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CENTER FOR NUCLEAR WASTE REGULATORY ANALYSES 

TRIP REPORT 

SUBJECT: Attend and Present Paper at the National Heat Transfer Conference 

(Account No. 20-5704-023) 

PLACE/DATE: August 6-8, 1995 
Portland, OR 

AUTHOR: Randall D. Manteufel 

PERSONS PRESENT: 

The meeting was attended by - 350 people from both academia and industry.  

BACKGROUND AND PURPOSE: 

The purpose of the trip was to attend and present a paper at the 1995 National Heat 

Transfer Conference. Attending the conference allowed interaction with colleagues 

working in the areas of heat transfer and flow in porous media. A paper entitled 

"Microslab Model for Diffusion-Controlled Drying of a Fractured Porous Medium" by 

R.D. Manteufel, H.M. Castellaw, and S.A. Stothoff was presented at the conference. A 

copy of the paper is Attachment A.  

SUMMARY OF ACTIVITIES: 

On Monday morning, I presented a paper in the session on Heat Transfer in Porous 

Media. The paper was given as a poster which allowed one-on-one interaction with 

interested people. There appeared to be considerable interest in my paper. Professor 

Frank Kulacki (University of Minnesota), Majid Keyhani (University of Tennessee), Per 

Peter!on (Lawrence Berkeley Laboratory (LBL)], and Clifford Ho (Sandia National 

Laboratories) have worked on similar topics and expressed interest. P. Peterson was 

interested in understanding how my work may help him evaluate rapid drying under a 

criticality scenario. Currently he is working with a team at LBL on investigating the 

credibility of the Bowman-Venneri thesis on criticality at Yucca Mountain. C. Ho 

discussed his experience in heated extraction of subsurface volatiles and the similarities 

with my work. He agreed that diffusion-dominated conditions can limit vapor/volatile 
transport and removal.  

On Monday afternoon, I attended sessions on Advances in Computational Hardware and 

Cooling of Electronic Systems. The session on computer hardware emphasized distributed 

computing enviTonments such as parallel virtual machine. These methods are expected 

to continue to be popular and effective. A general consensus was that Input/Output (110)
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time frequently is restricting hardware performance because the time for arithmetic 
operations has been reduced over the past few years. In addition, the quality and 
robustness of software has not kept pace with improvements in hardware. Hence, future 
improvements are needed more in I/O and software before significant improvements are 
realized in computing.  

On Tuesday morning, I attended the sessions on Transport Phcnomena in Manufacturing, 
and Heat Transfer and Energy Conversion in Power Systems. The heat transfer and fluid 
mechanic issues in spay deposition problems were discussed in a number of papers where 
the boundary of current understanding was highlighted. Novel atomization techniques 
were discussed as well as novel heat removal systems. These topics are of general 
interest in heat transfer, but are not directly applicable in geologic disposal of nuclear 
waste.  

IMPRESSIONS/CONCLUSIONS: 

The conference offered a good opportunity to meet new people and learn about technical 
problems in other areas of heat transfer.  

PENDING ACTION: None.  

RECOMMENDATIONS: 

In discussions with P. Peterson of LBL, it became clear that he believed there was a 
significant level of credibility in the Bowman-Venneri criticality thesis. He challenged 
my assertion that this issue is not sufficiently credible to attract the attention it has 
received. He stated that LBL will soon be issuing a report on this topic. Although P.  
Peterson did not claim to represent the majority view in the LBL report, it appears the 
report may support the Bowman-Venneri thesis as being sufficiently credible as deserving 
further technical investigation. The criticality issue does not appear to be dead, and the 
Nuclear Regulatory Commission/Center for Nuclear Waste Regulatory Analyses should 
perform independent technical assessments of this potentially disruptive scenario.
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MICROSLAB MODEL FOR DIFFUSION-CONTROLLED DRYING OF 
A FRACTURED POROUS MEDIUM 

Randall D. Manteufel, Hannah M. Castellaw, and Stuart A. Stothoff 
Center for Nuclear Waste Regulatory Analyses 

