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- ABSTRACT
Heat reléaSeduby thevradibac;ive decay of nuclear Qastes in an‘
'un&ergrdund repositéry'cauées a ;ohg-te;m.thermal disturbanée in the.rock
méss.cbntaihing it; The naturé of tﬁis disturbance for a planar reposi-
;ory‘3d00 ﬁ in diaméter at.a depth of 500 m below surface is investigated
“for variqus waste forms. Theveffects of changes in the density and
Qiscosity qf groundwa;er céused by fhe tgmperature ‘changes on ﬁhe,flow
through a simple model of a vertical fracture connected to a horizontal
fracture in:a rock mass is evaluated. .It is concluded that different
waste forms and periods before burial have significant effects on the
thermal distufbance.and that buoyant gtoundwater flow is a function of
both the ﬁertical and horizontal fraéture ;ransmissivities,'as well as
the changes in temperature.  Loaded'initiaily_with’a power density of
10 W/m2 of spent fuel assemblies 10 years éftér discharge from.é
reactor,'fhe maximumvincre#se in temperature Qf the tebository in
‘granite is.about SOOC and the epicentral thermal gradient about:

709C/km.



INTRODUCTION

Sigﬁificant»quanﬁities of nuclear wastes exist already and continue
to be produced (Department of'Ehergy, 1978). At present, most of these
.wastes are stored in near surface facilities. Although every precaution
,is.taken to proteét man and the environment. from the potential hazard
posed by these wastes, near sﬁrface storage is not regarded as.a satisfac-
tory long term proposition; Disposal ofithe nuclear wastes by deep

burial in suitable geologic formations is generally favored (Interagency

‘Review Group, 1978). The principal éttraction of disposal by deep burial

is that it providgs a high degree of physical isolation of the nuclear
waste from ihe biosphere. The principal.concern of deep burial is that
at no stage should toxic components of these wastes find'fheir way back
to the biosphere at levels which are not completely harmleés. |

A wealth of scientific knowledge and engineering expérience exists
concerning the:excavation of underground bpenings in a wide variety
of geologic media. -Unfortunately'no comparable experience exists
concerning the effects of the generation of heat within such openings nor
of the leakage of materials.from such openings back to the biosphere.

Salt formations have generally been prefefred as candidates for deep
geolpgicai disposal for a number of reasons (Natibnal Research Council,
1957). The relatively high'thermal'conduction of salt facilitatgs the
'dissipation of_heét released by the radioactive decay of nuclear wastes.
Thé viscous plasticity of salt, pafticularly ét elevated temperatures,
assureé that the excavati;n within which the wastes are disposed will, in
the long term, seal themselves by defofmation of the salt'itself, and the
presence of the salt attests to very slow dissolution aﬁd transport by

movement of groundwater.
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However, other geological media may be equally or even better suited

for construction of deep underground repositories for nuclear wastes,

prdvided‘thét the openings and access ways to the repository can be

sealed adequately.: The.permeability of ihtéct pieces of many crystalliné
and.argiilacéousbrocks is at least as low as that of,éalt. -However, the
péfmeébility of.masses of such roéks arises mainly fme the hydraulic
condﬁctivity:of join;s énd fractures perQading them, but may still be
suffi@iently sm#ll'to retard the movement of groundwater betwgen the
reéository and.thé biQSphere;to an adequate.degree.

The purpose of this paper is to study three important aspects
éoncerning the design and pefformancg of such underground repositories
for the disposal of nuclear wastés in hard rock. First, the heat released
by the radioactive decay of thé.nuclear wastes causes changes in the
spatial and temporal distfibutions of temperature in the rock mass within
thch the repository.is3located. 'These-chénges in temperature produce
thermally inducgd components of cbmpreséive Stress.iﬁ the heated portions
of this rock mass énd tensile components of -stress outside of this zone.
These thermally induced cﬁanges in stress‘ﬁay effect the perforﬁance and
design of a repository. The distribution of temperatures around a |
repository 1svneCessary to_évaluate the>thefﬁally inducedvchanges in
stress. Hovever,-the evaluation of ;he sgress chaﬁges is-not part of
this ﬁaper. 'Second,fphe magnitude and temporal changés-of’the tempera-
turesvin theer§k mass-within which the reposigory is located are affected

by the kind of waste and the time after reﬁoval froﬁvthev;eactor at which

it 1s buried. " The characteristics of different wastes on the temporal

changes in temperature are examined. 'Finally, changes in the temperature

vof‘the'groundwater,iﬁ’the rock mass containing the repository affect both



the density and viscosity of the water sigﬁificantly. These changes in
density and viscosity may result in perturbations of the original hydro-
l§gical flow, which.could affect the perfofmance of the re?ositofy iﬁ
isol#ting toxic components of the.wastes from the biosphere. A model of
, y

buoyant‘grouhdwater flow through a simple fracture system is used. to

assess the magnitude of this phenomenon. ' .



