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Abstract 

We have performed modeling atudiea on the aitaultaneoua transport of heat, liqufd water, vapor, and air 
in part ia l ly saturated fractured poroua taedia, with particular emphasis on strongly heat-driven flow. 
The preaence of fractures makes the transport problem very complex, both in terns of flow geometry 
and physics. The numerical simuLator used for our flow calculat ions takea into account most of the 
physical effecta which are important in multi-phase fluid and heat flow. It haa proviaiona to handle 
the extreme non- l inear i t i es which arise in phase tranaitiona, component disappearances, and capi l lary 
discont inuit iea at fracture facea. We model a region around an in f in i t e linear string of nuclear 
waste canis ters , taking into account both the discrete fractures and the poroua matrix. From an 
analysis of the resul ts obtained with e x p l i c i t fracturea, we develop "equivalent" continuum models 
which can reproduce the temperature, saturation, and pressure variat ion, and gas and liquid flow rates 
of the discrete fracture-porous matrix ca lculat ions . The "equivalent" continuum approach makes use of 
a generalired re la t ive permeability concept to take into account the fracture e f f e c t s . This resu l t s 
in a subatantial s impli f icat ion of the flow problem which makes larger acale modeling of complicated 
unsaturated fractured poroua systems feas ib le . Potential applications for regional scale simulations 
and l imitat ions of the continuum approach are discussed. 

INTRODUCTION 

Modeling fluid flow and heat transfer in fractured porous media ia important for the assessment of 
nuclear waste repository impacts. Most of the potential repository s i t e s currently being studied in 
the U.S. are in saturated formations below the water table . The tuff formations at the Nevada Test 
Site are unique in that the potential repository horizon ia located above the water table in part ia l ly 
saturated rock. The very thick (up to 600 -a) unsaturated zone offera a number of advantages for waste 
disposal in comparison to saturated rock of Low permeability, including (1) the probable absence of an 
e f f ec t ive mechanism to dissolve and transport the radionuclides to a deep water table under present 
arid climatic condit ions, (2) protection from erosion, (3) a v a i l a b i l i t y of remote federally owned 
Lands, and (4) re lat ive ease of placement and retr ieval (Winograd, 1974). 

The tuffs have both matrix and fracture porosity and permeability. At the potential repository 
horizon, 30U m below the ground surface, approximately 9OX of the pore volume contains water, which is 
held in the porous matrix by capi l lary suction. The remaining voids contain air and a small amount 
of water vapor at ambient pressures tad temperatures (p • 1 bar, T " 26"C). To evaluate the s u i t a b i l i t y 
of the unsaturated zone aa a disposal u«dium for high- level nuclear waste, one must consider the 
e f f ec t s of a strong heat source upon l iquid and gas movement in the unsaturated zone. We have applied 
a recently developed multi-phase multi-component code, TOUCH {Pruess, 1984), to model the e f fec ts of 
heat on the flow through discrete fracturea and porous matrix around the waste. Baaed on understand­
ing and insight gained from the discrete fracture-poroua matrix simulations, we develop "equivalent" 
• ingle continuum models to obtain a simplified description of the thermo-hydrologic response of a 
part ia l ly saturated fractured porous medium to nuclear waste emplacement. 
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MULTI-PHASE APPROACH TO NON-ISOTHERMAL UNSATURATED FLOW 

The "conventional" description of unsaturated flow, as recently reviewed by Narasimhan (1982), was 
developed primarily by ao i l phys ic ia t s . It assuses isothermal conditions and treata the gas phase as 
a paaaive spectator, which remains at conatant preaaure (\ bar) at a l l t i n e s . Liquid phase flows 
under gravity and capi l lary auction, aa given by Richards' law (1931). This approach haa been extended 
to "weakly" noa-iaothermal systems (temperatures up to 50*C) by Phil ip and de Vries (1957), Sophocleous 
(1979), Hilly (1982), and others. These authors include ef fecta of water vapor transport by molecular 
d i f fus ion , Dut no overall movement of the gas phase i s taken into account. The present atatua 
of "weakly" non-iaothermal unsaturated flow haa been reviewed by Walker, Sabey, and Hampton (1981), 
and Child* and Malataff (1982) . 