Southwest Research Insttute 
San Antonio, TX

ABSTRACT 
An analytic model is developed for diffusion-conotroled 

vapor transfer in a healed, fractured, porous medium. The 
model is apphed to hypothet9ial, near-field conditions in a 
high-level waste (HLW) repository that is proposed at Yucca 
Mountain (YM). Nevada. The model takes into acoount (i) 
dry air used to ventilate HLW emplacement dif ts, (C) 
transient temperatures due to the heal-dissipaing nature of 
nucear HLW. and (iii) a fractured geologic medium. The 
model es one-dimrensional (1 D) and conststs of a semi
infinite slab of rock divided into a senses of microslabs.  
across which liquid is assumed not to advect. A heat flux is 
applied to one boundary, thereby vaporizing the 
groundwater in the rock. Vapor then diffuses toward the 
source of heat due to vapor-density gradients between the 
heated. partally-saturated slab and the dry ventilation air 
passing through the drift. The model predicts the amount of 
vapor transferTed from the fractured rock to the 
emplacement drnif. and the extent of dryout. The model is 
compared with the results from a more detailed computer 
code and found to be acceptably accurate.  

NOMENCLATURE 

A 1  coefficients for estimating the thermal power for 

baseline waste description fW/MTIHM] 

B coeffi.4ents for estmatng the thermal power for 

baseline waste description (1/yr] 

D" effectve vapor diffusion coefficent 

[6.0x 10- 7 m2/s1 

D -" effective diffusvity for the penetration of the dryout 
zone [m2/sJ 

D vapor diffumon coefficient in air 
[2.ox1O- m2,,l 

h heat of vaporization [2.4x10 6 Jfkg] 

M, molecular wetgnt of water [18.02 kg/kmole] 

n number of microslabe [-

PI 

P"..  

// 

Q,, 

qlI 

R 
S, 

S,

vapor pressure of M• microstab (Pa] 

reference vapor pressure [7,380 Pa at 313 K] 

dcffusive heat flux per unit area [W/m 2] 

heat flux per unit area at time of emplacement 
CW/rn2j 

mass of water leaving the slab per unit area 

(kg/m2] 

total amount of liquid available for removal per 

unit area in i1 miroslab [kg/rm2] 

diffusive vapor flux per unit area (kgt'im2 ] 

vapor diffusive flux for the ,1 

microslab [kg/s'in21 

ideal gas constant [8314 J/kmole4'] 

gas saturation (average Sg.O. 50 [-] 

initial liquid saturation C-]

,Sr residual liquid saturation [-]

AS 
T 
To 

Tr, 

Pf

change in liquid saturation -] 

temperature [K] 

reference temperature (313 K] 

temperature of the ih microslab [K] 

time [s] 

totW amount of time for the crying process [s] 

amount of time for io' microslab to dry Is] 

time from reactor to emplacement [yr] 

diatance [m] 

width of microslabs (m] 

thermal diffusivity of the rock [m2/s] 

liquid density [kg/m 3]
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p vapor density (kg/m31

Pj 
A p,

vapor density in the emplacement drift [kg/m3 

vapor density in the ith microslab [kg/m 3] 

change in vapor density from ith microslab to 

dnftl [kg/mt

tortuosity (2/3) [-] 

41 porosity 

INTRODUCTION 
There are many challenges associated with the safe, long

term isolation of nuclear high-level waste (HLW) from future 

cilizations and the biosphere. The current approach being 

pursued in all countries which have nuclear powerplants 
and the resulting HLW is geologic disposal, which consits 
of burying the waste deep in the earth (typically hundreds 
of meters below the ground surface). The site currently 
being studied in the United States is YM. Nevada which is 
located on the border of the Nevada Test Site. The site was 

selected for a number of reasons, including the and nature 

of the region (Roseboom. 1983). The current plan consists 
of tunneling beneath YM and emplacing the waste in a 

series of mined dnfts. The waste is placed in large. thick 
metal packages which are designed to safely contain the 

waste for hundreds, and potentially thousands of years 

(DOE, 1994). One of the most important aspects which 
affect waste package lifetime is the thermal-hydrologic 
environment. Briefly stated, waste packages corrode more 

rapidly if water is present, and essentially do not corrode if 

water is absent. Hence, it is important to quantity the 

thermal-hydrologic environment of the heat-dissiprl•ing 
waste packages in a mined drift.  

