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ABSTRACT 

A computer code VAPMIG which combines brine inclusion migration and 

vapor transport by Knudsen and bulk diffusion in interconnected porosity 

has been developed to predict the release of water and brine to a drillhole 

in rocksalt which is heated by nuclear waste. Inclusions move under the 

influence of the temperature gradient only as far as the bm.mdary of the 

grain they are in. At the grain botmdary the migrating inclusions are 

trapped and deliver their brine and volume ~to the interconnected porosity. 

Further transport of water occurs via the vapor phase. The salt porosity 

near the drillhole is assumed to be increased by the boring operation. 

During nuclear heating, the porosity can change because of the trapping 

of inclusions from within the salt crystals and by thermomechanical 

effects (thermal and lithostatic stresses and creep consolidation). This 

effect is modeled by simple closure due to thermal expansion. A base-case 

calculation and sensitivity analyses are performed with the code. The 

most important parameters affecting water release are: the extent of 

porosity closure by thermomechanical effects (this phenomenon can also 

cause extrusion of liquid brine at the drillhole surface); the permeability 

of the salt to gas; and the fraction of the intra- and intergranular brine 

which conmn.micates with the interconnected poros1ty. Judicious choice of 

the parameters produces water release rates which are comparable to those 

observed in field tests. 
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I . INTRODUCTION 

In anticip~tion of application for a license from the Nuclear 

Regulatory Connnission, the Department of Energy has sought to establish 

the technical performance of repositories for disposal of high level 

nuclear wastes in geologic salt formations. A significant issue in 

this technical evaluation is the behavior of the water contained in 

natural salt when the latter is subjected to the thermal nonuniformity 

created by emplacement of the heat-generating waste canisters. This 

phenomenon has been treated in detail in a comprehensive review by 

Jenks and Claiborne(!). The object of the analysis of water in salt 

is to predict the amount of water and/or brine which will be transported 

to the drillhole containing the nuclear wasteform during the latter's 

lifetime. 

There is no disputing that water in rocksalt is mobilized by 

application of a temperature gradient. Intragranular brine inclusions 

move by a solution-diffusion mechanism driven by the temperature 

dependence of the salt solubility and by the Soret effect. Intergranular 

water, on the other hand, can escape by vapor transport or by flow as a 

liquid along the microcracks and grain boundaries which are rendered 

permeable by the mechanical action of boring the drillhole (and the con

sequent release of the lithostatic pressure on the salt) and by the thermal 

stresses and creep due to the temperature gradient. Transport models have 

been developed for both of these mechanisms, each to the exclusion of the 

other. 

The MIGRAIN code(2) considers only migration of brine inclusions 
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within crystalline salt; it computes the total water inflow to the drillhole 

by assuming that inclusions migrate as entities until they reach the 

canister surface.' Grain boundaries are ignored in this treatment. 

In the model proposed by Hadley and Faris(3), all water is transported 

as a vapor through grain boundary channels. Motion of the intragranular 

brine inclusions is not ·permitted; instead, these act as reservoirs of 

water which are made available to the vapor transport process only as 

the receding vapor-liquid interface passes them. 

The neglect of interaction between migrating inclusions and grain 

boundaries of rock salt is a fatal shortcoming of the MIGRA.IN approach. 

A munber of investigations have shown that except for very "tight" 

bmm.daries such as can be fabricated by joining two single crystals, 

inclusions driven by the thermal gradient do not penetrate the boundary. 

On the other hand, the Hadley-Paris model provides no description of the 

kinetics of the process by which water in inclusions reaches grain 

bmm.daries where it becomes available for release. In addition, the 

inclusions bring their volume as well as their brine when they reach a 

grain boundary, and the former property serves to increase the porosity 

of the grain boundaries which govern water release by vapor transport. 

The VAPMIG model described in this report attempts to weld these two 

approaches into a consistent framework which includes all pertinent 

physical processes affecting water mobility in nonisothermal rocksalt. 

I I 1HE DRYING MODEL 

The model assumes an infinitely long drillhole of radius R
0 

in an 

infinite extent of rocksalt (axial end effects are not considered). The 

drillhole at all times is flushed with dry air at 1 bar pressure. The 
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total water content of rocksalt varies from that charact~ristic of dome 

salt c~ 0.02 volume percent) to that of bedded salt (up to 1%). This 

native water in the original salt is divided into two parts: 

cp~b = initial volume fraction of brine present on grain bmm.daries 

~ = initial volume fraction of brine as intragranular inclusions '~'incl 

It is assumed that the act of' drilling the hole in the salt increases 

the porosity of the solid, either by opening up existing grain boundaries 

or by creating new microfissures in the grains. This mechanically-induced 

porosity is described by the two-parameter function: 

exp[ -g(n - 1)] (1) 

where: 

(2) 

is the radial position measured in units of drillhole radii. 

The porosity produced by drilling and by relief of the lithostatic 

stress will undoubtedly be largest at the surface of the drillhole, where 

its value is denoted by <Pgbo· The recovery of the porosity of the virgin 

salt is assumed to be exponential in distance from the drillhole with the 

rapidity of decay of the porosity governed by the dimensionless parameter 

g. The porosity described by Eq(l) is assumed to be interconnected and 

to lead to the drillhole surface so that it provides a pathway for water 

vapor or brine to escape from the salt. Equation(l) describes the 

interconnected porosity of the salt before the temperature field due to 

the wasteform is imposed upon the solid. During the period of nuclear 
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heating, the porosity function changes due to a number of processes which 

will be detailed later. 

The quantity ¢~b represents only that part of the native grain 

l:Dundary brine which is part of the interconnected porosity. There may be 

additional liquid in closed intergranular pores. As long as these pores do 

not move and do not become linked to the open porosity, they play no role 

in the water release process. 

