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Abstract

This paper focusses on the problem of coupled heat and
moisture movement in a porous geological medium. The
examination of such processes is of interest in connection
with the evaluation of the thermal performance of natural
geologieal barriers which are used to isolate nuclear waste
containers from the host rock of a deep vault repository.
The mathematical equations governing heat and moisture
flow in the porous geological medinm are solved by appeal
to a Galerkin finite clement scheme. The paper focusses on
the illustration of the basic features of the numerieal
scheme, The numerieal scheme developed ean he used to
examine the rate of moisture depletion in the porous niediam
due to the temperature effects,

Introduction

The study of the coupled processes of heat and moisture
flow in porous materials is important to several branches in
engineering. The results of such researches have been ap-
plied to the study of packed reactor bed technology in
chemical engineering, agricultural engineering, dryving of
foodstuffs and bio-engineering. A more recent application
concerns the study of heat and moisture movement in
porous geological materials which are proposed for use in
nuclear waste disposal endeavours (Selvadurai [ 1], 2]). The
Canadinan proposals for the disposal of high level nuelear
fuel waste specifically coneentrates on the deep burial of the
waste in plutonic roek masses, The waste repository will be
located at wdepth of approximately a kilometer and will con
sist of a series of tunnels which will house the waste forms.
The waste will be sealed in containers and placed in bore-
holes drilled into the floor of the vaults, Figure 1. The an-
nular space between the host rock and the waste container
will be filled with an engineered barrier, ealled the “buffer”
which is essentially o porous mixture of bentonite elay and
sand. The buffer should act as a barrier to suppress the
detrimental chemieal effeets of water in the rock mass and
theus enhance the life of the waste container; it should
serve as a geochemieal filter for the sorption of radio nuclides

which may ne released by accidental damage or natural
hreakdown of the waste container; it should provide suf-
ficient strength to support the self weight of the container
and accommodate any detrinental effects of rock deform-
ation; it should be able to absorb water and heal eracks and
separation zones which ean be ereated by moisture depletion
and, most importantly, it should act as a medium for the
efficient conduction of heat front the waste containers to the
host rock. Clurrent philosophy concerning the performance
of the disposal vault advoeates that during the iniliul' stages
of the operntion of the waste repository, the buffer will
communicate the heat from the waste forms into the host
rock with a relatively minimum water influx froni the host
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rock. Such low rates of water influx coald be dictated by
construction procedures such as dewatering and grouting
and the local fissure patterns of the rock in the vicinity of
the repository. The exposure of the buffer region to heat
conduction with no moisture influx poses a special problem
to the performance of the repository. For example jt is
known that in the performance of buried cleetrical conduity,
the depletion of moisture in the vicinity of the conduit re-
duces its thermal conductivity and entraps the heat energy
resulting in thermal degradation of the electrieal conduit.
In the context of the performance of the buffer it is im-
perative that the heat conduction characteristies be main-
tained even during moisture depletion associated with the
heating process of the waste container. A failure to com-
niunicate the heat from the waste forms will result in the
premature thermal degradation of the disposal vault which
presents a problem of high environmental risk.

This research focusses on the problem of coupled heat and
moisture flow in porous geological media, The paper discus-
ses the features which govern the processes of heat and
moisture flow in porous medin. In particular, attention is
focussed on the theory of coupled heat and moisture flow
propoged by Philip and de Vries |3]0 A weak Galerkin form
of a finite element scheme is used to examine the coupled
processes. The finite element scheme is used to examine the
coupled heat and moisture flow in an axisymmetrie waste
disposal horehole,

