile of amor-
phous silica. the concentration profile at an elapsed time of 10° s, and the
concentration of silicic acid. Because the latter concentration must be
invariant in time. diffusion of silicic acid along its own concentration gra-
dient (created by the temperature gradient) results in an accumulation of
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Figure 1. Diffusion of silica along a gradient of temperature ( VT = 200
K/m): concentration of Si(OH){.,) and moles SiOy,m) per dm? of fluid
phase at times zero and 10° s.



amorphous silica that increases toward the cold end of the domain, where
- the solubility decreases. Thus, the gradient of temperature has caused a
transport of amorphous silica from the hot to the cold end of the domain
with no change in the concentration of silicic acid in the fluid phase. This
process could lead to filling of pores and decreased permeability in the
cold region. THCC has no ability to simulate such effects.

Mixing of Two Fluids Equilibrated with Uraninite

A one-dimensional porous medium with a porosity of 0.1 is saturated
initially with a neutral (pOH 6.627) solution equilibrated with uraninite at
50°C. Another solution, at 150°C, also neutral (pOH 5.788) and equili-
brated with uraninite, flows into the first solution at the boundary x = 0
with a pore fluid velocity of 1073 m/s. In each fluid, the total concentra-
tion of aqueous U(IV) species plus uraninite is initially 4 X 10~!' mole
per dm? of fluid phase. The porous medium is assumed to have a disper-
sivity of 0.1 m. The heat capacity of the fluid phase is 4.2 X 10° and of
the solid phase is 1.1 X 10°® joule/(m? - K), and the thermal conductivity
of the saturated porous medium is 6.4 X 1073 joule/(m - s - K). all
referred to unit volume or area of porous medium. In this situation it is
evident that spreading of the thermal front is dominated by thermal
dispersion. the contribution of thermal conductivity being reiatively negli-
gible.

Dissolution of uraninite is assumed to be controlled by the reaction

UOy() + 2H:0y, = U(OH){ ) - (3)
with
log K = —7.25 ~ —’—5—9T9ﬁ — 2028 X 107 T @)

(D. Langmuir, personal communication. 1985). The aqueous complex
U(OH)s,4q) forms by the reaction

U(OH)gaq) + OHg) = U(OH)s4) » (5)
with formation coefficient given by

2296.5

= ], -+
log K 1.66 T ,

(6)

denived from enthalpies and free energies of formation given by Langmuir
(1978). Under the conditions of this simulation, concentrations of the
aqueous complex U(OH)s,,) are negligible, and this complex was omitted



from consideration. The ion product of water as a function of tempera-
ture was calculated by polynomial expressions derived from data given by
Marshall and Franck (1981). '

Results of the simulation at elapsed times of 2000 s and 4000 s are
presented in Figures 2-4. It is noted that if a nonreactive tracer, such as
Na,) had been added to the system with the inflowing fluid. the mid-
points of its breakthrough curves at these elapsed times would be located
at approximately 2 m and 4 m, respectively. However, in Figure 2 it is
seen that the midpoints of the pOH curves have reached only about one-
fourth of these distances in the given times. This is because the concen-
tration of OHz,, is controlled by the ion product of water, which is a
function of temperature. Movement of the thermal front through this sys-
tem is retarded, relative to the pore fluid velocity, by a factor of approxi-
mately four because heat carried by the fluid phase must be expended in
heating the solid phase. By comparing the temperature profiles shown in
Figure 2 to the chemical profiles in Figures 2-4, it is seen that the tran-
sport of reactive chemical species in this example is closely coupled to the
flow of heat.

Figure 3 shows the concentrations of U(OH)QW » which decrease with
decreasing temperature. and the formation constant of U(OH)s,,), Which
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Figure 2. Mixing of two fluids equilibrated with UOy) temperature and
pOH at times 2000 and 4000 s.
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Figure 3. Mixing of two fluids equilibrated with UO,): concentration of
U(OH)&,,) (X 10"%) and formation coefficient of U(OH)s,,, (X 1077) at
times 2000 and 4000 s.

increases rapidly with decreasing temperature. These opposing effects.
combined with decreasing concentrations of OHg,, toward the cold boun-
dary. result in almost constant concentrations of the dominant aqueous
U(IV) species. U(OH)s,q). near the hot end of the system, as shown in
Figure 4. Also shown in Figure 4 are concentrations of uraninite, which is
being dissolved at the hot end in order to support the U(OH)s,,, concen-
tration and is being transported downstream at a rate about equal to the
rate of motion of the thermal front.

CONCLLUSION

The examples given here, while simple in the chemical sense, demon-
strate the possibility of strong coupling between transport of reactive
chemical species and the thermal environment in which the transport
takes place. Both steady-state gradients of temperature and transient flows
of heat can control migration of solutes in the aqueous phase and can
mobilize stable solid phases which might otherwise be considered immo-
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Figure 4. Mixing of two fluids equilibrated with UO,;: concentration of
U(OH)s5q) and moles UO;, per dm? of fluid phase at times 2000 and
4000 s.

bile. It seems highly desirable 1o account for such thermochemical cou-
pling in the prediction and assessment of performance of repositories for
nuclear waste materials.
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