‘TEMPERATURE FIELD

Repository Model

Td étudy the iong térm regional changes in tempergture in the rock
W o mass the repository is idealing_té be a flat circular disk loaded
'unifOrmly with nuclear waste at time t=0. fhe repository. is assﬁmed to
‘be a depth, D, of 500 m‘bélow surface in granite and to have a radius, R,
“of 1500 m. The principal modevgf heat t:ansfer'from the hucleaf waste to.
the rock‘mass is‘assgmed to be by linear heat cqhduction. This has been
provéd to be é gbcd assumption based on recent_Striéa'data analysis
(ﬁood, i9795. |
The teﬁberature field, T(r,z;t), resulting from heat conduction in the
rock_mass aé a function of space and timé is giﬁen by a solutibn td

the diffusion equétion:

: 2 :
1 3 9T 3T 1 T :
I,y 2.1 a1 W
or or , az2 Kp ot
Kp = K/pRCR X
where 1 = the radial coordinate;

z = the axial depth belgw surface;

t = the time after loading;

“r = the thermal diffusivity;‘-

K = the thermal conductivity;
. pg = the density:of the rock; and

CR = the specific heatvof the rock.

Values for the thermél properties of granite'and othef hard récks
are given in Table.i.

By integrating the solution for an instantaneous point source of heat



over the radius of the repository, R, in the plane z = =D (Carslaw and

Jaeger, 1959), the unit strength of an instantaneous disk heat source can

be found:

' .
_D(!‘ Z, t) = —_W— j exp[ r +Z’ +(Z+D) ] IO( rr ) rodr,, » (2)
4(met Kt Krt
where I, is the zeroth order modified Bessel function of the first
kind. When heat is released from the nuclear waste at an average rate
~¢(t’) by the disk like fepository from time t° = 0 to time t’ = t, the

temperature change at any point (r,z) is:

t . -
AT(r,z,t) =”—lc— ¢ (t")V_op(r,z,t-t")dt’
PR'R . _ (3)

0
1 o :
- E_ET- 6 (t7)Vyp(r,z,t=t")dt’

RRJ

0

| The first term in this equation represents the change in.temperature from
the disk—like'source in the infinite medium and the secohd term is a‘b
correction for the presence of a boundary at constant temperature at the
ground surface, 2=0.
For the purposes of this paper, equations (2) and (3) have been
solved numerically for a numbér of.expression$‘¢(t').
Temperatures on the z-axis for simple functions ¢ (t°), such as
constaﬁt power, exponential decay of power, and a decrease‘in power ..
inversely of the square root of time can be expressed in terms of tabula-
ted functions. These are given in Table 2 and can be used to ;heck
the accuracy of thevnumerical éolutions to equatioﬂs (2) and (3)« In
this paper, numerical results reproduces these'analytical solutions to

within 0.01°C.




Different Forms of Waste

‘At present, consideratibn is beihg giyen to the disposal of two
principal forms of nuclear waste generally known as high level waste,
They are spent fugl. és diécharged,ffom‘a reactor, and thé
-products from reprocessing spent fuel to recover the uranium and’
plutonium. Assuming thétveither form of high level waste is Euried 10
years after discharge from thé reactor, at an-inipial-loading density
in the repository'of 10 W/m2, the power densities (Kisnef et al.,

'1978) of the two principal waste.forms in Ehe'plane of the repository,
and of‘theif main cbnstituents, as a function of time are as illus- |
trated in Figure'l. The cuives.in this figure‘give,.numerically, o(t)
used in Equation (3). 'They'wére used to calculate the changés in
tempe;atufe in the rock mass containing the repositbry as describéd
above. ' Examples of these cﬁanges in temperature and isqtherms for_a_
repository containing spent fuel or reproceséed'wasteleO years and
1000 years.after burial in the repository aré as. illustrated in Figures
2 and 3. It is important to note'how.muéh greater are the magnitudes
of these changes for spent fuel'than for reprocessed waste, especially
after lO00 years of burial.

