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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 moming, 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
Peterson (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, [ attended sessions on Advances in Computational Hardware and
Cooling of Electronic Systems. The session on computer hardware emphasized distributed
computing envifonments such as parallel virtual machine. These methods are expected
to continue to be popular and effective. A general consensus was that Input/Output (1/O)
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lime 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/0 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
reccived. 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. Stothoft
Center for Nuclear Waste Requlatory Analyses
Southwest Research Institute

San Antonio, TX
ABSTRACT P
An analytic model ts deveioped for diffusion-controlied P"‘

vapor transfer in a heated, fractured, porous medium. The
model 18 apphed o hypothetical, near-field conditions in a
high-level waste (HLW) reposrtory that 1s proposed at Yucca
Mountain (YM), Nevada. The model takes into account (i)
dry arr used 1o venulate HLW emplacement crifts, (i)
transient tempeftatures due to the heal-dissipating nature of
nuciear HLW, and (jii} a fractured geologic medium. The
mode! 's one-ckmensional (1D) and consists of a semi-
infinite siab of rock divided into a senes of microslabs,
across which liquid 13 assumed not 1o advect. A heat flux is
apphed 1o one boundary, thereby vaponzing the
groundwater in the rock. Vapor ther; diffuses toward the
source of heat due 1o vapor-density gradients between the
heated, partiaily-saturated slab and the dry ventilaton aur
passing through the arift. The modei predicts the amount of
vapor transferred from the fractured rock 1o the
emplacement drift. and the extent of dryout. The model is
compared with the results from a more detaled computer
coage and found to be acceptably accurale.

NOMENCLATURE

A coefficients for estmatng the thermal power for
baseline waste description [W/MTIHM])
coeffiuents for estmatng the thermal power for
baseline waste descnption {1/yr]

D’ effectuve vapor diffusion coefficient

¢

B

(6.0x10°7 m¥ss)

D**  eftective ditfusivity for the penetration of the dryout
zone [mzts]

D vapor diffusion coefficient in air
[2.0x10°% m?r)

h hest of vaponzaton [2.4x10% Wkg]

M molecular weight of water (18.02 kg/kmole]
number of microstabs (-]

b ]
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vapor pressure of ™ mucrostab [Paj
reference vapor pressure {7,380 Pa at 313 K]

diffusive heat flux per unit area [W/m2]

heat flux per unit area at nme of emplacement
wim?)

mass of water leaving the siab per unnt area
kg/m?]

total amount of liquid available for removal cer
unit area in i microslab (kg/m?]
diffusive vapor flux per unit area [kg/sm
vapor diffusive flux for the 1™
microsiab [kg/smzl

ideal gas constant (8314 J/kmole]

gas saturaton {(average Sg-O.S) (]

2

inmial iquid saturagon {-]
residual hiquid saturaton [-}
change in liquid saturation [-]

temperature [K]
reference temperature {313 K]

temperature of the i™ microsiab [X)

tme (s}

total amount of time for the 2rying process (s}
amount of ime for i™' microslab to ory (s]
time from reactor to emplacement [yr)
distance [m)

width of microsiabs {m]

thermal diffusivity of the rock [m?/s]

hquid density kg/m]



P, vapor density (kg/m:']

Pvo vapor density in the emplacement drift [kglm’]

P, vapor density 1n the /™ rmcrosl:;m [kglm:’]

Ap,, change n vapor density from ™ microslab to
dnft [kg/m?)

T tortuosity (2/3) [-]

é porostty [-]

INTRODUCTION

There are many challenges associated with the safe, iong-
lerm 1solation of nuclear high-level waste (HLW) from future
civilizations and the biosphere. The current approach being
pursued in all countries which have nuclear powerplants
and the resuling HLW s geologic disposal, which consists
of burying the waste deep in the earth (typically hundreds
of meters below the ground surtace). The site currently
being studied in the Unned States 1s YM, Nevada which s
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 tunneiing beneath YM and emplacing the waste in a
series of mmned dnths. The waste 1s placed in large, thick
metal packages which are designed to safely contain the
waste for hundreds, and potentally thousands of years
(DOE. 1994). One of the most impornant aspects which
aftect waste package lifehme 18 the thermal-hydrologic
environment. Briefly stated, waste packages corrode more
rapicily if water 13 present, and essentially do not corrode 1f
waler 1s absant. Hence, it 1s important to quantify the
thermal-hydrologic environment of the heat-dissipaling
wasle packages in a mined dnft.