Emplacement of h igh- level nuclear waste in part ia l ly saturated rock preaenta a "strongly" heat-driven 
problem, for which the approaches mentioned above are not applicable. Near the waste package.* absolute 
temperatures may almost double (from ambient 300 K to near 600 K). From the ideal gas law pV * nRT 
one then expects large increases in pressure and/or volume of the gas phase, which wi l l give r i se to 
strong forced convection of the $a» phase from thermal expansion. Even stronger gas phase flow 
e f f e c t s are expected from vaporisation of l iquid water, which wi l l become vigorous when formation 
teaperaturea exceed 100'C. To describe these phenomena i t i s necessary to employ a multi-phaae approach 
to fluid and heat flow, which ful ly accounts for the movement of gaseous and liquid phases, their 
transport of latent and sensible heat, and phase transi t ions between liquid and vapor. The gas phase 
w i l l in general consist of a mixture of water vapor and a i r , and both these components must be kept 
trsck of separately. 

We have developed a numerical simulator cal led "TOUGH" (transport o_f unsaturated groundwater and heat ) , 
which can represent moat of the physical processes of s ignif icance in two-phase flow of water and air 
with simultaneous heat transport (Pruess, 1984). The formulation used in TOUGH is snalogous to the 
multi-phase treatment customarily employed in geothermal reservoir simulators (Pruess, 1983; O'Sullivan 
et a l . t 1983). Similar numerical models have been recently developed, or are being developed, by 
other authora (Travis, 1983; Eaton et a l . , 1983; Hadley, private communication, 1984; Bixler , 1984). 
Table 1 summarizes the physical e f f ec t s which impact on fluid and heat transport. Check narks indicate 
processes or e f f ec t s which are preseutly accounted for in the governing equations solved by the TOUGH 
simulator. Processes which are checked off in parentheses are at present implemented in an approxi­
mate way. Other e f f e c t s currently not accounted for in the computer model may be s ign i f i cant , and are 
being studied. TOUGH aolvea the heat and mass balance equations for the components air and water. 
These equations are strongly coupled and are highly non-l inear, because of order-of-magnitude changes 
in parameters during phase t rans i t i ons , and because of non-linear material properties (ch ie f ly re la t ive 
pen j a b i l i t y for gas and liquid phases snd capil lary pressures) . Because of these features of the 
equation system, TOUGH performs s completely simultaneoua solution of the discret ized mass- and 
energy-balance equations, taking a l l coupling te-ms into account. Space d iscret izat ion is made with 
the integral f i n i t e difference method (IFD; Narasimhan and With*rspoon, 1976). Time is discret ized 
fully impl ic i t ly aa a f irat-order f in i t e difference, to obtain the numerical s t s b i l i t y needed for an 
e f f i c i e n t calculation of flow in fractures with extremely small volumes. Newton-Raphson i terat ion is 
performed Co handle the nonl inear i t i e s . The l inear equation* arising at each i terat ion step are 
solved d i rec t ly , using Gauaaian elimination and aparse storage techniques (Duff, 1977). The numerical 
performance of TOUGH was ver i f ied by comparison with a number of geothermal reservoir and unsaturated 
flow problems, for which analytical or numerical solutions are available (Pruess and Wang, 1984). 
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Table I: Physical Proceases in Strongly Heat-Driven Flow in Part ia l ly Saturated Rocks 

Fluid Flow 
J preaaure force* 
/ viacoua forcea 

iaer t ia l forcea 
^ gravity 
/ interference between l iquid and gaa 
/ diaaolution of a ir in liquid 
^ c a p i l l a r i t y and adsorption I 

d i f ferent ia l heat of vet t ing > liquid 
chemical potential gradients I 

J nixing of vapor and air 
V vapor preaaure lowering 
^ binary dif fusion } gaa 

Rnudsen diffusion 
theraiod i f f ua ion 

Heat Flow 
/ conduction 
/ flow of latent and aensible heat 

radiation 
Vaporisation and Condensation 
/ temperature and pressure e f f ec t s 
/ c a p i l l a r i t y and adsorption 
Changes in Rock Mass 
( / ) thermal expansion 
W) compression under s t res s 

thermal s tress cracking 
( / ) change in porosity and 

permeability 

DISCRETE AND CONTINUUM MODELS FOR FLOW IN FRACTURED ROCKS 

A substsnt ial complication of the flow problem considered here arises from the complex geometric 
character i s t i c s of fractured rock with aignificant matrix porosity and permeability. Numerical 
modeling of fluid and heat flow in fractured media can be approached in several different ways. 
Conceptually i t i s most straightforward to model the diacrete fractures e x p l i c i t l y , using small volume 
elements, together with porous matrix blocks. The exp l i c i t d i scre t i za t ion approach to modeling flow 
in fractured media is suitable for fundamental studies of idealized systems, but i t i s not practical 
for most "real" problems, where the amount of geometric deta i l and complexity i s far beyond Che 
capacity of d i g i t a l computers, and where available f ie ld data on fracture dis tr ibut ions are typical ly 
rather incomplete. Moreover, in modeling thermohydrologicel conditions one ia usually interested in 
predicting averages over some macroscopic sca le , and too much deta i l on the level of individual 
fractures would be uae less . 