During application of the temperature field, the quantity of water 

in the open porosity is given by the function: 

C(n,t) =volume fraction of brine present in the open porosity 

at radial location n and time t 

Since the quantity of intergranular brine cannot exceed the volume 

available to accommodate it, 

c ~ ¢gb (3) 

To simulate the construction and loading schedule of an actual 

repository, a delay of a year or so is assumed between the digging of 

the drillhole and the emplacement of nuclear waste in the hole. During 

this period, the open porosity is assumed to be maintained at the radial 

distribution given by Eq(l); no creep consolidation is permitted. 

During the initial isothermal drying period, water is lost from the hole 

by vapor transport from a receding interface. The transport process is 

assumed to be a combination of Knudsen and bulk diffusion. Hydrodynamic 

(D'Arcy) flow is neglected. No other process acts to change the inter-

granular water content, which is therefore given by: 
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C(n, t) = 

where n1 is the time-dependent interface location. The brine in the 

connected porosity during the isothermal period is shown schematically 

in Fig. 1. If the interface location is n1 , the zone 1 ~ n ~ n1 contains 

no liquid. In the region n > n , the brine does not fill the available 
L 

porosity. No vapor transport occurs in the two-phase zone because it 

is isothermal. Liquid redistribution by capillarity is no.t considered. 

The intragranular inclusions are immobile during this period. 

At a time denoted by t = 0, the nuclear waste is placed in the 

hole. The time-dependent temperature distributions which result from 

this heat source are calculated by a heat conduction code. For this 

purpose, the distributions given by Ref. 4 have been used. The temperature 

rise accelerates loss of water by vapor transport in the open porosity 

but it also mobilizes the intragranular brine which has been dormant 
' during the preceding isothermal drying period. In addition, thermal 

expansion of the salt acts to reduce the open porosity. Finally, establish

ment of a temperature gradient in the zone of partially-liquid-filled 

porosity causes water vapor transport down the temperature gradient. Thus, 

water is transported by diffusion away from the vapor-liquid interface in 

both directions. 

The inclusions are assumed to migrate in the thermal gradient at a 

velocity given the Jenks fonnula(l). The rate at which inclusions reach 

the boundary of the grain that contains them depends upon the radial 

location (which determines the temperature and temperature gradient) and 
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the size of the salt grain. In accord with the observation of Roedder 

and Belkin(S), inclusions which reach a grain bonndary are assumed to lose 

their identity and to deliver their brine and volume to the grain 

bonndary. The smaller gas-liquid inclusions which are spawned by this 

interaction and which migrate back down the temperature gradient (5) are 

neglected. Only a fraction of this liquid source is deposited in the 

·connected porosity. The remainder becomes attached to portions of grain 

bm.mdary of microcracks which do not connm.micate with the network of 

open porosity. These inclusions are effectively trapped or immobilized 

and cannot contribute to water migration to the drillhole. Thus the 

term ~incl is interpretedlas the actual volume fraction of intragranular 

brine multiplied by the fraction which, upon reaching a grain bonndary, 

contributes to the open porosity. This class of brine eventually escapes 

to the drillhole by vapor transport. 

Mineralogical examination of the sides of the drillhole in the Salt 

Block II experiment (6) revealed efflorescences which were interpreted as 

the residue of liquid brine had escaped from the salt during the test and 

evaporated to dryness on the cavity wall. . This phenomenon can occur if the 

open porosity is reduced by thermomechanical effects (i.e. the thermal expan

sion or creep) more rapidly than it is increased by arrival of inclusions 

from the grains or if the rate of brine supply from the grain interior 

exceeds the loss rate by vapor transport to the drillhole. For these cases, 

the liquid front in the porous solid advances rather than recedes and 

can reach the drillhole surface where liquid spills out. If thermomechanical 

pore closure is not considered, all water loss occurs by vapor transport. 

The following sections present the equations governing the component 

-6-



steps in the overall water loss process. 

II I TRANSPORT OF WATER VAPOR 

A. The Flux Equations 

As in Ref. 3, movement of gaseous water in the porous salt is assumed 

to take place by a combination of Knudsen and bulk diffusion in the air/ 

water mixture. Hydrodynamic(D'Arcy) flow is neglected because of the 

presumed small characteristic dimensions of the pores and the modest 

pressures involved. The rates of the diffusional transport processes 

are linear in the pressure gradient whereas hydrodynamic flow depends 

upon the gradient of the square of the pressure. 

The basic diffusive flux equations in a porous medium are given by 

Gunn and King (7) . In applying these equations to water movement in porous 

salt, quasi-steady state can be assumed and the flux of the air component 

set equal to zero. At radial location r the water vapor flux in the 

radial direction, ~' expressed in gram moles per unit area of the porous 

solid is: 

(4) 

where P is the total gas pressure and p is the partial pressure of water; . w 

both are .functions of radial position. R is the gas constant and T the 

temperature. D* is the pnoduct of the mutual diffusion coefficient of 

the air-water mixture and the total pressure. The parameter c2 depends only 

on the structure of the porous medium and represents the ratio of the bulk 
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diffusivity in the porous solid to the free gas bulk diffusivity. The 

Knudsen diffusivity of water vapor in the porous solid is related to 

another constant characterized by the pore structure, c1 , by: 

!,: 
K = c (RT/M) 2 

w 1 w 
(5) 

where Mw is the molecular weight of water. 

The corresponding flux equation for air is: 

0 = (6) 

where Ka is the Knudsen diffusion coefficient of air in the porous salt. 

It is given by Eq(S) with Mw replaced by the molecular weight of air. 

The partial pressure of air in the pores, p , is related to the total 
a 

pressure and the water vapor pressure by: 

p = p + p 
a w (7) 

The gas transport properties of the salt are characterized by the 

two structure-sensitive constants, c1 and c2; however, in the present 

analysis it is convenient to replace the former by ~ according to Eq(S) 

and the latter by the dimensionless parameter: 

Paol\v 
A = c D* 

2 

where Pao is the partial pressure of air in the drillhole. 