The thermal-hydrologic environment of waste packages Is
aftected by a number of condtions, including: the amount
of downward percolating water, the age and thermal output
of the HLW, the density of spacing ot waste packages, the
hydrologic properties of the geologic material, and the
ventilation condimons of the mined excavation. In many
studies. the water balance within the mountain 1s modeled
as relatively constant (Pruess et al., 1990a,b; Pruess and
Tsang, 1993; Buscheck and Nitao, 1993; Buscheck et al..
1983). It has been recognized that ventilation has the
potential of removing significant amounts of heat and
groundwater (Roseboom, 1983; Hopkins et al., 1987;
Danko. 1991; Danko and Mousset-Jones, 1992, 1993; Yang
and Bhantacharyya, 1994; among others). One
recommendation of these works has been to deveiop a
more realistic moisture/vapor transport moded to predict rock
drying (Danko and Mousset~Jones, 1983). The purpose ot
this paper 18 10 develop a simple yet reatistic model for the
drying of the rock under ventilated mine conditions where
ventilation removes moistute from the repository.

Fractures can erther inhibit or enhance rock dryout. Dryout
1s enhanced i pressure-driven gas flow occurs in fractures.
This was observed mn fisld expenments where fractures
were observed 10 act as preferential pathways for gas flow
(Ramirez et al., 1991). The pnmary cause of pressure-
driven gas flow 1s that the temperature excesds the botling
temperature. it the temperature remains below the boiling
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point, then gas flow in fractures will be less significant In
enhancing dryout. in jaboratory scale expenments. fractures
have been observed lo inhibit iquid flow (Manteufel et a!.
1992). Simiarly dunng Isothermal drying and imbibrion
experiments, microfractures delayed liquid transport from
one intact matnx block to the next (Russo and Reda, 1989).
It appears the deineation is due 1o whether the
temperatures were significantly high enough to creale a
pressure-drniven flow condition. in low-temperature
condions, the process by which hquid flows in the matrix
can significantly reduce the rate of drying, and lead 1o vapor
diffusion being the controlling process.

Similar observations have been reported in the
hydrocarbon recovery lterature (e.g., Rainwater et al.,
1989). Expenments mnvolving forced air vapor extraction of
hydrocarbons from the ground have shown that preferental
fiow paths can Gevelop. The preferential paths develop
even In “homogeneous™ pofous media due (o pore-iavei
heterogenermes, and are accentuated by increasingly larger-
scale heterogenetties. The fowing fluid (typicatly air)
develops fingers which act 10 quickly evaporate the nearby
volatiles. However, large stagnant regions can deveiop
between fingers. Concentranon gradients are established
between the stagnant zones and the flow fingers. The
vapors must diffuse to the flow fingers where they are
readily removed by aavecton. The extraction process then
becomes controlled by the rate of dffusion of the
hydrocarbons from the regions of stagnation to the flow
fingers. Models not accounting tfor preferenual flow paths
overpredict the amount of hydrocarbon recovery. In the
HLW program, the ventiated drifts can be considered as
flow fingers and the rock mass as zones of stagnant gas.

The choice of morels rs imporant in predicting the drying
process in a fractured porous medium. In field heater tests,
it was shown that scoping calculauons over-predicted the
amount of vapor transport near the healer (Ramrrez et al.,
1989). In another heater test, numencal models (e.g.,
Pruess et al.. 1984) “did not cirectly predict the small
amount of waler that entered the [emplacement] hole”
where a heater resided (Zimmerman and Blantford, 1986).
it 1s proposed here, that a simple analyhc model of
diftusion-dominated vapor transter will ad in more
accurately estmating the amount of vapor entenng the
emplacement drift and the extent of dryout.