The maximum aQefége tempeﬁature in a repositoryvarisés at its center
and is plotted as a function of ﬁime after burial in Figure 4. For both
épeﬁt fuel and reprocessed waste this temperature reaches a maximum after
a period of less than 100 }eafs and thereafter dec;ys very glowly over
a period of many_thousands of years. The maximum temperature and ali
other temperatures are of course proportional to the p&wet dengity with
which the“repository is 10aded.- |

To study the far field effects énd, in particular, those‘at the

surface, the maximum ground surface temperature gradient at the epicenter



above the repository has been caiculated for both forms of waste and is
as.illustfated_in Figure 5. This gradient and the éorresponding ﬁeat
_ flow through the surface reach maximum.values at about 2400 years after
-burial an&'1300 years_after burial for the spent fuel and reprocessed
waste,respectively. The maximum value of the temperature gradiént for
the. spent fuel_,70°C/km, is aﬁout three times:greater than that of the
reérocessed waste ,22°C/km. The total thermal gradignt is of course
. the sum of the original geothermal'éradient, typically of 300C/km, and
the thermal gradienfrinducéd b?'the repository.
The power output of various waste forms as a function éfbtime, o (t"),
in a log-log plot can be approximated by segments of straight lines
over periods of time after discharge'from the reactor. .Values of the
maximum changes inltemperature at the center of the repbsitorybas a
function of time, .and of the epicentfal‘thermal gradient have been
éalculated.for functions of ¢(t’) in Vhich power varies inversely as
time after discharge from a reactor to the power € = l,.2/3 and 1/2, as
well as for ¢(t”) représeﬁting the power 6u£put,of spent fuel as illus-
trated in Figure l. The results of these”calculations are as shown in
Figure 6. In Figure 7, similar results for reprocessed wasfe are shown
together with those for inverse square root power in time of storage and for an
exponential decay of power output with a ﬁaif life of 30 years. From this
figure it can be seen that, because the output of the two principal forms
of nucleér‘yastes decays with time faster than that corresponding to
inverse squafe root, the maximum temperature in any repository must reach
a peak value_and then decays, such as that illustrated in F;gure 4o

The decay in power output of nuclear wastes as a function of time is




determinéd by their composition and ége; diffefént fuel cycles yield
wastes.witﬁ diffefeht compositions. To evaluate some of these effects it
has'ﬁeenvassumed that‘the-repository is }oaded with 0.01 MTHM/m2 which
is équivalent'to a.tota17lbad in the repository of 0.71 ¥.106 MTHM.
(MTHM = metric ton of urénium.fuel charged to thé'reactdrs); The maxi-
mﬁm temperafures and épicentral fhermal gradients as a fqnction of time
fqr different wastes from pressurized water reéctor (PWR) and boiiing‘
watér reactor (BWR)_are given in Téb}e 3. The same data areAiiluétrafe&v
| A;in Figufe 8 for pefiodé of cooiing of 10 years af;er discharge from the
tgactor.'.in Table 3,vdata afe élso givén for a repositéry loaded at an
initial power density of 10 W/mz; |

It cén be.seen that - the différences in temperature for the different
fuél‘cycles arise mainly from the variations of iﬁitial power loading
dénsity. Even at 'a constant power loédipgAdensity 10 W/mz, significant
differences can bé seen. |

Near Surface Cooling before Emplacement

The power output of all nucleaf‘wastes decays vefy rapidly immediately
after discharge from fhe reactér. Accordingly, the effe;ts of a period
of near surface cooling of these wastes before burial in a repository
may be expected to be significant. The effects over short periods of
near surface‘coolipg.on spentﬂfuel and reprocessed waste for.PWR_(with
initial loading densities of 0.01 MTHM/mZ'and 10 W/m2) on the maximum
repository temperatures and epicentrai‘thermal gradients héve been
éaiculated\and are given in Table 4. The effects of_periods of neér
sufface cooling on the maximum reposit&ryvtedpgratufes.and epicéntral
thermal gradients as.a fuﬂctidn'of time are also illustrated 'in Figure 9.
From these data, it must bglcbncluded'that the period for thcb the

wastes are cooled near surface before burial is an important-factot in
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determining the effect of a repository on the temperatures in the rock
mass within which it is located.