A powerful approach to modeling of flow in fractured aedia it the double-porosity method, or ig ina l ly 
developed by Russian hydrologista (Barenblatt et a l . , 1960), and introduced into the petroleum l i t e r a ­
ture by Warren and Root (1963). In th i s method, Che "primary" porosity in the rock matrix and the 
"secondary" porosity in the fractures are etch treated as a continuum. The global flow in the medium 
occurs only through the fracture continuum, while matrix and fractures interact loca l ly by means of 
"interporosity" flow. The c l a s s i c a l double-porosity method employed a quasi-steady approximation for 
interporoaity flow. This waa extended to a method of multiple interacting continue (MINC) by Pruesa 
and Narasimhan (1982a, b) for problems with highly transient interporoaity flow of multi-phase fluids 
and heat. In many cases the double-and multiple-porosity methods s t i l l require a very large amount of 
computational work, ao that i t would be desirable to go one step further and attempt to approximate 
the fluid and heat flow in a fractured medium by means of a aingle e f fec t ive or "equivalent" continuum. 
P o s s i b i l i t i e s *nd l imitat ions for repreaenting the permeability of a fracture system by means of an 
equivalent porous medium have been studied by Long et a l . (1982). These authors have considered 
steady isothermal single-phase flow in fracture networks, with completely impermeable matrix. 
In our case, extensive boi l ing of formation water occurs mainly in the matrix, ao that matrix permea­
b i l i t y and porosity cannot be ignored. The problem of developing an "equivalent" continuum description 
for emlti-phase flow in a fractured porous medium i s considerably more d i f f i cu l t than the problem of 
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s ingle-phase, fracture-only flow. It can be shown that at least two continua are required to avoid 
basic inconsistencies in the representation of fractured porous flow (Pruess et s i . , 1984). However, 
because of the computational complexities of even the simplest twc-continuua model, we bel ieve i t 
worthwhile nonetheless to attempt to develop s ingle continuum models thich can adequately predict 
certain aspects of the thermohydrological response to wcate emplacement. In the present study, we 
develop s ingle "equivalent" continuum models which yie ld approximately the same temperature, pressure, 
and saturation dis tr ibut ions and mass fluxes as an exp l i c i t d iscrete fracture-porous matrix model, 
given the same i n i t i a l and boundary condit ions . 

OUTLIKE OF MODELING APPROACH 

As « f i r s t s tep, we perfons detai led modeling studies of fluid and heat flow near waste packages 
emplaced in fractured porous tuff , using an e x p l i c i t representation of fractures. To accomplish such 
modeling i t i s necessary to ideal ize fracture and waste emplacement geometry. Spec i f i ca l ly , we consider 
only one set of plene, p a r a l l e l , i n f i n i t e fractures, which intersects an in f in i t e l inear string of waste 
packages at a right angle (Figure 1 ) . Apart from this ideal izat ion we do employ geometric and matrix 
hydrologic parameters which, although preliminary, have been suggested as representative of actual 
values for the *yatea under stut*y. However, hydro logic properties of the fractures are rather poorly 
known at present. Therefore, hypothetical cases are studied to explore possible system behavior. 

These e x p l i c i t fracture studies provide a detailed "microscopic" look at system evolution after waste 
emplacement. The resu l t s obtained, <^:ile of interest in their own r ight , then serve A» "benchmarks" 
in a second step, where we generate flui«1 and heat flow predictions for various single-continuum 
moiels in search for an "equivalent" con'inuum. Spec i f i ca l ly , based on the process character is t ics 
observed in the e x p l i c i t fracture models, we propose single-continuum parameters which might be 
expected to y ie ld a behavior similar to the exp l i c i t fracture model. The continuum models are tested 
by comparing predictions for temperatures, pressures, saturation pro f i l e s , and mass snd heat flow 
rates with those obtained in the e x p l i c i t fracture models. In this way i t i s possible to evaluate 
u t i l i t y and va l id i ty of the continuum models. 