One of the challenges of modeling drying 1s that the rock
is fractured and of relatrvely low hydraulic conductmty.
Hence, the iquid 1$ not necessanly advected 1o the edge of
the excavaton where 1t vaponzes. The wractunng and low
hydraulic conductivity encourage the vaponzauon of pore
water where it onginally resides in the rock. The vapor
would then flow by erther diffusion (by a vapor density
gradient) or advection (by a total gas pressure gradient). It
the temperatures exceed the boting pont, then the
pressure-driven gas advecton can be signtficant. It the
temperatures remain below the boiling pont, then diffusive
vapor transport I1s expected to be dominant. If venulaton s
used, then 1t 1s possible that the maximum rock temperature
will be reduced and remain below the boiling temperature.
Based on the coohing effects of ventilaoon and the presence
of a fractured, low hydraulic conductivity medium, the model



presented n this paper was developed assuming that
drying will be controlied by vapor diffusion.
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FIGURE 1. CONCEPTUAL REPOSITORY LAYOUT (DOE,
. 1994).
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FIGURE 2. IM-DRIFT EMPLACEMENT CONCEPT (DOE,
1994)

REPOSITORY LAYOUT

ARhough a reposntory layout has not been finalized, a
number ot concegtual layouts have been ascussed (DOE.
1994). In Figures 1 and 2, a recent repository design s
shown for the whole layout and for a single waste package.
The cesign process 1s ongoing and a final design has not
been estabirshed The repostory 1s expected 10 consist of
two iarge sloping access ramps, two large vertical
ventlation shafts, and a sernes of honzontal emplacement
dnfts. The empiacement drifts will be located off the main
access dnft which 13 connected 1o the access ramps. The
size of the repository remamns a design opton, as wefl as
the spacing between empiacement drifis and spacing of
waste packages nsyrle each drift. Many conceptual designs
have a ant diameter of 7.62 m and drift spacing of 20 to 40
m (Saterhie et al., 1984). The waste packages wil be
introduced nto the repository on a rail sysiem using
emplacemen’ carts. Dunng the operational life of the
reposiory (-1 1 yr), the region between the waste package
and the rock will probably not be backfilled. This will allow
access and penodic Inspecton of the waste packages 1o
ensure containment of the waste. Dunng this time, nt is
expecied that measures will be avadable to remedial»
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unfavorable conditions, processes, or events. in order 10
allow inspection, erther contnuous or perocic ventilaton
must be used to cool the areas to be inspected and provice
oxygen for inspechon personnel.

CONCEPTUAL MODEL
It is axpected that the repository cystem will be ventilated
using the relatrvety dry ar from and southern Nevada. The
waste packages will be dissipating heat because of the
decaying nature of rackcactive waste. The surrounding rock
will heat up. The higher rock temperature creates a vapor
censity grachent towards the drift which 1s assumed to have
a continual or penodic supply of cool dry air. The degree of
fractunng in the rock has been measured from borehoies
and outcrops of the rock unit (Topopah Spnng Member of
Paintorush Tuff) where the emplacement drifts are to be
located. It has been estimated that the densiy of fractures
range from 10 1o 40 per cubic meter with the majonty
onented normal 10 the bedding plain of the rock untt (i.e.,
vertical fractures) (DOE, 1988). The number of mine
excavation-mduced fractures 3 difficult 1o assess; however,
it 1s assumed that there are a sufficient number of fractures
to prohibit hquid flow in the rock matrx.
} L
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Case 2
FIGURE 3. CONCEPTUAL 10 MODEL SHOWING CASES
OF ASSUMED LIQUID VAPORIZATION.

Figure 3 illusrates the conceptual mode! A heat load
applhied to the dnft walls 1s represented by arrows on the left
boundary. The cooling effects of arr circulating in the drits
are not moceied directly except to maintain the maumum
rock temperature below boiing. Diffusion occurs In the
direction of the drift across transversely onented fractures.
The analytic model ts 1D in the rackal direction trom the
dnft. A finte section of the rock mass s modeied. The ngnt
boundary 18 far from the opening and s assumed to have
no flow. The rock heats up causing temperature, vapor-
pressure, and vapor-density gradients. The dry air in the
drift nduces a vapor-density gradient and vapor flow in the
directon of the drift. In drying of unfractured, porous media,
liquid 1s frequently assumed 10 advect 1o the surface due 10
suction-pressure gradients, where 1t vaporizes and s
removed. This model. however, assumes that hquid
advecton cannot occur across the microfractures. The hquia
must vaponze within the m:crostab of rock and diftuse 1o the
surtace, hence motsture transport 1s solety due to aittusion-
controlled vapor transfer Two cases were considered




where the hquid vapornzes on the nqrr 9% "R 1Y SR 1T ) S € Y]
and mus! diffuse through 1t 10 reach the sustass (Laae BRI N
hquid vaporizes on the left sice of the macnimia (e D
The true sotution les between these two uases. ¢ enhe.
case, microslabs do not begin to dry unti the aciacent
microsiab 1s dry Fracture gensity 1S simuiated by varyng

the numober of microslabs.