Repository Depth and Radius

The effecfs of different repdsitory depths and radii have been
analyzed for situations where the ratio of depth to radius is less than
1. Ihe results are as illustrated in Figure 10. The maximum temperature
is nog‘likely to be affected'by this range of depfhs and radii, but
changes in far-field, long-term temperatures must be expected. 1In
pafticular, the epicentral thermai gradient changes with the ratio of the
depth'of reéository below sﬁrface to ifs radiﬁs as illustrated in Figure
10. |

Rock Properties

The properties of typical hard rocks have Been given in Table lf
Using these values-thé maiimum rgpositéry'tempéréturé and the epicentral
thermal gradient héve been calculafed for a repository loaded with
'sbent fuel or reprocesséd waste and the results are as illustrafea in
Figure 11. From this figure, it_can be seen that significant.changes in

these parameters result from the different rock properties.

THERMOHYDRAULIC EFFECTS

Fracture Flow Model

Changes in the temperatufe of the rock mass éonﬁaining a repository
will:change the temprature of.the~gfoundwater iﬁ this rock mass. Increasing
the'groundwater température results in aecreased density‘and viscosity of
the water. in.this section changes';n buoyént groﬁndwater flow induced
by these temperature changes are evaluated.

The model ﬁsed for this purpose comprises a simple horizontal

fracture at the depth of the repository connecting a recharge zomne to a
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discharge zone and intersecting a vertical fracture containing the a#iS‘ |
Aof'the repbsitory'as is‘illustrated in Figure 12. Fléw’from the tepoéitory
to the surface OCCurs,through.thé'veftical fracture. The effective
ihydraulic épefturé of the horizonfal fféctﬁre is'Bx’and its berméability,
ky =_bx2/12 (Lamb, 1932; Snow, 1965; Iwai, 1977). The aperture and
permeability,of tﬁe vertical fraéturelare b, and k, = 522/12, |

respectively. Ihe»flowbof g;oundwater is.confined‘within these fracturgs.
In ﬁractice, the fiow of groundwatgr through mdst»hard rock, théh' |
_generélly has very low intrinsic permeability (Bracevet ala; 1968); is
lafgely throuéﬁ'fractures, 80 thét ﬁhis‘model.approximates the mechanics
of groundwatef flow thfoﬁgh hard rock masses, differing:only in its
éimplicity.

.. Before the reposito;yvis>loaded-and the rock mass subjecﬁed t&
bchanges in teméerature,-it is assumed‘that the original groundwatef fldw
is ﬁqrizontal frqm recharge zone to discharge zone.. As the ;ock mass
he#tsvué.so wili the groundwater in the vertical fracture containing the
center of thevrepositOIy. Thisvﬁill perturb tﬁe original f16w pat£ern.

Flow Equations

For any temperaturé field, the flow of the grouhdwater must satiéfy
the equations of conservation Qf mass and momentum. The equation

for the conservation of mass is:

3P - > .
22 v, | W
ot ' o . :

whe:e E = the mass flux that is the ?roduét of the density'and velocity
of the.water in the-fraqtﬁre; |
| p = deﬁsity of water; #nd
.t = time..

Fo: loleelocities, inertial forces ére much less than viscous
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forces, so that by means of Darcy's'law.the.eQuation of moméntum can be

written as: > > - .
q-rg=20, (5)

=<

VP +
where P = pressure;
V.= kinematic viscosity of water;

ﬁermeability; and

]

E the gravitagioﬁal acceleration.

.In most studies of thermal copvection, because of'fhe small com-
préssibility of.water,it is usual to méke use of the Boussinesq appréxi-
mation (Wooding, 1957; Combarnous‘andeories, 1975) tha; variations in

the density of water with time can be neglected except for the effects

on the buoyancy of the groundwater. As a result of this, eqdation (4)

feduces to: o v.ig.g b; ' : B _ | (6)

. EQuations (5) and (6) descfibe the incompressibié flow of
grouﬁdwater.

The expréssion qz(ﬁ) for the simple case with zefo regional
groundwater flow and fhe repository lbcated a distance, L, midway between

the recharge épd'discharge zones is considered first. The flow is

symmetric about x = 0,

P(t) =0, at x =0, z =0, A (7

byax(t) + %b,q,(t) =0, at x =0, z=-D (8)

S 0 _ B . _

P(t) = Py = [p‘o(z)gdz, at x =1L, z = =D - (9)
-D .