The thermal-hydrologic environment of waste packages is 

affected by a number of conditions, including: the amount 

of downward percolating water, the age and thermal output 

of the HLW. the density of spacing of waste packages, the 

hydrologic properties of the geologic material, and the 

ventilation conditions of the mined excavation. In many 

studies, the water balance within the mountain is modeled 

as relatively constant (Pruess et al.. 1990ab; Pruess and 

Tsang, 1993: Buscheck and Nitao, 1993: Buscheck et al..  

1993) It has been recognized that ventilation has the 

potential of removing significant amounts of heat and 
groundwater (Roseboom. 1983; Hopkins et al., 1987; 

Danko. 199 1; Danko and Mousset-Jones. 1992. 1993: Yang 

and Bhattacharyya. 1994: among others). One 

recommendation of these works has been to develop a 

more realistic moaturevapor transport model to predict rock 

drying (Danko and Mousset-Jones, 1993). The purpose of 

this paper is to develop a simple yet realistic model for the 

drying of the rock under ventilated mine conditions where 
ventilation removes moisture from the reposiory.  

Fractures can either inhibit or enhance rock dryout Dryout 

is enhanced if pressure-driven gas flow occurs in fractures.  
This was observed m field expenments where fractures 

were observed to act as preferential pathways for gao flow 

(Ramirez et al., 1991). The prwnary cause of pressure

driven gas flow is that the temperature exceeds the boiling 

temperature. If the temperature remains below the boiling

point, then gas flow in fractures will be less significant in 
enhancing cryout. In laboratory scale expenments. fractures 

have been observed to inhibit liquid flow (Manteufel et a!.  

1992). Similarly dcunng isothermal drying arid imbibition 

experiments. microfractures delayed liquid transport from 

one intact matnx block to the next (Russo and Reca, 1989).  

It appears the delineation is due to whether the 

temperatures were significantly high enough to create a 

pressure-driven flow oncdition. In low-temperature 
conditions, the process by which liquid flows in the matrix 

can signifimantly reduce the rate of drying, and lead to vapor 
drffusion being the controlling process.  

Similar observations have been reported in the 
hydrocartxb recovery literature (e.g., Rainwater et al., 
1989). Experiments involving forced air vapor extraction of 
hydrocarbons from the ground have shown that preferential 
flow paths can develop. The preferential paths develop 
even in "homogeneous" porous media due to pore-level 
heterogeneities. and are accentuated by increasingly larger
scale heterogeneities. The flowing fluid (typically air) 
develops fingers which act to quiily evaporate the nearby 
volatiles. However. large stagnant regions can develop 
between fingers. Concentration gracdents are established 
between the stagnant zones and the flow fingers. The 
vapors must diffuse to the flow fingers where tmey are 
readily removed by advection. The extraction process then 
becomes controlled by the rate of diffusion of the 
hydrocarbons from the regions of stagnation to the flow 
fingers. Models not accounting for preferential flow paths 
overpredict the amount of hydrocarbon recovery. In the 
HLW program, the ventilated drifts can be considered as 
flow fingers and the rock mass as zones of stagnant gas.  

The choice of molels is important in predictrng the drying 
process in a fractured porous medium. In field heater tests, 
it was shown that scoping calculations over-predicted the 
amount of vapor transport near the healer (Ramirez et al., 
1989). In another heater test, numerical models (e.g., 
Pruess et al.. 1984) "did not directly predict the small 
amount of water that entered the lemplacemen't hole" 
where a heater resided (Zimmerman and Blantord, 1986) 
It is proposed here. that a simple analytic model of 
diffusion-dominated vapor transter will aid in more 
accurately estimating the amount of vapor entering the 
emplacement drift and the extent of dryout.  

One of the challenges of modeling drying is that the rock 
is fractured and of relatively low hydraulic conductivity.  
Hence, the i•quid is not necessarily actvected to the edge of 
the excavation where it vaporzes. The tractunng and low 
hydraulic conductivity encourage the vaporization of pore 
water where it originally resides in the rock. The vapor 
would then flow by either diffusion (by a vapor density 
gradient) or advectuon (by a total gas pressure gradient). If 
the temperatures exceed the boiling point, then the 
pressure-driven gas advection can be significant. If the 
temperatures remain below the boiling point, then diffusive 
vapor transport is expected to be dominant. If ventilation is 
used, then it is possible that the maximum rock temperature 
will be reduced and remain below the boiling temperature 
Based on the cooling effects of ventilaoon and the Presence 
of a fractured, low hydraulic conductivity medium, the model
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pr•esented in this paper was developed assuming that 
drying will be controlled by vapor diffusion.  