Coupled heat and moisture flow

The mathematical modelling of the process of coupled heat
and moisture flow in a porous geological medium is an ex-
tremely complicated exercise in continuum mechanies. A
comprehensive treatment of such processes must take into
consideration (1) the multiphase nature of the porous
medium (soil skeleton, the water phase and the vaponr
phase); (i) the modes of heat transfer in each separate
phase (conduction, convection and radiation); (i) the
oceurrence of reversible and irreversible deformations of the

soil skeleton associnted with moisture influx or moisture
loss phenomenas (iv) the presence of moving Loundaries
within the composite region; (v) oceurrence of eracking and
dumage and (vi) the influences of microstractural forees
such as surface tension and other physico-chemical effects,
The development of o comprehensive theory to acceom-
modate all of the above processes is expeteed to be a problem
of formidable analytical complexity. For this reason, it is
pradent to restriet the attention, first; to the study of
simplified theories which investigate the process of coupled
heat und moisture low in a porous mediam and to assess the
relinbility of such simplified models by recourse to ex-
perimentation, In this paper we focus on the mechanistic
theory of coupled heat and moisture flow in o porous
medium proposed by Phitip and de Viyies [3]. The theory is
based on the microscopic interaction processes that exist
between the liquid, vapour and porous structure of the
medinm and employs physiceal laws governing transport of
matter (i. e, diffusion (Fiek’s Law), saturated flow (Darey's
flow), unsaturated flow (Richard’s flow), energy conserva-
tion and equilibrinm thermody namics. The developments
vield a system of coupled differential equations governing
the volumetric moisture content (@) and temperature (T).
The coupled differentinl equations take the forms:
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where T and ¥ & denote gradients of the temperature and
volumetrie moisture content fields: Dyois the thermal
diffusivity; De ist the isotheriial  moisture
diffusivity, Dey is the isothermal vapour diffusivity ;s 4 is
the thermal conductivity: Lois the latent heat pt'. is the
heat eapaeity and Ko is the unsaturated hydraulic con-
duetivity, Ingeneral all the thermal properties depend upon
the field variables © and T, Considering a region 8 = 8y 1) 8y

moist ure

the boundary conditions pertaining to temperature on Ny
and heat flux on No can be written ns:
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where ap, by and ep are constants chosen to fit a certain
type of boundary and # is the outward unit normal to No.
Nimilarly, considering S = N30 S the boundary conditions
for pertaining to moisture constraint and  moisture loss

takes the forms:
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Also we assume tha
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The deseription of the problem is completed with the pre-
seription of initinl conditions on & and T in £,

Numerical analysis

In order to perform the numerieal analysis of the coupled
flow of heat ans moisture within the bhuffer region we use
the developments presented previously and obtain a weak
Galerkin form for the governing equations. Avoiding details
of caleulntions it can be shown that the associated integral

forws are:

. T

\ {V(\ TEVT — pL Do VO + pe ol lm : d0

0

+ f O (ap T 4+ b @ 4 cp) dS =20 (N)
Na

and

J o)
g lv,) (D T+ Do ) + M) K, + 06 l d0
| o ot
o
+ f 00 {un T + o © 4 cojds =0 (*h

R

where 8T and 06 are approprinte weighting fanetions
chosen such that the boundary conditions are satisfied on
Sy and Ny respeetively. These funetional forms will e nsed
in the finite clement formulations. The basie proceduares



for the finite element developiments are deseribed by Zeen-
Picwies [4] and will also bhe deseribed fally in [ 2] The final
conupled matrix cquations governing ¢ and ‘1" take the
forms:

|Ker] {1} + (Kol (@) + M) (1) = {I'n) (10)
and
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where |Kprl [ Kyl ... ete., are combinations of volume

and surface integeals: (¢} denotes the time derivative and
{1} and {P} are “loading” veetors. The time integrations
are performed via an implicit finite difference scheme which
gives  unconditionally  stable  results  (Zienkiewicz (4],
Buthe [5]).

Conclusions

This study focusses on the numerical treatment of the
coupled processes of heat and moisture flow in a porous
geological material proposed for use in a high level nuelear
fuel waste disposal endeavour. The mathematical modelling
focusses on a simplified theory which takes into account heat
conduction as the basic mode of heat transfer and a dif-

fusion-flow mechanism in the moisture teansport. process.
The resulting system of coupled differential equations are
amenable to numerieal treatiment vin a weak Galerkin
finite element scheme. The theoretical models are capable
of predicting relatively accurately the heat and moisture
movement in an experimental situation.
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