(8) 

As shown by Gunn. and King(?), the water flux ~ can be eliminated 

from Eqs(4) and (6) and the resulting equation integrated from the drillhole 
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surface (r = R
0

) to obtain the following relation between the partial 

pressures of the two components: 

1 - ~ - ~~ = Y - y
0 

(9) 

where 

y = P~Pao 
(10) 

and y
0 

is the ratio of the partial pressures of water and air in the 

drillhole. The water flux is detennined from Eqs(4) and (7) as: 

N = w l+Al; 

dp 
w 

dr 
= - (11) 

The limit as A + 0 corresponds to dominance of Knudsen diffusion and 

the water yapor flux reduces to: 

( ) - (Kw) dpw ~ Knudsen - - RT Tr (12) 

As A+ oo, the solution of Eq(9) is ~ = l+y -y and Eq(ll) reduces to 
0 

the formula for ordinary diffusion of one component in a stagnant gas. 

In general, Eq(9) must be solved for ~ as a function of y and substi

tuted into Eq(ll). 

B. Salt Permeability 

In addition to creation of microfissures, the permeability induced 

in the salt by digging the hole for the waste canister is probably due 

to opening up of existing grain boundaries. In the latter case, the 

porosity consists of thin sheets surrounling the grains. The porosity 
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increase is due to enlargement of the grain boundary width o, oro ~ ¢gb· 

The free-molecule conductance of thin annular or rectangular slots varies 

as the square of ,the slot width(8), or Kw ex: o2. Thus, if porosity distri

butions such as that given by Eq(l) are due to separation of existing 

grain boundaries in the. salt, the Knudsen permeability varies with 

radius according to: 

(13a) 

where K is the Knudsen diffusivity which characterizes the initial wo 
permeability of the salt immediately adjacent to the drill hole. During 

the initial isothermal drying period, the porosity ratio in the above 

formula is given by Eq(l). Thermal effects on the porosity dtiring the 

subsequent heating phase are reflected in the permeability distribution 

via Eq(l3). 

If the predominant effect of drillhole boring and lithostatic 

stress relief is creation of microcracks in the grains rather than opening 

of grain boundaries, both the porosity and the permeability depend on 

the crack density (assuming that all cracks are of the same size). In 

this case the permeability distribution would be: 

(13b) 

In general, a mixture of grain boundary separation and microcracking leads 

to a permeability distribution in the salt which varies as the 

porosity distribution raised to a power between one and two. In the 

absence of data which would permit distinction between these two 

possibilities, the grain boundary separation model of Eq(l3a) has been 

used in the calculations. 
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The remaining structural penneability parameter, c2, is assumed to 

vary with porosity in the same manner as does K , so that the parameter A w 

of Eq(8) is a constant. 

C. Isothennal Drying Period 

Water removal during the period between drillhole boring and 

emplacement of nuclear waste in the hole is treated by-classical drying 

theory. The water flux of Eq(ll) is integrated and combined with a water 

balance on the system. The rate of water loss from the salt per tmit 

length of drillhole surface, q, is related to the water flux in the 

porous salt by: 

q = - 27TrN = q w 0 
(14) 

l+A~ 

The second equality in this equation was 0btained by expressing the water 

flux l\v. by Eq(ll). The quantity ~ is defined by: 

(15) 

Integration of Eq(l4) between the drillhole surface and the vapor-liquid 

interface gives: 

where 

(16) 

and psat is the vapor pressure of water in equilibrium with saturated w 

brine at the system temperature. By changing the variable of integration 

on the right hand side of the above equation from y to o by use of 
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Eq (9), the integral can be analytically evaluated. The rate of water loss 

becomes: 

dn (17) 

where ~L is the relative pressure of air at the vapor liquid interface, 

which is obtained by solution of Eq(9) withy= y1 . The porosity ratio 

in the integral is given by Eq (1) . To determine the position of the 

interface, the water balance on the dry zone in Fig. 1 gives: 

(18) 

where R1 is the radial location of the vaptir~liquid interface and pw is the 

molar density of water in saturated brine at the temperature of the isothermal 

drying period. The parameter T
0 

is given by: 

(19) 

As discussed at the beginning of Section II, the intergranular water content 

of the brine~containing zones (n > n1 in Fig. 1) is equal to cp~b during the 

isothermal drying period. Equating the right hand sides of Eqs (17) and 

(18) and integrating for the duration tiso of the isothermal drying period 

during which the vapor~ liquid interface recedes from n1 = 1 to n1 = n10 
yields: 

(20) 

~12~ 
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For a specified isothermal drying period, Eq(20) determines the position 

of the vapor-liquid interface at the time of introduction of the nuclear 

waste into the drillhole. 

D. Intragranular Brine Flow to the Grain Boundaries 

During the isothermal drying period analyzed in the preceding section, 

the brine inclusions inside the salt crystals do not move because no tempera

ture gradient is present. Introduction of the heat source into the hole 

sets up temperature nonuniformities which cause the intragranular brine 

to move radially inwards . During a time measured from the end of the 

isothermal drying period, all inclusions which reach the boundary of the 

grain in which they are located cease to exist and contribute their 

brine and their volume to the interconnected porosity. The kinetics of 

this process. depend upon the inclusion migration velocity and the grain 

size. A closely related process occurs in nuclear fuels containing 

fission gas bubbles, in which the grain ~oundaries collect gas reaching 

the boundaries from the interior by bubble migration(9). In both cases, 

the process can be analyzed by assuming spherical grains of diameter dg 

containing an initially unifonn distribution of inclusions . At t = 0 , 

the inclusions acquire mobility denoted by the velocity V, which is radially 

directed and which has the same magnitude for all inclusions. If the 

inclusions were not impeded by the grain boundary, the sphere of 

inclusions after time t would be displaced as shown in Fig. 2. However, 

the grain boundary traps all inclusions reaching it, and the ratio of 

such inclusions to those in the original sphere is equal to the ratio of 

the shaded voh..nne in Fig. 2 to the sphere volume. The sphere displacement 

is measured by the quantity h, which is defined by dh/ dt = -V. From the 

solid geometry of the intersecting spheres in Fig. 2, the fraction of 
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inclusions reaching the grain botmdary is (9): 

where: 

1 2 f = 1 - iH (3-H) 2 . 