-. A / ,,,,W

FIGURE 1. CONCEPTUAL REPOSITORY LAYOUT (DOE.  
1994).

FIGURE 2. IN-DRIFT EMPLACEMENT CONCEPT (DOE.  
1994) 

REPOSITORY LAYOUT 
Although a repository layout has not been finalized, a 

number of conceptual layouts have been discussed (DOE.  
1994). In Figures 1 and 2. a recent repository design is 
shown for the whole layout and for a single waste package.  
The design process is ongoing and a final design has not 
been established The repository is expected to consist of 
two iarge sloping access ramps, two large vertical 
ventilation shafts, and a series of honzontal emplacement 
dnfts. The emplacement drnfts will be located off the main 
access drift which is connected to the access ramps. The 
size of the repository remains a design op:ion, as well as 
the spacing between emplacement drifts and spacing of 
waste packages inside each drift. Many conceptual designs 
have a dnft diameter of 7.62 m and drift spacing of 20 to 40 
m (Saterlie et al., 1994). The wate packages wil be 
introduced into the repository on a rail system using 
emplacemen' cans. Durnng the operational life of the 
repository (- I I yr), the region between the waste package 
and the rock will probably not be back'illed. This will allow 
access and penodic inspection of the waste packages to 
ensure containment of the waste. Dunng this time, rt is 
expected that measures will be avaiable to remedia. '

unfavorable conditions. processes, or events. in order to 
allow inspection, either continuous or periodic ventilation 
must be used to cool the areas to be inspected and provide 
oxygen for inspection personnel.  

CONCEPTUAL MODEL 
l1 is expected that the repository £ystem will be ventilated 

using the relatively dry a)r from and southern Nevada. The 
waste packages will be dissipating heat because of the 
decaying nature of radioactive waste. The surrounding rock 
will heat up. The higher rock temperature creates a vapor 
density grackent towards the drift which is assumed to have 
a continual or periodic supply of cool dry air. The degree of 
fractunng in the rock h&j been measured from borehoes 
and outcrops of the rock unit (Topopaxh Spring Member of 
Paintbrush Tuff) where the emplacement dirfts are to be 
locted. It has been estimated that the density of fractures 
range from 10 to 40 per cubic meter with the matorty 
oriented normal to the bedding plain of the rock unit (i.e., 
vertical fractures) (DOE. 1988). The number of mine 
excavatilon-induced fractures is difficult to assess: however.  
it s assumed that there are a sufficient number of fractures 
to prohiit ipquid flow in the rock matrix.  

- e! re-f A . L

Muww Smms"r 

t t 

FIGURE 3. CONCEPTUAL 1D MODEL SHOWING CASES 
OF ASSUMED LIQUID VAPORIZATION.  

Figure 3 uilustrates the conceptual model A heat load 
applied to the drift walls is represented by arrows on the left 
boundary. The cooling effects of air Circulating in the drifts 
are not modeled directly except to maintain the maximum 
rock temperature below boiling. Diffusion occurs in the 
direction of the drift across transversely oriented fractures.  
The analytc model is 1D in the radial direction from the 
drift. A finite section of the rock mass is modeled. The ngnt 
boundary s far from the opening and m assumed to have 
no flow. The rock heats up causing temperature. vapor
pressure, and vapor-densty gradients. The dry air in the 
drift induces a vapor-density gradient and vapor flow in the 
direction of the drift. In drying of untractured. porous media, 
liquid 13 frequently assumed to advect to the surface due to 
sucton-pressure gradients, where it vaporizes and is 
removed. This model, however, assumes that liquid 
advection cannot occur across the microfractures. The iKq'ujid 
must vaporize within the microslab of rock and diffuse to the 
surface, hence moisture transport is solely due to ciftusion
controlled vapor transfer Two cases were consideredi
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v, nere the liquid vaporizes on the nigrl. :.de -"# m,t i 'rc.r 

and must diffuse through rt to reach the .-tital, 1ua.At 

liquid vaporizes on the left side of the m..inmt.al Zt-iE 2.  

The true solution lIs between these two o'&ie. r eirthe 

case. microslabs do not begin to dry unti the ae•.ttent 

microslab is dry Fracture density is simulated by varying 

the number of microslabs.  