MATHEMATICAL THEORY
Heal Transter Model

In this section, the equations used (0 pradict the evolving
lemperature and vapor density fieids are discussed (the
symbots are defined in the hst of nomenciature). The tme-
vanant temperature distribution 3 pased on the heat
conduchon equaton (where the vaporizabon of m sfu
groundwater 1s neghgitie for the tow porosity, high thermal
congductivity rock of interest)

6_7: = agz_t 1)
o ax?
The heat flux tor gecaying HLW s expressed as a sum of

exponentials, which 1$ a2 good approximaton tor up to 1.000
yr (DOE. *983)

4
" . -8B
Q¢ = E :Al € ' (2)

The scahing coethcients are related 10 the age of the
waste ,, and the gensity ot waste packages

7" -8,
‘. qc.av( Ale g

A,A " -
Y Ae 1 o

t=1

3

“ne A and B coethcients are from US Depanment of
Energy (DOE) YM Reterence iIntormavon Base (DOE.

1993)

A B
(W/MTIHM) e’
1 1.665x102 1.106x1072
2 4.086x102 1.346x1072
3 7.873x10% 3.130x107?
4 7.201x10° 4.437x107"

NOTE MTIHM = Metnc Ton of inal Heavy Meta!

These equations capture the ume-varying nature ot the
waste

armrves el ” g i Model -
w» .':f'".l‘f.f;;!"'lﬁ..“" t~ am.ai ranster can be geveioped SC
Yie® T 8. ANt d0Es dof fO QUICK hand calcutations The
re.foact 22 TR LL I S b PR o approximately hnear trom
5 mavn-Ln. A {he DHundaylo a neghgiole increase at the
mermat Jereyatd.s’ Jepth

X
AT(IJ*,., = AT \I’O. f&’) . l"m

(4)

for x < &8,

This assumpton of a hme-varying hnear temperature
profile 1s justied oy more detalled numerncal modeling
discussed later in this paper The thermal penetration depth
1s based on an evolving lemperature gistnbution 1IN a semi-
infinite medium subjected 1o an aprupt change at the
bounaary (e.g.. Liennhard. 1987) where the constant * 9 was
determmed by matching resufts from more detalled
analyses

Br i) = 1.9 yais, 'S

The amount of heat input INto the rocx 1S palanced by an
;ncrease in the temperature ot the rocx

ley 8r (‘ar) 6)
J‘qudg= f (pc)mAT(x.th)dx
0 o]

which yielgs an equatior for the poundary tempertature as
a tuncuon of ime

oy
j’qu at
AT (10, 1=1, = 10 —
> (PC ) roct 8,

Fot the ime-varying -ILW heat source. tnis yieias
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AL
AT =% 2 (1-e) L

e
=] ]

Thes resuit 1s usefu! in developing a simotthea mode: for the
depth of rock dryout

Vapor Transter Mogel

Vapor diftusion 1s governed by the conservaton ot species
equation where the only transpon mechanism 15 assumedad
10 be diftusion




3 3 (.. 9
= (4S,0,) = = [D* == ®
a' s ax ax

The effective vapor dﬁusaon. coefficent in a partally
saturated porous medwm, D, s related 10 the vapor
diffusion coefficient in stil ar.

D =<¢S,D (10)

The accumulaton of vapor at a pont 1s negligible mn
~omparrson with the flow of vapor. Hence, the conservation
equaton reduces 10 a statement that the diffusive flux s
constant from the microsiab where it 1s generated, 10 the
boundary where it is removed

dp, an

The mass of water leaving the slab 13 the tme integral of
the transient diffusion vapor flux al the slab boundary.

QL =[q! & (12)

In the model each microsiab dries successively, where the
second microslab does not dry until the first 1s completety
dry. The diffusive vapor flux for each microslab (per unt
area) 1s based .n an approximation of Fick’s law,

Ap
iAx

qv’j =D (13)

where i 1s the '™ microslab from the boundary. The change
in vapor density from the 1™ microsiab to the boundary s

Apm = pv.l - P-.o a4

The vapor density at the boundary, P, 'S approximated to
be 0.015 kg/m:’. orresponaing roughly 1o a temperature of
25 *C and a retative humidity of 85 percent.