SPECIFICATION OF THE EXPLICIT DISCRETE FRACTURE-POROUS MATRIX STUDIES 

In the calculat ion* reported here we neglect gravity and i n f i l t r a t i o n e f f e c t s . For the idealized 
geometry shown in Figure 1, i t i s then only necessary to model a symmetry element, as indicated by 
dashed l i n e s . However, for convenience we wi l l quote resul ts for extensive quant i t i ea such as fluid 
and heat flow ra tes , on a "per waste package" baaia. The calculat ions for the diacrete fracture-
porous matrix studies were carried out using a two-dimensional r-r grid. Discret isat ion in the r 
direct ion consists of 44 concentric cylinders which extend from the canister wall to r • 300 m; the 
radial spacing of the cylinders increases non-uniformly with r. In z direct ion we d i scre t i ze into 
four layers having thicknesses ( in 10 • ) of 1, 4 , 15 and 90 respect ive ly . The '.irst layer 
represents (half of) the fracture. Most of the formation parameters (Keith Johnstone, private com­
munication, 19B3) used in the calculat ions are summarized in Table 2. Characteristic curves ( re la t ive 
permeability and suction pressure) are only given for the rock matrix. The character is t ic curves for 
the fractures are not known experimentally. To arrive at the characterist ic curves for the frsctures 
in our ca lcu lat ions , we proceed as fol lows. 

Upon close examination of the measured suction curve for the tuff matrix as shown in Figure 2, we note 
that the very strong suction pressures such as -2000 bars at low liquid saturation in the matrix 
(S t ,« * 21) cannot represent e f f e c t s of capi l lary pressure related to the curvature of the matrix 
pores. (Indeed, the capi l lary radius corresponding to P a c t i o n * -2000 bars i s 7.3 x 10~ 8 cm, or 
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Table 2: Formation Parameters 

Matrix 

rock grain density p • 2550 kg/m^ 
rock spec i f ic heat CR - 768.8 J/kg*C 
rock heat conductivity (dry) K. • 1.6 W/m"C 
porosity + n • 10.3 2 
permeability k* - 32.6 x 1 0 " 1 8 i 

auction preasure P (S . ) - - 1.393 (S ~ " * - l > l " " HPa r sue * Zf 
2 

relative permeability to liquid k (S ) - /S tl - (1-S ' ) ] 
(van Genuchten, 1980) 

relative permeability to gas k (S ) - 1 

EF EF 

Fractures (one ver t i ca l aet) 

aperture 
poroaity 
spacing 

average continuum permeability kf n 10" 1* m 2 
permeability per fracture* kf « kf *D/$ • 11 x 1 0 ~ 1 2 m2 

t - 2 am 

•f • 20 t 
D > .22 a 

equivalent continuum poroaity *f * •f'^/D • 0.182 X 

I n i t i a l Conditions 

temperature T • 26 "C 
pressure p » 10^ Pa (= 1 bar) 
l iquid saturation in matrix SJJ, m • 80 I 

*Note that ve do not imply - paral le l -p late model for the fractures; kf ia l ess than the paral le l 
Pi 
Note that ve do not imply £ paral le l -p late mod 
plate permeability ( • 6 ) 2 / l 2 - 1.33 x 10~ 8 m 2 . 

approximately twice the tiiameter of a water molecule!) . In th is range of low liquid saturation 
the suction curve in fact represents the e f f e c t s of l iquid phase adsorption on the sol id surface of 
the rock. The transi t ion from capi l lary mechanism to adsorption mechanism has been studied in concrete 
slabs (Huang et a l . , 1979). Since the adsorption mechanism depends only on the physical-chemical 
properties of the rock-liquid interact ion, but not on the curvature of the pore aurfaces, we expect 
that the same e f fec ts are present on the fracture surfaces as on the matrix pore aurfaces at low 
liquid saturations. At the ambient suction P " - 10.93 bar for the matrix »t i n i t i a l l iquid 

saturation $119

 m 80X, the l iquid cannot be held by capil lary force in the fractures. If we apply 
the expression, P c f - - 20 /5 , to the fracture, where o i a the surface tension and 6 is the fracture 
aperture, ve obtain at ambient temperature P c f • -.00073 bar, which ia much smaller than the ambient 
suction P a u c • -10.93 bar. Therefore, l iquid can be present on the fracture surfaces only as a thin 
f i l a of M few nolecular layers. We propose that the very strong suction <t low liquid saturation for 
the matrix shown in Figure 2 is a lso encountered over a small interval of low liquid saturations in 
the fractures. The thin film of l iquid JQ the fracture walls presumably has extremely low mobil i ty . 
Spec i f i ca l ly , we taiuoe »n immobile saturation S i r such that liquid re l s t i ve permesbility in the 
fracture k t j. ( S t ) - 0 for S t * S| , r . For S* > S t r , the liquid and gas fracture re lat ive permeabilit ies 
are assumed to be linear functions of saturation and to obey the relationship k r j • k r g - 1 as 
suggested in the geothera*; l i terature (Prueas et a l . , 1983). 
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In this study, we model two cases which are intended to illustrate alternative possible system behavior. 
These cases differ with respect to mobility of liquid in the fracture at the initial (pre-emplacement) 
liquid saturation. We choose Sjtr - IX for the liquid permeability cut off in the fractures. Then 
we assume a linear variation of auction pressure with liquid saturation over the range of 0 *• S$ * 
1Z in the first case and over the range of 0 * S£ < 5X in the second caae. Before canister emplace­
ment, matrix and fractures will be in capillary equilibrium. The above choice of parameters gives the 
initial liquid saturation in the fracture Sj, f * .98781 in Case 1 and Si f - 3.9282 in Case 2. 
Hence the liquid is initially immobile in Case 1 and has a relative permeability of k r* £ * 2.96xlO~2 