MATHEMATICAL THEORY 
Heat Transfer Model 

in this section. the equations used to pr',act the evolo'ng 

temperature and vapor density hields are discussed (the 

symbols are defined in the list of nomenclature). The time

variant temperature distribution is based on the heat 

conduction equation (where the vaporization of in stu 

groundwater is negbgibe for the low porosty, high thermal 

conductivity rock of interest)

=- 8T 

c* a2
(1)

h -,r.ri 5; - te..v transfer can De oeveiooeo s5 

r %, ,notf -i,'* at-'f 1o quick hand calculations The 

.'q.nI ili"'- ;If,-f-1,f' * lt 4,¢CK is aDproximately linear from 

a ma'x,.,n, iv Ih. r'ih nrJn.iJy to a negligible increase at the 

tprerma ,•,pr•!1;Sl1[-, t' .•Dt

AT (x.t,,, A I--0- tIA,) I

V&Y)
(4) 

for x < 86.  

This assumption of a rime-varying linear temperature 

profile Is 1ustifed by more detailed numerical modeling 

discussed later in this paper The thermal penetration depth 

is based on an evolving temperature distribution in a semi

infinite medium subjeced to an abrupt change at the 

boundary (eCg .. Lennard. 1987) where the constant ' 9 was 

determined by matching 'esurts from more detailed 

analyses

The neat flux for decaying HLW is expressed as a sum of 

exoonentials. which Is a good approximation for up to 1 .000 

yr (DOE. 993) 

Il q d "ý EA.e - r 1(2) 

1-1 

The scaling coefficients are related to the age of the 

waste ' rV and the density of waste pacKages

4 

SA e 
I-t

(3)

"Te A and B coefficients are from ' S )epartment of 

Energy 'DOE) YM Reference Informaton Base (DOE 

!993)

A B 

rW/MTIHM1 (Yr"]

1.%.66x t0, 
4.086x 10 2 

7.873x10 2 

7.201 x 103

! 
2 

3 
4

1 106x 10-3 
1 346x10"

2 

3.130x10-2 
4.437x 10"

NOTE MTIHM = Metric Ton of Initial Heavy Metal 

These equations capture the time-varying nature of the 

waste

8 r 1 ;*) = 1.9 Vat,

The amount of heat input into the rOOc S iaslanced ov an 
increase in the temperature of the rOcK 

f q1I f P C )" A T (z. tjydx 
0 0 

which yields an eQuation for the boundary temperature as 

a function of time 

1,110-1 

AT (x---O. I 0 

2 

For the time-varying -ILW heat source this yields

4 A; AT=1  - (1 - "'e 
I.1 B,

This resutt is useful in developing a s:mpliflee mooe' for the 
depth of rock dryout 

Vapor Transfer Model 

Vapoor diffusion is governed bv the conservation of soecies 

eQuation where the only transport mechanism is assumed 

to be diffusion

34
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(9)

The effective vapor Cilfusion coefficient in a partially 
saturated porous medrum, ,. is related to the vapor 
diffusion coefficient in still air.

D = D

P., Mw 

RT1

(16)

The total amount of water available for removal (per unit 
area) in each microslab is the same (because each slab is 
of equal thickness) and is given by:

(10)

The accumulation of vapor at a point is negligible in 
.-ornparison with the flow of vapor. Hence, the conservation 
equation reduces to a statement that the diffusive flux is 
nonstant from the microslab where it is generated, to the 
boundary where it is removed

Q,"- AS,&p ,AX (17)

where the saturation available for removal is related to the 

initial and residual saturations

AS = St - S, (18)

q,"= -D dp, 
dr

(01)

The mass of water leaving the slab is the time integral of 
the transient diffusion vapor flux at the slab boundary.

Q"/ = q (12)

The rate of vapor removal is constant for each microslab 
because the effects of vapor pressure lowenng are 
important only at low saturations (i.e.. high suction 
pressures), and the vapor densrty at the boundary is 
assumed constant. The time for one microslab to dry is 
related to the rate of drying and the total water avadable for 
removal.

(19)QI ,
in the model each microslab cies sucossively. where the 
second microslab does not dry until the first is completely 
dry. The ,iffusive vapor flux for each microslab (per unit 
area) is based -n an approximation of Fick's law,

DI q l D Ax

which leads to:

(20)
D"Ap,.