The vapor pressure can be calculated using Claperyon's

equation (Wark, 1983).
hM
AMy (1 _ _1]) as)

P
AT T,

vt

= P-.o exp

The vapor gensity 1s calculated using the ideal gas law.
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Pv.l M L4

B L. (16)
RT,

pv.l =

The total amount of water avallable for removal (per unn
area) 1n each microsiab i1s the same (because each slab 1s

of equal thickness) and is grven by:

04” =ASé p,A-r (17)

where the saturaton available fotr removal s related to the
mal and residual saturatons

AS=5,-S, (18)

The rate of vapor removal is constant for each microslab
because the effects of vapor pressure lowenng are
important only at low saturatons (i.e.. high suction
pressures), and the vapor density at the boundary 1s
assumed constant. The ime for one microstab to dry 1s
related to the rate of drying and the total water available for
removal.

" ", 9
Q =4, At&,} (19)

which leads to:
_ASépi(Axy

At
! D.Apv,l

The total amount of bme required for the entire slab to dry
18 the sum of all microsiab drying times,

" AS i (Ax)?
:h=z b p,i(Ax)

'y D*Ap,,

2n

where n s the total number of dry microsiabs. The ame
required 1o dry a grven thickness of rock can be caiculated
using these results.

Simplified Vapor Transfer Model

The above relabonships can be approximated further to
yreld simple scaling relatonships for the rate of dryout and
cumulative amount of hiquid removed.

The arying process behaves as if a vaporizaton front were
passing through the medium. The penetration depth of the

front is




= 22
L, =Y Ax @2)
i=l
which can be expressed as
n

Athough Ap , 18 a funcbon of ime and locaton (re., ),

it 1s approximated with an appropriate mean so that the
drying time can be refated to the extent ot dryout

AS & pi (L)

i
t = —_ 24)
dy « A=
D* Ap, = B
it 1s noted that
~ i, med 25)
et B 2

which for large n 13 approximately n/2. Hence, the tamihar

dffusion result has been derived that the penetration depth

of the dryout zone 13 proporhonal 15 the square root of tme
*e (u)

Ly, = D" 1,

where an eftective diffusivity for the penetraton of the

vaporization front 1s

2D° Ap,
AS & p,

an

The mos! significant approximation s the introduction of
a mean difference in vapor densies, Ap . It 1s suggested
that n be based on a ime-averaged maximuim temperature

85, = p, (Tuc) ~Pua @8

It the neat flux Is relatrvely constant over the tme penod of

nterest, then the maximum temperature will vary as theyr
and the time-averaged maxmum temperature will be two-
thirgs of the maximum

2T, OO

Wi

This approximation has been found 10 yeld accurate
estimates of the dryout depth. The cumulative amount of
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hquid removed 1s related "o the dryout penetrauon depth
and 1t also scales as the square root of yime

— (30)
QL = & ASpL,, = & ASp, yD""1,,

These scaling resuits were found to be consisient with the
mofe accurate numencal resufts presented in the next

secton.

Heat Flux
To simulale nonrsothermal transient heat condrons. It was

first necessary to caiculate the heat flux. Figure 4 illustrates
the area-averaged decay heat flux applied at the boundary
{which 1s the surface of the mined drift). The integral of heat
fiux 1s shown along the nght axs and indicates the total
amount of energy mput nto the system per unit area over
tme. The vansient temperature distibution was then
calculated.

The mitual heat flux on the drift wall s 5.5 W/mZ. This flux
corresponds 10 a 7.0 W/m? areal power gensity with 8 m
diameter drifts al a 20 m dnft spacing. This 1s roughly
equuvalem to one-halt of the reference case thermal load of
14.7 Wim? (Saterlie and Thomson. 1994). This does not,
however, account for heat removed by ventlaton. The heat
load was selected so that 1t roughly corresponds 10 a
thermal toad of interest, yet the maximum '2mperature
never exceeds the boiling temperature.

It ts recognized that zones of rock may atta) higher than
boiing temperatures. It 1s suggested tha' more detaled
modeis be empioyed to account fo more realshic
geometnes (discrete heat sources loca ed in parallel drifts
versus a unfform flux into a semi-infinte region} and
account for the removal of heat by ventiation.