in Case 2. 

RESULTS OF DISCRETE FRACTURE-POROUS MATRIX STUDIES 

Calculated results for Case 1 are given in Figures 4 through 8, and for Caae 2 in Figures 9 through 13. 

For comparison we have also included results for porous medium models with no allowance for fractures, 
as well aa for "equivalent" continuum models, to be described in the next section. We shall firBt 
describe the simulated response of the porous frsctured system to waste package emplacement in a 
general way as shown schematically in Figure 3. Detailed discussion of the computed results will be 
given in conjunction with introduction of equivalent continuum concepts and parameters below. 

Emplacement of waate packages causes temperatures to rise in both rock matrix and fractures. Initially 
this causes evaporation of a modest amount of liquid water, as the partial pressure of vapor increases 
according to the saturation curve P v • P B at ^T). Boiling becomes vigorous as the temperature 
reaches lOO'C. Host of the vapor generated in the rock matrix flows towards the fractures, and then 
flows radially outward in the fractures, where it soon condenses on the cooler walls of the rock. In 
Case 1, where liquid is initially immobile in the fractures, the condensed liquid re-enters t'.<f> matrix 
under capillary suction, and then migrates down the saturation profile towards the boiling region near 
the waste package. However, because of low matrix permeability, radial outflow of vapor in the 
fractures exceeds radial inflow of liquid in the matrix, so that the rock near the waate package 
becomes desaturated (dries up). As time progresses the entire spatial pattern of vaporisation in the 
matrix, vapor discharge into the fractures, condensation at fracture walla and liquid backflow in the 
matrix towards the heat aource slowly migrates radially outward, away from the canister. Even though 
liquid is only barely ismKibile in the fractures initially, it remains immobile at all times. The very 
sl'7,ht saturation buildup of &Si > 0.0122Z required to achieve liquid mobility in the fractures is 
never accomplished, becauae capillary auction in the matrix is sufficiently strong to draw liquid out 
of the fractures at the same rate as it condenses. 

The behavior of the condensed liquid is entirely different in the second case, where liquid has a finite 
mobility in the fractures. The slight saturation increase in the fractures as a consequence of 
condensation induces s suction gradient and associated liquid flux in the fracture. The extremely 
large fracture permeability give* riae to rapid movement of water away from the condensation front, 
both radially inward and outward. In this wa; the condensed water is rspidly distributed over the 
fracture faces, with little water entering t^e matrix near the condensation front. Backflow of liquid 
towards the boiling region near the canister is facilitated by the high-permeabi'ity pathway in the 
fractures. With time a balanced vapor-liquid counterflow ia established, which stabilizes the 
saturation profile near the canister, and prevents the drying process from going very far. This auction-
drive v. two-phase counterflow represents s*i extremely efficient heat transfer mechanism known as "heat 
pipe" (Eastman, 1965). In the present case, the "overpressure" needed to drive the hear pipe IM tamll 

because of the large fracture permeability. Gas phase pressures always remain close to 1 bar, so that 
temperatures in the fractures remain at or below 100 *C. Becauae of the small fracture spacing the 
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pathways f o r v a p o r f low and h e a t c o n d u c t i o n from t h e rock m a t r i x t o t h e f r a c t u r e s are s h o r t (< I l e a ) , 

and t e m p e r a t u r e and p r e s s u r e c o n d i t i o n s remain c l o s e t o ( T , P) • ( 1 0 0 * C , 1 b a r ) e v e n i n t h e rock 

m a t r i x . Th i s i s i n c o n t r a s t t o Case 1 where t h e t e m p e r a t u r e r i s e s t o much h i g h e r v a l u e s . 