H - h --cr 
g 

. 1 
1 - -

dg 

t J V(n,t')dt' 

0 

(21) 

(22) 

The inclusion velocities (in cm/yr) are given by the Jenks Equation(l): 

log(V/VT) = 0.00656T - 0.6036 (23) 

Where T is the temperature in °C and VT is the local temperature gradient 

in °C/cm. 

The quantity of water in the inclusions contained in a unit volume 

of salt is pw~incl and a fraction f of this water is deposited on the 

grain botmdaries in time t. The source tenn representing the rate of 

water supply to the grain boundaries by inclusion migration per unit 

volume of salt is: 

- d 
S - dt (pw~ incl f) 

From Eq(21): 

'df 
= Pw~incl df 

~t.· = (3H - ~2) ~ 
U[. 2 ug 

so that the rate of supply of water to the connected porosity from 

inclusions reaching the grain boundaries is: 

or: 
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'T 
S = _o_ 

2TIR~ (

<I> \ 

incl) (3H _ ~2) 
q,o 2 

gb 

where T
0 

is given by Eq(l9). 

V(n, t) 
dg 

(24) 

For a specified time-dependent temperature distribution, V(n,t) 

is detennined by Eq(23), H(n, t) by Eq(22), and S(n ,t) follows from 

Eq(24). 

E. Water Loss by Vapor Transport 

In the dry zone shown in Fig. 1, all water in the connected 

porosity is assUIIl.ed to be present as vapor. The supply from inclusions 

given by Eq(24) is assUIIl.ed to vaporize as soon as the brine-filled 

cavities empty their contents into the grain bmmdary. The water 

balance on the vapor in the dry zone is : 

(25) 

Converting to the dimensionless radial position variable and integrating 

yields: 

n 

nN,. - N,.Cn=l) = R
0 
J n 'S(n', t)dn' 

1 

The rate at which water enters the drillhole per unit height is: 

q = - ZTIR N (n=l) o·w . 

(26) 

Eliminating NwCn=l) by the above equation and Nw by Eq(ll), Eq(26) 

becomes: 

q = q 
0 
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where Eq(l3a) has been used .. Multiplying this equation by dn and 

integraing over the range 1 ~ n ~ n1 results in: 

( -ln~L) 2 JnL d In 
q + 27TR 1 ~-=-n;....,....,.-..,..,.... 1 n ~sen I ,t)dn I 

q = _o __ A _____ o_.;__ __ n_C<P_,g=b_/cp....Ji=b~)-
2 

______ _ (27) 

dn 

In the absence of inclusion motion (S = 0), Eq(27) reduces to Eq(l7) which 

was derived for the isothermal drying period. 

F. Brine Content of the Two-Phase Zone 

No brine is present in the dry zone and the region labeled "filled 

pores" in Fig. 1 contains no vapor. The vohune fraction of brine in the 

open porosity in these two zones is given by: 

C(n,t) = o 

C(n,t) = cpgb for n > n* 

In the intermediate two-phase zone, the volume fraction of brine is 

determined by a water balance. There are two sources of water in an 

element of volume:In the two-phase region. The first and most, important 

is the source from the intragranular inclusions derived in Section IIID. 

The other is water transport by diffusion in the gas space not occupied 

by liquid in this zone; because a temperature gradient is impressed on 

the solid and the local partial pressure of water in the two-phase 

zone is equal to the saturation pressure, a water pressure gradient must 
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exist and lead to diffusion of water radially outward. Denoting this flux 

by ~ the water balance in the two-phase region is given by: 

In addition to the sources of water, the volume fraction of brine increases 

with time because of thermal expansion. This process is described by: 

( dC) aT dt = o.BC at exp __ 

where o.B is the coefficient of thennal expansion of brine. Adding these 

two components of dC/dt yields: 

= 
2rrR 

S - --0-.!. ~ 'nN') + a IS-) aT 
-r0 n dn w B\<Pgb at 

The initial condition for this equation is: 

C/¢ 0 = 1 at t = gb 0 for all n > n10 

(28) 

The vapor flux ~ in the two-phase region is of the same form as that 

in the dry zone given by Eq (11) . However, because the partial pressure of 

water in the pores is assumed to be equal to the saturation pressure at the 

local temperature, 

d sat 
9Y = _1_ Pw 
dn Pao dn 

= 
d sat 

1 Pw dT 
P - dT an 

ao 
(29) 
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In addition, the vapor space available for diffusion is reduced by the 

presence of brine in the pores, so that instead of Eq(l3a), Kw is given 

by: 

(30) 

Substituting these equations into the water flux expression of Eq(ll) 

yields: 

qo (!w- c y 1 
dpsat 

dT w 
2'ITR <Pgb - <Pib Pao dT dn 

N' = 0 (31) w 
1 +A~· 

The bulk diffusion correction factor in the denominator is given by 

modifying Eq(9) to apply to the two-phase zone: 

(32) 

where y = p!at/pao and y1 is the value of this ratio at the vapor-liquid 

interface (n= n1). The quantity ~Lis the ratio of the partial pressure 

of air at the interface to Pao' and is obtained from Eq(9) with y 

replaced by y1 . 