(13)

where j is the it1 microslab from the boundary. The change 
in vapor density from the ith microslan to the boundary is

aP,.= = P,. - P,. 0 (14)

The vapor density at the boundary. p..0 is approximated to 
3 be 0.015 kg/mi . orresponckng roughly to a temperature of 

25 *C and a relative humi:ity of 65 percent.  
The vapor pressure can be calculated using Claperyon's 

eciuation (Wark. 1983).  

ThMvc 1 1)) (gS.  
'*'.~ RI To T,1 

The vapor density is calculated using the ideal gas law.

The total amount of time required for the entire slab to dry 
is the sum of all microslab drying itmes.

t= AS=pEi(Ax)2 

9-1 D'Ap,.
(21)

where n is the total number of dry micros1abs. The time 
required to dry a given thickness of rock can be calculated 
using these results.  

Simplified Vapor Transfer Model 
The above relationships can be approximated further to 

yield simple scaling relationships for the rate of dryout and 
cumulatve amount of liquid removed.  

The drying process behaves as if a vaporization front were 
passing through the medium. The penetration depthi of the 
front is

35
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(22)Ax 
i-I

which can be expressed as

L 

n
(23)

Although A p,4 is a function of time and location (i.e.. 1).  

i is approximated wrth an appropriate mean so that the 

drying time can be related to the extent of dryoul

'&S 4 p, (14,,)2 

D- Aiý t. I

(24)

It is noted that

(25)
"A 11 n+l 

AlI 2I '

which to( large n is approximately n/2. Hence, the familiar 

diffusion result has been derived that the penetration depth 

of the dryout zone is proporonal to the square root of time 

L. - F t(26) 

where an effective diftusivity for the penetration of the 
vaporiZatiKn front is

liquid removed is related '0 the dryout penetration depth 
and it also scales as the square root of time 

i (30) 

Q;.'=4 ASpL 6 , -. t ASp, VD Yt,6 

These scaling results were found to be consistent with the 

more accurate numerical results presented in the next 

section.  

Heal Flux 
To simulate nonmothermal transient heat conditions. it was 

first necessary to caJculate the heat flux. Figure 4 illustrates 

the area-averaged decay heat flux applied at the boundary 

(which is the surface of the mined drift). The integral of heat 

flux is shown along the right axis and indicates the total 

amount of energy input into the system per unit area over 

time. The transient temperature distriution was then 

calculated.  
The inittW heal flux on the drift wall is 5.5 W/m 2 This flux 

corresponds to a 7.0 Wlm 2 areal power densrty with 8 m 

diameter drifts at a 20 m drift spacng. This is roughly 

equivalent to one-half of the reference case thermal load of 
14.7 W/m 2 (Saterlie and Thomson. 1994). This does not.  
however, account for heat removed by ventilation. The neat 
load was selected so that it roughly corresponds to a 
thermal load of interest, yet the maximum i-amperature 
never exceeds the boding temperature 

It is recognized that zones of rock may attai i higher than 

boding temperatures. It is suggested tha' more detailed 
models be employed to account fh, more realistic 
geometries (discrete heat sources loca'ed in parallel drifts 
versus a undorm flux into a semi-infinite region) and 
account for the removal of heat by ventilation.

101

DAS -4 AS 40 P,
(27)

3100 
250 

2W0

The most significant approximation is the introduction of 

a mean difference in vapor densities. Aý,. It is suggested 

thai it be based on a ome-averaged maximum temperature

(M8)

It the neat flux is relatively constant over the time period of 

interest. then the maximum temperature will vary as the f# 

and the time-averaged maximum temperature will be two

thirds of the maximum

2 IM 3 *7=..,t,, (29)

This approximation has been found to yield accurate 

estimates of the dryout depth. The cumulative amount of

- 10 20 30 40 5] lie Iye ry i 

FIGURE 4. HEAT FLUX AND INTEGRATED HEAT FLUX 

USED IN CALCULATIONS.  