EQUIVALENT CONTINUUM MODELS 

We s h a l l now examine i n d e t a i l t h e s i m u l a t e d f l u i d and h e a t f l o w p r o c e s s e s i n a f r a c t u r e d porous 

medium i n an a t t e m p t Co i d e n t i f y t h e s p e c i f i c e f f e c t s o f f r a c t u r e s , and t o a p p r o x i m a t e t h e s e e f f e c t s 

by means o f a s i n g l e cont inuum w i t h s u i t a b l y c h o s e n " e f f e c t i v e " h y d r o l o g i c p a r a m e t e r s . For Case 1 

w i t h l i q u i d immobile i n t h e f r a c t u r e s a t a l l t i m e s , i c a p p e a r s chat t h e r o l e ot t h e r r a c t u r e s i s 

s o l e l y t o p r o v i d e a h i g h - p e r m e a b i l i t y pathway for gas phase f l o w , w h i l e h a v i n g no e f f e c t s on l i q u i d 

f l o w . T h i s s u g g e s t s a v e r y s i m p l e p r e s c r i p t i o n for e f f e c t i v e cont inuum p a r a m e t e r s which s h o u l d be 

a b l e t o r e p r e s e n t t h e s e e f f e c t s . Namely, we p r e s c r i b e a v e r y l a r g e r e l a t i v e p e r m e a b i l i t y k r g • 3067 

f o r t h e gas p h a s e , s o t h a t e f f e c t i v e g s s p e r m e a b i l i t y k r g * kg, - 1 0 ~ 1 3 a 2 I B e q u a l t o t h e 

a v e r a g e cont inuum p e r m e a b i l i t y kf o f t h s f r a c t u r e s , i n d e p e n d e n t o f s a t u r a t i o n . We make ao c h a n g e s 

w h a t s o e v e r i n t h e o t h e r rock m a t r i x p a r a m e t e r s . C a l c u l a t e d r e s u l t s from t h i s model are l a b e l e d 

"porous m a t r i x w i t h l a r g e a f f e c t i v e g a s p e r m e a b i l i t y " i n F i g u r e s 4 through 8 . Comparison w i t h t h e 

d e t a i l e d f r a c t u r e c a l c u l a t i o n , and w i t h p o r o u s medium c a l c u l a t i o n s w i t h o u t f r a c t u r e s , r e v e a l s t h e 

f o l l o w i n g t r e n d s . 

There i s e x c e l l e n t agreement b e t w e e n t h e c a l c u l a t i o n u s i n g e x p l i c i t f r a c t u r e s and Che " e q u i v a l e n t " 

cont inuum w i t h l a r g e g a s p e r m e a b i l i t y i n a l l important p a r a m e t e r s , i . e . , t e m p e r a t u r e s , p r e s s u r e s , 

l i q u i d j a t u r a t i o n , and gas and l i q u i d f l o w r a t e s . In each f i g u r e , t h e i n t e n s i v e q u a n t i t i e s , t e m p ­

e r a t u r e , p r e s s u r e and s a t u r a t i o n , from t h e e x p l i c i t d i s c r e t e f r a c t u r e - p o r o u s m a t r i x c a l c u l a t i o n s are 

a v e r a g e d o v e r the pore v o l u m e s of t h e g r i d l a y e r s at each r a d i u s and t h e e x t e n s i v e f l o w r a t e s are 

summed over t h e g r i d l a y e r s f o r m e a n i n g f u l c o m p a r i s o n w i t h cont inuum m o d e l s . The r e s u l t s o b t s i n e d 

from t h e "no f r a c t u r e s " c a l c u l a t i o n { u n m o d i f i e d rock m a t r i x p a r a m e t e r s ) a r e g e n e r a l l y r a t h e v d i f f e r e n t . 

S a t u r a t i o n and p r e s s u r e p r o f i l e s , a s w e l l a s f low r a t e s o f g a s and l i q u i d , show ' o t h e r d r a m a t i c 

f r a c t u r e e f f e c t s u h i c h are v e r y w e l l r e p r o d u c e d by the " e q u i v a l e n t " cont inuum model w i t h l a r g e gas 

p e r m e a b i l i t y . Temperatures a r e not v e r y s t r o n g l y a f f e c t e d by t h e p r e s e n c e o f f r a c t u r e s i n t h i s c a s e 

w i t h immobile w a t e r i n t h e f r a c t u r e s , b e c a u s e o f a b s e n c e o f s u f f i c i e n t permeab l i t y f o r w a t e r f l o w . 

For Case 2 w i t h l i q u i d m o b i l e i n t h e f r a c t u r e s , t h e r o l e o f t h e f r a c t u r e s i* t o p r o v i d e h i g h - p e r m e ­

a b i l i t y pathways f o r b o t h the l i q u i d f low and t h e gas f l o w , w h i l e t h e m a t r i x a c t a i s t h e f l u i d s o u r c e . 