G. Porosity Changes 

The porosity associated with grain boundaries or microcracks affects 

both the permeability of the salt (via Eqs(l3a) or (13b)) and the capacity 

of the solid to store intergranular water. The latter property is 

important; should the porosity decrease, the brine contained in it could 
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be extruded from the salt like toothpaste from a tube. 

The time rate of change of the intergranular porosity at each 

radial location in the solid can be broken down into three components. 

The first is the increase due to arrival at the grain boundary of inclu

sions from within the grains. The second is a decrease due to precipi

tati~n of salt as a consequence of evaporation of water from the brine in 

the dry zone or an increase because of water addition to the brine in the 

two-phase zone. The third component, which may either increase or decrease 

porosity, is due to thermomechanical effects such as thermal expansion or 

. creep consolidation. Both of these phenomena are dependent on the local 

stresses in the salt. The creep closure effect is related to the healing 

of cracks in ceramic nuclear fuels. The local porosity variation with time 

can be written as : 

~=(~) +(~) +(~) at at incl at evap . at . thermo-
mech 

(33) 

Each of the components on the right hand side of this equation is treated 

below: 

1. Inclusions 

Equation(24) gives the number of moles per second of liquid water which 

arrive as brine at the grain boundaries in a unit volume of salt. Division 

of this quantity by the number of moles of water per unit volume of brine 

yields the volume source term: 

(34) 

This term is identical to the first term on the right hand side of Eq.(28) 
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because the volume of brine and th~ volume of the cavity of an all-liquid 

intragranular inclusion are equal. 

2. Evaporation 

Salt precipitation (which reduces porosity) occurs in the dry zone 

because the inclusions r.eaching the grain boundaries are assumed to 

evaporate to dryness. If p~at moles salt/cm3 brine is the concentration 

of dissolved salts (including impurities such as Mg2+) in the inclusions 
' 

and ds moles salt/cm3 solid is the density o.f the precipitate remaining 

when all water evaporates, the volume of precipitated solid is equal to 

the fraction p~at /ds of the original brine volume. Thus: 

(
a¢ b) 
~evap=-

. Psat (a¢ ) s gb 
-.d- at . 1 

s me 
(35) 

In the two-phase zone of Fig. 1, the water flux N' is directed radially 
w 

outward and decreases with increasing distance from the drillhole. Therefore, 

the water vapor transport process in this zone tends to dilute the brine. 

Since the system acts to restore saturated conditions, solid salt dissolves 

and the porosity increases. The component of the porosity change due to 

evaporative transfer at radial positions in this zone can be written as: 

( ~) = ~ (ac) at . evap ac at evap 

where a¢gb;ac is the increase in porosity per unit increase in brine volume 

. due to addition of pure water· provided by condensation of water vapor. 

This term is equal to p~at/ds. Strictly speaking, the densities in this 

ratio are not the same as those in the comparable ratio in Eq(35) because 
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the latter applies to intragranular inclusions which contain alkaline 

earth ions not present in the halite. However, this distinction is 

ignored in the present analysis . The second tenn in the above equation 

is equal to the second tenn on the right hand side of Eq(28); thus the 

porosity rate of change due to vapor transport of water in the two-phase 

region of salt interconnected porosity is: 

(36) 

No evaporation or condensation of water vapor occurs in the brine-filled zane 

at n > n*. 

3. Thennomechanical Effects 

The rise in salt temperature upon introducing nuclear waste into 

the drillhole establishes compressive thermal stresses in the salt which act 

to reduce intergranular porosity. The reverse effect, that due to cooling, 

is to enlarge the pores and/or to create new cracks. The effect of 

temperature reduction on the permeability and hence on the water release 

rate was dramatically demonstrated in the Project Salt Vault and the Salt. 

Block II experiments(l). However, the effects of salt cooling are of no 

consequence in repository design because essentially all brine inflow is 

expected to occur while the temperatures in the vicinity of the drillhole 

are still increasing. In contrast to an electrically heated experiment, 

it is impossible to abruptly lose nuclear heat. 

Enhanced water release on heating was observed in the Salt Block II 

tests(lO). Whether these increases were due to a thermal stress-induced 

porosity increase or simply to increase of the vapor pressure of water in 
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the salt at the elevated temperatures is not known. There is evidence(ll) 

that the porosity of small salt specimens is increased by isothermal 

heating. However, in a repository, particularly if the drillhole is lined 

with a metal sleeve, increas~ng temperatures will most likely lead to 

porosity reduction and reduced water permeability. The extent of the 

reduction is a function of stress and the compressibility of the grain 

botmdaries. Hadley and Faris (3) assumed that the porosity depends only on 

the residual strain obtained directly from the stress analysis (the residual 

strain is the total strain from which the thermal expansion strain has been. 

deducted). No accotmt was taken of the strain response of the grain bormdaries 

or microcracks to the applied stresses; the pertinent properties needed 

for such an analysis are not available. Finally, the interconnected porosity 

will change with time rmder constant stress because of creep of the salt. 

At the present time, there is no known method of accormting for this 

phenomenon. 

In the present analysis, the grain bormdary porosity changes are 

assumed to be a specified fraction F of the thermal expansion of the salt: 

( 

d<j> \ 

-~b) thenno-
mech. 

(37) 

where a.s is the volume expansion coefficient of solid salt. The factor ~ appears 

because the porosity is slab-like, so volume changes occur only by alteration of 

_,.. 

the width of the grain bormdaries. The fraction F is intended to represent .' 

the degree of canstraigt of the salt in the repository design. If no sleeve 

lines the drillhole, the salt can expand thermally into the drillhole 
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rather than close internal porosity; in this case, F + 0. At the other 

extreme, salt heated in a rigid container must expand thermally into all 

internal void spaces; for this limit, F + 1. 

Substitution of Eqs(34), (35) or (36), and (37) into Eq(33) 

produces the total time . rate of change of the interconnected porosity. 