RESULTS 
The microslab model was compared with results 

generated by a computer code developed by Stothoff 

(1994). The code models the coupled 1D transport of 

energy and moisture in a porous medium. Two cases were 

investigated: a direct analog of the anaJytic solution method.  

where moisture flows only by vapor diffusion: and an analog 

m which no fractures are present and liquid flow can occur

36
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in the rock matrix. In the second analog, the matrix flow 
propeMes are taken from Flint andFl Rin (1994), 
representing -welded Topopau Spring tuft (saturated 
hydraulic conducuvity is 5.9xl)1 - s and relative 
permeabdtxy is represented by van Genuchten (1980) 
functions with an n pruameter of 1.45 and an alpha 
parameter of 0210 m'). In both cases, the numerical 
model extends to 50 m (far beyond the influence of the 
ventilation) and is dlcretuzed with 500 elements evenly 
grading from 0.01 m at the drnft wall to 0.37 m at the outer 
boundary. Ventilaton is modeled by imposing (p,.) at a 
distance 0.1 m into the drift and allowing diffusIon from the 
porous medium with the vapor diffusmon constant m still ar.  

Figure 5 illustrates the spatial and temporal temperature 
chstrbuix:tn in the rock stab. The hnes represent calculations 
from the numenical flnne element (FE) code and the solid 
cwrces represent the analytic (AN) temperatures computed 
for the microslab model. The agreement is consKlered 
good. The FE temperatures are lower than the AN at long 
times because the FE aocounts for energy removal due to 
vaporizaton (which is approxitmately -.' percent of the total 
heal input).  
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FIGURE 6a: VAPOR DENSITY PROFILES WITHOUT 
UQUID ADVECTION (CALCULATED USING THE CODE 
BY STOTHOFF, 1994)
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FIGURE 5. TEMPERATURE PROFILES CALCULATED 
USING THE FINITE ELEMENT (FE) CODE BY STOTHOFF 
t 1994) AND APPROXIMATE ANALYTIC (AN) SOLUTION.  

In Figure 6. the vapor density profiles are plotted for te 
two cases: (a) 1s for the case whout liquid advection and 
(b) includes IKuiUd advection. A dmisnct peak in the vapor 
pressure is observable. The location and magnitude of the 
peak varis with time. The peak is an indicabon of a narrow 
zone of vaporization of the groundwater. The location of the 
peak is an incdcation of the extent of rock ckyout To the left 
of the peak (towards the OrTft), the vapor density profile is 
very uniform This id•icates a constant vapor mass flux 
from the peak to the ventilated boundary. Only minor 
dirferences exist between the two cases so that liquid 
actvection is noted not to have a strong effect on vapor flow.  
The numerical prelictions supporl the approximation in the 
microslab model that the microtlabs dry sequentially.

FIGURE 6b: VAPOR DENSITY PROFILES WITH LIQUID 
ADVECTION (CALCULATED USING THE CODE BY 
STOTHOFF, 1994) 

In Figure 7, the liquid saturation profiles for the two cases 
are plotted: (a) is for the case wrhout liquid advecnon and 
(b) includes liquid adrvection. In both cases, a large change 
in the saturation is resbncted to a relatively narrow spatial 
zone. This confirms the observation that the dryout zone 
develops as if a front were propagating through the 
medium. The case with liquid advection produced a more 
gradual transition in saturation to the right of the dryout 
zone. This more gradual transition leads to liquid flow 
toward the vaporization region. Both cases produce similar 
saturation profiles to the left of the vaporization region.  
indicalting that advection does not affect this region. Both 
cases predict nearly the same extent of dryout (3.8 m at 
50 yr) Indicating that advacbon affects the saturation profile.
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FIGURE 7a. LIQUID SATURATION PROFILES WITHOUT 

LIQUID ADVECTION CALCULATED USING THE CODE 

BY STOTHOFF (1994) AND THE MICROSLAB MODEL
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FIGURE 7b. LIQUID SATURATION PROFILES WITH 

LIQUID ADVECTION CALCULATED USING THE CODE 

BY STOTHOFF (1994) AND THE MICROSLAB MODEL 

In Figurea 8. the rate of removal and cumulative removal of 

liquid water are plotted for both cases and the micrOslab 

modei. The case with liquidl advecozon yelds larger rates of 

removal and amounts of cumulative liquid mass removed.  