To t a k e i n t o a c c o u n t t h e f r a c t u r e e f f e c t s , we modi fy two p a r a m e t e r s : the r e l a t i v e p e r m e a b i l i t y f o r 

the l i q u i d f l o w and the r e l a t i v e p e r m e a b i l i t y f o r t h e g a s f l o w . We a s s i g n f o r t h e l i q u i d f low t h e 

r e l a t i v e p e r m e a b i l i t y k ^ - 9 0 . 6 5 , s o t h a t t h e e f f e c t i v e l i q u i d p e r m t c b i l i t y k f i ' k n " ( k r i , f* ' ^ f ' " 

2 . 9 6 x 10"** m 2 , where k r t f - 2 . 9 6 x 1Q~ 2 i s t h e r e l a t i v e p e r m e a b i l i t y for l i q u i d f l o w a l o n g d i s c r e t e 

f r a c t u r e s a t i n i t i a l s a t u r a t i o n , and kf i s t h e a v e r a g e c o n t i n u u m p e r m e a b i l i t y o f t h e f r a c t u r e s . We 

a l s o a s s i g n for t h e gas f low a Large r e l a t i v e p e r m e a b i l i t y k p . - 2 9 7 6 . 3 5 s o t h a t k r . kg, " 

( k r g j ) ( k f ) . As in Case 1 , a l l o t h e r f o r m a t i o n paramecer* a r e Che same a s f o r t h e porous 

medium model w i t h o u t f r a c t u r e s . C a l c u l a t e d r e s u l t s from t h e m o b i l e l i q u i d " e q u i v a l e n t " cont inuum 

model are l a b e l e d "porous cont inuum w i t h l a r g e e f f e c t i v e l i q u i d and gas p e r m e a b i l i t i e s " i n T i g u r e s 9 

t h r o u g h 1 3 . 

There i s a g a i n e x c e l l e n t agreement b e t w e e n t h e c a l c u l a t i o n u s i n g e x p l i c i t f r a c t u r e s and t h e " e q u i v a l e n t " 

c o n t i n u u m w i t h l a r g e l i q u i d and gas p e r m e a b i l i t i e s for t e m p e r a t u r e s , l i q u i d s a t u r a t i o n in t h e m a t r i x , 

g a s and l i q u i d f l o w r a t e t , and p r e s s u r e s i n t h e t r a c i u r * . . The d i s c r e t e f r a c t u r e c a l c u l a t i o n s show 
r. hat vapor c o n d e n s a t i o n on t h e f r a c t u r e w a l l s n e v e r c h a n g e s l i q u i d s a t u r a t i o n in t h e f r a c t u r e s by more 
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than 1.2 x 10~3 X, indicating Chat the auction pressure gradient i s su f f i c i en t ly strong to rapidly 
discr ibute the liquid over the fracture surfaces. With nearly constant saturation, we can use the 
i n i t i a l saturation to determine the constant re lat ive permeability which is used for the "equivalent" 
continuum model. Near the canister with incentive boi l ing in the matrix, the pressure in the matrix 
i s s l ight ly higher than in the fractures, which is tne driving mechanism for the gas flow from the 
matri: zo the fractures (see Figure 11). This interporosity flow normal to the matrix-fracture 
interfaces ia not accounted for in the "equivalent" coatinuum formulation. Away from Che immediate 
v i c i n i t y of the waste can i s ters , the "equivalent" continuum model with large l iquid and gaa permea­
b i l i t i e s fa i th fu l ly reproduces the movements of gns and l iquid , f igures 9 through 13 show that the 
resu l t s from the "no fractures" calculat ion are quite dif ferent from the models taking fractures into 
account, Wich liquid mobile in the fractures , Che temperature near the waste canister wi l l remain 
c lose to 100*C, snd Lite thermally induced liquid flow can eas i ly move away from the condensation front 
into the formation. 

DISCUSSION 

Our calculat ions show that in the presence of a strong heat source in a part ia l ly saturated fractured 
porous formation, gas (vapor/air) and liquid movements wi l l be strongly influenced by the fractures. 
Our modeling studies indicate Chat Che fracture e f f ec t s can be represented in a s ingle continuum by 
choosing appropriate gas cod l iquid re la t ive peraesb i l i t ' ea . 

In modeling two alternate system behaviors (one with liquid immobile and the other wich l iquid mobile 
in Che fractures) , we show that i f the l iquid is i n i t i a l l y mobile in the fractures the rock temperature 
w i l l remain c lose to 100*C; while temperatures r ise Co much higher vslues when there is no liquid 
mobil i ty in the fracture i n i t i a l l y . This result suggerta that s tab i l i za t ion of rock temperatures near 
100*C i s a characterist ic signature of conditions where l iquid is i n i t i a l l y mobile in the fraccures. 
Wich l iquid mobile in the fractures, the thermally induced liquid movement occurs over a ouch larger 
region Chan in the case with no l iquid mobility in Che fractures. 