The initial condition for its integration is the porosity distribution 

given by Eq(l). 

H. Location of the Vapor-Liquid Interface 

The last step in the analysis is determination of the interface 

position nL as a function of time by a total water balance on the salt. 

During the isothermal drying period the required water balance is 

simple and leads directly to the differenti~l equation given by Eq(l8). 

In the heating phase, however, the inclusions add water to the inter-

connected porosity, vapor transport occurs in the two-phase zone, and 

the open porosity changes with time. These complications are best dealt 

with by a water balance expressed in integral rather than differential 

form. 

Water is conserved out to "' 10 drillhole radii in the salt. This 

cutoff is designated as nmax in Fig. 1. Beyond this position, all water 

motion is arbitrarily zero. At the start of the heating period, the 

water contained in a unit height of salt is: 

initial water = rr(R2 - R2)~. 
1 

p + rr(R2 __ R2 )~ 0 p max o '+'1nc w ·max LO '+'gb w 

The first term on the right hand side of this equation is the original 

water content of the inclusion, which do not move under isothermal 

conditions .. At the end of the isothermal drying period, the vapor

liquid interface is at radial location RLO which is determined by 
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solving Eq(20). The original intergranular water in the salt is present 

at larger radii. 

After time .t of heating, the water in the salt is: 

Rmax 

water at time t = Z1rpw J rC(r, t)dr + 

~ 

Rmax 

2~p ¢. 1 J r[l-f(r,t)]dr 
W 1nc 

Ro 

The first term represents water in the open porosity and the second 

term is water in the brine inclusions which remain in the salt crystals. 

The difference between the above water contents is the cumulative 

release, whether as water vapor: 

t 

Q = v £ qdt' (38) 

or as liquid, QR.. 

water balance is: 

In terms of the dimensionless radial position, the 

nmax 

+ ( :~ncl) J nf(n, t) 
' gb 1 

(39) 

The unknown interface position appears as the lower limit in the integral 

on the right hand side of this equation. During the isothermal drying 

period, f = 0, Q = 0, C/¢~b = 1 and the derivative of Eq(39) with respect 

to time yields Eq(l8). 
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IV COMPUTER PROGRAM DESCRIPTION 

The calculations described in Sect. III are organized into the 

computer code VAIMIG in the manner shown in the flow chart of Fig. 3. 

Input information is shown in ovals and calculational procedures in 

rectangles. Conditions for a spent fuel repository were taken from 

Ref. 4. The drillhole radius is 30.5 em and the waste is a 10-yr-old 

spent fuel assembly. The temperature distributions for times up to 

ten years after insertion of the waste into the hole are shown in 

Fig. 4. 

For computing efficiency, the functions describing intragranular 

brine release to the grain boundaries [f(n,t) and S(n,t) of Sect. IIID] 

and their integrals [the S-integral in Eq(27) and the £-integral in 

Eq(39)] are computed only once and stored for use in subsequent calculations. 

The inclusion velocity function and the size of the salt crystals are used 

only in this step. Doubling the grain size has the same effect as halving 

the inclusion velocity. 

Time steps of 0.05 to 0.2 years are sufficiently small to produce 

reliable results. At the start of a new time step, the vapor flux in the 

two-phase zone (if one exists) is calculated from the previous profiles 

of ~gb and C by use of Eq(31). This calculation is needed only in the 

range n1 ~ n ~ n*, for whichthe limits at the previous time are 

used. 

Next the new porosity distribution is computed from the previous one 

by time-stepping of Eq(33), using Eqs(34), (35) or (36), and (37) for the 

computation of A<P gb . 
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Then the change in the intergranular brine fraction, ~C, is 

computed from Eq(28) for all radii> n1 . The calculation is stopped 

at the location n* where C becomes equal to <P gb. Thereafter the pores 

are full of brine. 

After computing the increment in the cumulative vapor loss 

during the time step, the position of the vapor-liquid interface is 

determined from Eq(39). At this point in the program, the entire left

hand side of this equation and the intergranular brine profile C(n,t) are 

known for the current time. The integral on the right-hand side of Eq(39) 

is performed from the upper limit backwards in space; the position at 

which the integral on the right becomes equal to the left-hand side of the 

equation defines the new value of the interface position, n1 . If the 

integration is carried to n = 1 and the right hand side of Eq(39) is still 

less than the left-hand side, then the cumulative brine loss to the 

drillhole, Q~, is increased to achieve closure of the water balance. 

Finally the vapor release rate q at the current time is calculated 

from Eq(27) and the entire process repeated for the next time step. 

The input parameters needed to perform the calculation (in 

addition to the temperature distributions) are listed in Table 1. A 

base-case calculation utilizing the numerical values given in the next-to

last column was performed. Since many of the parameters in the table are 

either poorlyknown or totally tmlmown, sensitivity calculations were also 

performed. These consisted of changing one parameter at a time of the 

base case set. The parameter changes for the sensi ti vi ty calculations 

are given in the last column of Table 1. 
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RESULTS AND DISCUSSION 

Various aspects of the base-ca5e calculation are shown in Figs. 5 

and 6. The isothermal drying period was 0.44 yrs, at which time the 

vapor-liquid interface position (n10) was 1.5, or rv 15 em from the 

edge of the drillhole. During the heating phase, the calculated position 

at the interface increased continually, reaching n1 = 7 drillhole 

radii after 7 years. The outer limit of the two-phase zone increased 

from n* = 10 at the start of heating and joined the n1 (interface) 

curve after 3 years. Thereafter, the brine zone in the open porosity 

remained full of liquid. 

The cumulative vapor loss is low at the beginning of the transient 

but accelerates after~.~ year. Increased vapor escape is calculated 

(despite recession .of the interface) because of the increasing temperature 

at the vapor-liquid interface. This temperature rise provides driving 

forces which are more than sufficient to make up for the longer diffusional 

transport paths due to interface recession. 