Al early times (t < 5 yr), the rate of drying is much larger 

than al longer tontes. and at t-0 the rate of drying is 

theoretically infinite. At early times. the difference between 

the rates of removal for the two cases is most sigrifiat, 

indicating that Iluid advaction enhances drying. The 

difference become increasingly smaller al longer times.  

indicatng that vapor dftwon more, strono~ limits the 

overall drying proc.s The cumulative removal is the t~me 

integral of the rate of removal. and the difference between

FIGURE 8. CUMULATIVE REMOVAL OF LIQUID WATER 

CALCULATED USING THE CODE BY STOTHOFF (1994) 

AND THE MICrOSLAB MODEL 

COMPARISON WITH OTHER WORKS 

The method and results presented here were compared.  

with other published works. Hopkins at al. (1987) describe 

10 and two-chmensional (2D) isothermal studies where 

liquid was assumed to advect in the rock matnx towards the 

dnft wall, and then be removed by the ventilation air.  

Because their model was isothermal, vapor diffusion was 

negligible in comparison with liquid advection and it was 

neglected in their model. As such, the dominant mechanism 

for transport is different than in this work, and a quantitative 

comparison is impossible. However, quaJlitatrvely the results 

were found to be similar in that approximately 2 to 5 m of 

rock dried dunng 50 yr of continuous ventilation.  

Danko and Mousset-Jones (1993) have reported 

numerical predictions of heat and moisture transport in a 

ventilated drift with heat-dissipating HLW. The moisture 

removal model is based on a wall wetness ratio which is 

discussed in the mine ventilation literature (Chang and 

Greuer. 1985; Laage et al., 1994). They conclude that 

relatively low values of airflow can result in high values of 

groundwater removal. Their calculations show that -there is 

a potential that a total amount of 0.72 metric tons of water 

per linear meter of drift per year can be permanently 

removed from the repository horizon.* This corresponds to 

approximately a five times higher rate of drying than 

reported in this paper. They note, however, that the 

reported potential for water removal needs to be Checked 

against the availability of water migrating towards the drift.  

and the wall wetness ratio needs to be adlusted using a 

coupled hydrothermal model. It is proposed that the model 

developed in this paper can be incorporated into an 

effective wall wetness ratio, however this is beyond the 

scope of this paper.
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in the literature, there are relatively few expenmental 
studies that were documented in sufficient detail to compare 
predcons and-observations. Some of !he most applicable 
experiments have been reported in the aying literature 
(e.g., Lee et at., 1992). Other sources of data should be 
explored to build confidence in predictive models. It is 
anticipated that predictive models will be calibrated to the 
actual ventilated condtions during me operations time 
penod of a repository which may be up to 150 years long.  
Dunng repository operations, the measurement of 
temperatures and relative humidity should be relatively 
straig htforward.  

Implications of this work are that ventilation may produce 
a zone of dry rock surrounding the emplacement drifts. This 
zone may have the beneficial aspects of yielding a lower 
rate of liquid transport towards the HLW, and a lower rate 
of aqueous transport of radionuclides into the geologic 
medium. These results. however, are sensitive to the 
conceptual model. In this paper, we assumed the dryOut 
was controlled by vapor diffusion. An alternative conceptual 
model has been described in the Irterature (e.g.. Hopkins et 
at.. 1987) which assumes the process is controlled by liquid 
advection in the rock matrix. Afternaluvely. one may 
hypotnri.,ize the process is controlled by a few sparse 
flowing fractures (e.g., the weeps flow model discussed by 
Gauthier et al, 1992). In each model. important assumptions 
are made and values chosen for key parameters. Different 
models can be used to predict the effects of ventilation 
before the repository is constructed. After the mine is 
constructed, however, the actual performance can be 
monitored relatively easily based on measurements of 
values such as wet/dry bulb temperature and air flow rates.  
Models then can be calibrated to the actual conditions.  

CONCLUSIONS 
The microslab model of diffusion-dominated drying of 

heated, fractured rock provides: 
I Means for quick calculations to determine the amount of 
vapor extracted from rock surrounding a source of 
radioactive decay heat and the extent of rock dryout 
2 Means for quick calculations which can be used to check 
the results of more elaborate computer predictions 
3 Insights into scaling the rate and extend of rock dryout 

(QO - L,- ý For conditions relevant to YM over a 50 
yr simulation period, me model shows: 
I.The rate of c"your vanes from 10 to 3 kg/m 2 per year, 
decreasing with time 
2.Approximately 250 to 320 kg/m 2 of vapor is extracted 
from the rock 
3.The extent of dryout Into the rock from the drift wall is 
about 3 to 4 m 
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