I2 350

{ 300
)q ',
) at D/O,o/" 250
"z 1200 =
E 0 : =
T 1150 -
T 'z
q" -Il 0 Wm }'(X) z
= 10.0 vears 150 _
10 20 30 0 ¢
ume (years)

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 Stothott
(1994). The code models the coupled 10 transport of
energy and morsture in a porous medium. Two cases were
investgated: a direct analog of the analytic soluton method.
where moisture flows only by vapor diffusion; and an analog
m which no fractures are present and hiquid flow can occur



N the rock mavrx. In the second analog, the marx flow
properties are taken from Flint and Flint (1994),
representng -weided Topopah SPnng tuft  (saturated
hydrauhc conductvity 13 59x10°"' m/s and relative
permeabiity s represented by van Genuchten (1980)
funcbons with an n perameter of 1.45 and an atpha
parameter of 0.210 m™']. In both cases, the numerncal
model extends 1o 50 m (far beyond the influence of the
ventilation) and is discretized with 500 elements evenly
graang from 0.01 m at the dnft wall 1o 0.37 m at the outer
boundary. Ventlabon 13 modeied by Imposing (p,,) at a
distance 0.1 m into the anft and allowing diffusion from the
porous medcium with the vapor diffusion constant in stil axr.

Figure 5 illustrates the spatial and temporal temperature
distribution in the rock stab. The hnes represent caiculations
from the numencal finte element (FE) code and the sohd
circles represent the analyhic (AN) temperatures computed
for the microsiab model. The agreement s considered
good. The FE temperatures are iower than the AN at long
tmes because the FE accounts for energy removal due 10
vaporizauon (which 1s approxmmately . percent of the total
heat input).
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FIGURE 5. TEMPERATURE PROFILES CALCULATED
USING THE FINITE ELEMENT (FE) CODE BY STOTHOFF
11994) AND APPROXIMATE ANALYTIC (AN) SOLUTION.

in Figure 6, the vapor density profiles are plotied for the
two cases: (a) 18 for the case without hqund advecuon and
(b) includes hquid advecthon. A distinct peak in the vapor
pressure 1s observable. The locaton and magnitude of the
peak vanes with ime. The peak 1s an indicabon of a narrow
zone of vaponzation of the groundwater. The locaton of the
peak 13 an inckcation of the extent of rock dryout. To the left
ot the peak (towards the anft), the vapor density profile s
very uniform. This incicates a constant vapor mass flux
from the peak 10 the ventiated boundary. Only minor
differences exist between the two cases so that hiquid
advecton 1s noted not 1o have a strong etffect on vapor flow.
The numerical precictons support the approxmmaton in the
microsiab model that the microsiabs dry sequentially.
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FIGURE 6a: VAPOR DENSITY PROFILES WITHOUT
LIQUID ADVECTION (CALCULATED USING THE CODE
BY STOTHOFF, 1994)

V apn 'Dnmry gm-))

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 wrthout liqund advecton and
(b) includes liquid advector.. In both cases, a large change
In the saturation rs restncted to a relatively narrow spatal
zone. This confirms the observaton that the dryout zone
develops as if a front were propagatng through the
medium. The case with hquid advection produced a more
gradual transition mn saturation to the night of the dryout
zone. This more gradual transiton leads to liquid flow
toward the vaporization region. Both cases produce simitar
saturaton profiles to the left of the vaponzation region,
ndicabing that advection does not affect thrs region. Both
cases preckct nearly the same extent of dryout (3.8 m at
S0 yr) mdicating that advection atfects the saturation profile.
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FIGURE 7a. LIQUID SATURATION PROFILES WITHOUT