The combination of the Jenks inclusion velocity equation, the 

temperature gradients in Fig. 4, and the 0.5 em diameter grain size 

produce very significant losses of inclusion brine from the crystals. At 

the end of 4 years of heating, the salt grains out to 2. 5 drillhole 

radii have lost all .of their intragranular water. Even as far out as 

10 drillhole radii, the grains are > 50% depleted of brine. This easily 

releasable water source is in large part responsible for the substantial 

cumulative vapor releases shown in Fig. 5. The cumulative value of 

~ 8 moles/em after 7 years, for example, corresponds to~ 30 liters 

of water collected from a 2 m deep hole. 
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Figure 6 shows profiles of the open porosity and the grain boundary 

brine content for several times during the transient. The porosity is 

seen to increase regularly with time at all radial positions. This 

behavior is due to the vohnne increase caused by arrival of inclusions at 

the grain bm..mdaries. Between 5 and 10 years, no further porosity 

changes occur close to the surface because all of the intragranular 

brine has been driven from the salt earlier in the heat treatment. 

Figure 7 shows the sensitivity of the calculation to the Knudsen-

to-bulk diffusion coefficient ratio (i.e., the parameter A of Eq(8)). 

Increasing A from 10-2 to 1 while keeping Kwo constant is equivalent to 

introducing a bulk diffusion resistance of comparable magnitude to the 

Knudsen diffusion resistance. As seen in Fig. 7, the release rate 

decreases relative to the base case and the interface recedes more 

slowly. 

Figure 8 shows the effect of an initial mechanically- induced 

porosity at the surface of the drillhole (~gbo) which is only 25% 

greater than the original porosity ~~b instead of 100% larger as in 

the base case. Compared to the base case results in Fig. 5, the 

reduction of initial porosity has a relatively small effect on water 

loss rates. The reason for this is that the intergranular porosity 

becomes enlarged by migration of inclusions to the grain boundaries, 

thereby eliminating the effect of the initially more constricted pore 

structure. 

The effect of the depth of penetration into the solid of the 

initial porosity change, as measured by the parameter g, is shown in 

Fig. 9. The more extensive porosity implied by g = 0.5 instead of 

g = 1. 0 leads to somewhat higher release rates. However, as the case 
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of decreasing cp b discussed above, the increase- in initial porosity and its g 0 

depth of penetration into the salt is greatly mitigated by the porosity 

developed by the capture of migrating inclusions at grain boundaries. 

Elimination of all intragranular porosity (cpincl = 0) produces 

the curves shown in Fig. 10. The halving of the ctmrulative water loss 

compared to the base case is simply a result of the fact that salt 

contains half as much water as it did in the base case calculation. 

In addition, expansion of the porosity on the grain boundaries by 

inclusions is absent, so vapor transport is more restricted than in 

the base case. 

The grain size has only a minor effect on water loss. Figure 11 

shows that increasing the grain size from 0. 5 to 1. 0 em decreases the 

cunrulative water loss by only "" 10%. This decrease is due to the 

slower rate of supply of intragranular water to the grain boundaries 

in the large-grained salt compared to that in the salt with the 

smaller grains . 

The base case and the single-parameter changes discussed above were 

all based on the assumed absence of thennomechanical effects on the 

open porosity (i.e., the parameter Fin Eq(37) was zero) .. The effects 

of allowing 50% of the thennal expansion of the solid salt to be 

accommodated by the grain boundary porosity are shown in Figs. 12 and 13. 

The latter plot shows that the porosity of the salt at first decreases 

(because of thennal expansion of the solid) and after "" 1 year increases 

as the migrating inclusion begin to reach the grain boundaries in 

significant numbers. By contrast, in the base case, the porosity at the 

grain boundaries increased monotonically with time (Fig. 6) . As shown in 

Fig. 12, the initial porosity decrease causes the vapor-liquid interface 
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to advance from its initial location rather than to retreat into the solid. 

Very shortly after start of the heating, the interface has reached the 

drillhole surface. This extrusion effect dominates for the first 3 

months of operation and during this period a sizeable quantity of liquid 

brine flows into the drillhole. This mechanism may have been the reason for 

the observation of efflorescences on the walls of the Salt Block II e:xperi- . .., 

mental specimen(6). After "' 6 months, vapor transport re-establishes the 

normal drying behavior and the interface recedes slowly into the salt. 

Except for thermomechanical closure of intergranular porosity, none 

of the parameters of the model discussed above have a drastic effect on 

the water release rate. However, the two remaining parameters, namely 

the salt permeability reflected in the Knudsen diffusivity K and the . wo 

fraction of the included water which is active in the release process, are 

quite significant. 

The brine available for release in the base case was set equal to 

0.1%, equally divided between inter- and intragranular components. This 

water content lies between those found in typical dome and bedded salts. 

The model assumes that all of this brine takes part in the release process, 

which is responsible for the calculated release of over 50% of all of the 

water in the salt out to 10 drillhole radii in 7 years. Experience with 

water release in Project Salt Vault and the Salt Block II experiment 

indicates that this degree of brine availability is too high. To simulate 

the inaccessibility of most of the inter- and intragranular brine to the 

release mechanisms, the effective initial grain boundary porosity <P ~b was 

reduced by a factor of 10. The initial intragranular bririe fraction, 

<Pinel, was reduced by the same fraction. This means that 90% of the brine 

in the salt is either trapped in closed grain boundary pores o~ if free 
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to migrate intragranularly as inclusions, arrives at portions of grain 

boundaries which do not communicate with the open porosity. 