In focusing on the interplay of pressure driving force and suction driving force in th is study, we 
have neglected gravity e f f e c t s . We are currently extending th« equivalent continuum modeling s tud ies , 
with inclusion of gravity , to examine the thermohydrological response to nuclear waste emplacement 
on a regional s c a l e . For large scale modeling, i t i s necceasary to use "equivalent" cortinuua models 
as i t i s impractical to model a l l the d i s c r i t e fractures together with the porous matrix. The resul ts 
presented in this paper suggest that fracture e f f ec t s on a regional scale can be adequately handled by 
Deans of equivalent continuum models. 

It should be emphasised that the e f fec t ive hydro logic parameters for s.i "equivalent" continuum depend 
not only on formation parameters, but a l so upon i n i t i a l thermodynamic condit ions, such as i n i t i a l 
moisture content. Moreover, the e f f ec t ive continuum parameters wil l also depend upon the particular 
flow process considered, and upon the nature of the perturbation to which the fractured porous medium 
ia subjected. TT°3 processes considered in th is paper have the simple character i s t ic that 1 iquid 
saturations in the fractures never change by more than a minute amount. It i s th is feature which makes 
possible a aixple ef fect ive cont inuum representation in terms of ( l a ige ) e f fect ive re 1stive permea-
b i l i t i e s . For other types of procesaeJ, such as major flood events with large saturation transients 
in the fractures, such s impl i f icat ions are not applicable. In that case i t may in fact not be possible 
to obtain an equivalent ecatinuum descript ion. 
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In conclusion, it should be emphasized that single continuum models can predict only certain aspects 
of the thermohydrologic response. We have demonstrated that "equivalent" continuum models can reproduce 
the temperature, pressure, saturation, and fluid flow fields generated from wasi* emplacement. 
However a single continuum gives only a single velocity field, which will either underestimate flow 
velocities in the fractures or overestimate flow velocities in the matrix. Furthermore, no description 
of interflow between fractures and matrix is made in Che single continuum model. These deficiencies 
of the "equivalent" continuum approach may have a strong impact on predictions for transport of 
chemical species. Therefore, the utility of continuum models for predicting coatrx-inant . sport is 
uncertain at Ihi present time. 
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Fig. 1. 

Esls 

Idealised emplscement configuration. 
An infinite linear string of waste 
packages is intersected by fractures 
with 0-22 a spacing. 
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Fig. 2 . Suction pressure of tuff matrix. 
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J_J_ 

- Got flow 

Liquid flow 

CONDENSATION 

MoUOVCQl* 

Fig, 3 . Reaponse of fractured porous medium to 
heat load for caae wi t K immobile l iquid 
in fractures. 

Fig. 4 . Simulated temperatures at a distance of 
r « 0.3355 a from the canister center l ine 
(Case 1; l iquid immobile in fractures) . 

Fig. 5. Simulated liquid saturation profilea at 
t - 160 days (Case 1; for the fractured 
medium an average of fracture and 
matrix saturations is plotted) . 

Fig. 6. Simulated pressure prof i les at t * 160 
daya (Case 1; for the fractured medium 
the pressure in the fractures i s 
plotted; note the different s c a l e s ! ) . 

Fig. 7. Simulated rates of radial gaa flow per 
waste package at t • 160 daya (Case 1) . 
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Fig. 8. Simulated rate* of radial l iquid flov 
per waste package at t - 160 daya <Caae 
L; a "-" aiga indicate* f lov towards the 
waate packages)* 

•rth Client* fmctur* vmulahon 

Fig- 10. Simulated Liquid saturation prof i les 
at t - I year (Case 2; note the 
different s c a l e s ! ) . 

Fig. 9. Simulated temperatures at a distance 
of r • 0.3355 m from the canister 
centerl ine (Case 2; l iquid mobile in 
fractures) . 

Fig. 

OM poraui motru 
In A t o m Iracimi 

»s 

Simulated pressure prof i les i t t • 1 
year (Caae 2; note the different s c a l e s ! ) . 

Fig. 12. Simulated races of radial gas flow per 
waste package i t t • 1 year (C*ae 2). 

Fig. 13. Simulated rates of r-dial liquid flow 
per waste package at c • 1 year (Case 
2, a "-" sign indicates flow towards 
the waste packages). 
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