LIQUID ADVECTION CALCULATED USING THE CODE
8Y STOTHOFF (1994) AND THE MICROSLAB MODEL
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FIGURE 7b. LIQUID SATURATION PROFILES WITH
LIQUID ADVECTION CALCULATED USING THE CODE
8Y STOTHOFF (1984) AND THE MICROSLAB MODEL

in Figure 8, the rate of removal and cumutative removal of
iqud water are plotied for both cases and the microsiab
model. The case with iquid advecton yieids largef rates ot
removal and amounts of cumulative liquid mass removed.
Al early times (t < 5 yr}, the rate of drying is much larger
than at longer tmes, and at t«Q the rate of drying is
theoretically mfinte. At earty tmes, the difference between
the rates of removal for the two cases is most significant,
incicating that hquid advection enhances drying. The
difference become mcreasingly smaller at longer times,
mccatng that vapor diffusion more strongly Emits the
overall drying process. The cumulative removal is the tme
ntegral of the rate of removal, and the difference between
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‘Ans T L Stser nTeites: aMth tme. The microsiab model
srepchions avmicie avnrably with tte more detailed
oy aNANE: ALY T simpler to perform.
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FIGURE 8. CUMULATIVE REMOVAL OF LIQUID WATER
CALCULATED USING THE CODE BY STOTHOFF (1994)
AND THE MICIOSLAB MODEL

COMPARISON WITH OTHER WORKS

The method and results presented here were compared.
with other published works. Hopkins et al. (1987) describe
1D and two-dimensional (2D) isothermal studies where
liquid was assumed to advect In the rock matnx towards the
dnft wall, and then be removed by the ventilaton air.
Because their model was rsothermal, vapor diffusion was
negligible in comparison with liquid advection and 1 was
neglected in their model. As such, the dominant mechanism
for transport is different than in this work, and a quanttative
comparison 18 impossible. However, qualtatively the results
were found to be similar in that approximately 2 to 5 m of
rock dned dunng 50 yr of contnuous ventlation.

Danko and Mousset~Jones (1993) have reported
numencal predictions of heat and moisture transport in a
ventilated drift with heat-dissipaung HLW. The moisture
removal model is based on a wall wetness ratio which 1s
discussed in the mine ventlaton literature (Chang and
Greuer, 1985; Laage et al., 1994). They conclude thal
relatively low values of aiffilow can result in high values ot
groundwater removal. Thesr calculations show that there i1s
2 potential that a total amount ot 0.72 metric tons of water
per linear meter of drift per year can be permanently
removed from the repository honzon.” This corresponds to
approximately a five times higher rate of drying than
reporied in this paper. They note, however, that the
reported potential for water removal needs to be checked
against the availability ot water migrating towargs the dnift,
and the wall wetness ratio needs 10 be adjusted using a
coupled hydrothermal model. It is proposed that the model
developed in this paper can be incorporated nto an
effective wall wetness ratio, however this is beyond the

scope of this paper.




In the Kierature, there are relatively few expenmental
studies thal were documented In sufficient detail to compare
precichons and.observations. Somae of the most applicable
axpefiments have been reported in the orying literature
(e.g.. Lee et al., 1992). Other sources of data should be
expiored to buid confidence In precictive models. It is
anticipated that predictive models will be calibrated to the
actual ventilated conatons during the operations time
penod of a repository which may be up to 150 years long.
Ounng reposttory operations, the measurement of
lemperatures and relative humidity should be refatively
straightforward. '

Implications of this work are that ventilation may produce
a zone of dry rock surrounding the emplacement arifts. This
zone may have the beneficial aspects of yiekdting a lower
rate of kiquid 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 controlied by vapor diffusion. An aiternatrve conceptual
model has been descnbed in the Inerature (e.g., Hoplans et
ai.. 1987) which assumes the process is controlied by hquid
aavectuon In the rock matrox. Altemmatvely, one may
hypothesize the process 1s 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 ventlation
before the repostory 1s constructed. ARer the mme IS
constructed, however, the actual performance can be
monitored relatively easily based on measurements of
values such as wel/dry bulb temperature and arr flow rates.
Models then can be calibrated o the actual conditions.

CONCLUSIONS

The microslab model of diffusion-dominated drying of
heated, tractured rock provides:
1. Means for quick calculations to determine the amount of
vapor extracted from rock surrounding a source of
fadioacnve decay heat and the extent of rock dryout
2 Means tor quick calculations which can be used to check
ihe resulits of more elaborate computer predichons
3.Insights Into scaling the rate and extend of rock dryout

(Que - Ly, - ta,) For conditions relevant to YM over a 50
yr simulation penod, the model shows:

1.The rate of c-yout vanes from 10 to 3 kg/m? per year,
decreasing with tme

2.Approximately 250 to 320 kg/m2 of vapor 1s extracted
from the rock

3.The extent of dryout into the rock from the drift wall is
about3tod m
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