In addition, an experimentally-based Knudsen diffusion coefficient 

was used in place of the arbitrarily-selected value of 104 em2/yr used 

in the base-case calculation. Jenks and Claiborne (1) report of a 

measurement of the D'Arcy permeability to nitrogen measured within the 

first 4 em of a drillhole in the Avery Island salt dome. According to 

D'Arcy's law, the flux of gas is related to the permeability K by: 

where ~ is the gas viscosity. If the permeability is in fact due to 

Knudsen flow rather than to hydrodynamic flow, the appropriate flux 

law is Eq(l2). Therefore, the D'Arcy permeability can be converted to 

a Knudsen permeability by: 

Assuming P = 1 bar in the Avery Island tests, ~ = 175 micropoises for 

nitrogen and using the experimentally determined permeability of 3 fem2 

. yields a Knudsen diffusivity of 500 em2 /yr from the above formula. 

The predicted cumulative water release for the smaller values of 

~~b and Kwo discussed above are shown in Fig. 14. The cumulative release 

at the end of 7 years is 0.5 moles/em, or for a heated length of 2 m, a 

volume of water equal to 1.8 liters. The experimental points for water 

collected in the Project Salt Vault and the Salt Block II experiment, 

also shown in Fig. 14, are higher than the calculated curve. This 
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discrepancy is in the right direction because the experimental points reflect 

significant releases due to accidental cooling events during the tests. This 

type of anamoly is not considered in the theoretical model. 

VI CONCLUSIONS 

A procedure for calculating the loss of water as vapor or as brine in 

a borehole containing nuclear waste has been developed. The method accounts 

for vapor transport of water by Knudsen and bulk diffusion in the open 

porosity of the salt and brine movement by inclusion migration in the salt 

crystals and by extrusion from the interconnected porosity. Aside from 

the temperature distribution, the parameters which have the most profound 

effect on the water loss are the salt permeability, the closure of 

interconnected porosity by thermal expansion or stress, and the fraction 

of the grain boundary porosity, whether originally in the salt or created 

by trapped intragranular inclusions, which is interconnected and provides 

a fluid pathway to the drillhole. Reasonable estimates of the parameters 

of the model produces water release predictions which are consistent with 

field tests in rock salt. 
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FIGURE CAPTIONS 

Figure 1. Brine distribution in porous rock salt surrounding heat-

generating nuclear waste canister. 

Figure 2. Movement of inclusions in a spherical grain due to a 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

Figure 7. 

Figure 8. 

temperature gradient. Those inclusions in the shaded 

portion of the displaced sphere are trapped by the grain 

bmmdary. 

Flow diagram of the computer code VAPMIG. 

Temperature distributions around the·drillhole at various 

times after emplacement of nuclear waste (from Ref. 4). 

Location of brine-vapor interfaces and cumulative vapor 

outflow during drying of rock salt by nuclear waste heating. 

The base-case conditions used for the calculation are given 

in Table 1. 

Porosity and brine distributions for the base-case calculation 

at various times following emplacement of nuclear waste in the 

drillhole. 

Effect of the relative importance of Knudsen and bulk diffusion 

on salt drying characteristics: The base case parameters 

except for A, which has been changed from 0.01 to 1. 

Effect on salt drying of the initial porosity increase at the 

drillhole surface: base-case parameters except for <P~b' which 

was decreased from 2<P~b to 1.25 <P~b· 
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Figure 9. Effect on salt drying of the extent of the porosity increase 

due ~o drillhole boring: the base-case parameters except for 

g, which was changed from 1. 0 to 0 • 5 . 

Figure 10. Effect of intragranular brine content on salt drying: base 

case parameters except for <1> incl, which has been set equal 

to zero. 

Figure 11. Effect of grain size on the water loss rate from heated rock 

salt: base case parameters except for dg, which was increased 

from 0.5 em to 1.0 em. 

Figure 12. Effect on salt drying of pore closure by thermal expansion: 

base case parameters except for F, which was changed from 0 

to 0.5. 

Figure 13. Porosity closure during heating and water removal from rock 

salt: base case parameters except for the thermal expansion 

parameter F, which was increased from 0 to 0 . 5 . 

Figure 14. Drying of salt using the best estimate transport and structural 

parameters : base case coi1di tions except for ~0 , which was 

reduced from 104 em2/yr to 500 em2/yr, and the fraction of 

the brine which is available for release, which was decreased 

from 100% to 10%. The cumulative releases in two large-scale 

field tests are shown for comparison with the theoretical 

curve labelled ~. 
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Table 1 InEurt Parameters for VAPMIG 

Numerical Value 
Symbol Units Meaning Base Case Sensitivity Study 

-

A - relative importance of Knudsen and 0.01 LO 
bulk diffusion 

Ro an drillhole radius 30.5 30.5 

<l>~b - initial volume fraction of brine on 
5xl0-4 5xl0- 5 grain boundaries 

<1>incl/¢~b - relative amounts of brine in inclusions 1 0 
and on grain boundaries 

<l>gbo/<l>~b - porosity at drillhole surface 2.0 1.25 

g - measure of radial extent of porosity 1.0 0.5 
increase due to drillhole boring 

Pao bar air pressure in drillhole 1.0 1.0 
I 

tJl 
....... 

I 

Pwo bar water vapor pressure in drillhole 0.0 0.0 

K an2/yr initial Knudsen diffusivity of salt at lxl04 500 wo drillhole surface 

moles/an 3 water concentration of satur~ted brine 0.05 0.05 Pw 

dg an grain diameter 0.5 1.0 

oc-1 volumetric thermal expansion coefficient -4 -4 
as 1.2x10 1.2xl0 

of solid salt 
F - fraction of solid thermal expansion accom- 0 0.5 

modated by porosity 
oc-1 volumetric thermal expansion coefficient -4 4.6xl0- 4 

aB 4.6xl0 
of brine 

psat 
w bar vapor pressure of water over saturated brine from ONWI 208 

y, an/yr inclusion migration velocity Jenks correlations(Ref. 1) 
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