Equation (8) describes Kirchoff’s Law for the junction between vertical
andvhorizontal fractures. The hydrostatic pressure at the depth z = -D.
with a water table at z = 0 is P,. Before loading the repository and

heating of the rock mass, the temperature, To(z), as a function of depth'
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may be given by'Td(Z) = (20-0.03z)°C, where a surfacé temperature of
£200C and a normal géothermal gradient of 30°C/km is assumed. By
imposing a constant preséure-boundaryvcondition.in gquatibn (9) at the
inlet.of'the'horizontal fracture, it is assumed that the temperature at
' ;hé récharge-and disﬁharge zones ére'not affected by the thermal léading
of the repésitory. This co;responds to reéharge énd discharge zones far
from the repository or with large heat capacitigs. The'contrﬁst iﬂ
denéity between the heatéd water near the tepository.and the cooled
water in>the.recharge and di#charge zone &riVes the buoyant groundwater
flow in the vertical fracture. The.limiting case with zero distance from
the repdsitory to tﬁe rechérge and the aischarge zone, L = 0, is an |
‘unrealistic representation of the hydrologic condition of a repésitory.
In accordance with equation'<6); the groundwater flows ére indépen-
dent of tﬁ¢ spatial qdordinates along the fractures. With constant flow,

equation (5) can be integrated from the repository center to the boundary:

0 0

S q;(t),/ N { .
0 - P(0,-D,t) = - v(0,z,t) dz - Jo(0,2,t) gdz, (10)
. VA '.—D - .
, q_(t) , : :
P, - P(0,~D,t) = =~ E /Tv(x,—D,t) dx. , . _ (11)
xD . _

Equations (8), (10), (11) can be solved for the unknowhé qz(t), qx(t)

and P,(0,-D,t). The résult for qz(t) is:

0 (6 _ kzp(()(;))g - Ahb(t) ' . ZkaX/L(t) ’ (12)
: v (0 = - -
o' D(t). Zkax/L(c)+bzkz/D(t)
where ‘ ‘ '
0. -
. ;[ p(x,z,t) = p (2) _ S
Ahp(t) = ’ dz; . (13)
, b ey (0) , |
L v . o -
T(t) = J{ 206-D,8) gy o | (14)

v,



14

~ . (‘P:Z,t) . - :
D(t) = / Y dz. ‘ (15)
2p v, @ . A

Tﬁe factors Ahp(t), i(t), and D(t) have the definition of lengths
vaﬁd éan be referred to as effective hydraulic ﬁeads. Equatiéq (12)
is a product of three factors. The first of these is the hydraulic
conductivity of the vertical fracturé; the second, the gradient
resulting from'buoyancy and the las;, a correction for the hydraulic
resistance of the horizontal fracturé between ﬁhe recharge and dischargé
"zone and the repository. 'The.product of the last two factors is an
éffective'vertical hydfauiic gradient, (Vh),. From equation (13);
, qz(t)‘can belevaluated by the>numerical integration of the effective
heads, equations (13)-(15). Values for density;_p(x,z;t) and viscosity
v(x,z,t) are calculated at ﬁhe témperature To(2) 4 AT(x,z,t). -Valugs :
for oo(z) and v,(2) are»calculated at Té(z) (Meyer et al.l967).

To calculate the displacement of water in the vertical ffacture;
q,(t) can be integrated over time. Before-loéding the repository
and heatiﬁg the rock mass the total amount of static water inside the

vertical fracture per unit width is:

0 - . e
My = b, /po(Z)dz-‘ | : - (16)
v -D v

After heating the rock mass, q,(t) ¥ 0, and the.cumulative amount of
water flow across a given horizontal section is:
t . .
M(t) = b, / qp(t’)dt’ B ' 1n



Water initially at a level z - -D moves upward to a depth given by
2(t) = -D(L = M(O)/MQ), © S a

for ﬁ(;)‘i M. The vertical displacement Z(t) fesults from the
‘buoyancy qf_thé water in the vertical fracture. |

Equation (12) for q,(t) can‘be generalized to the case when
qo>¥0,Iﬁx:#Iac where the subscripts rc and dc refer, respectively,
to técﬁarge and discharge zones. If the original groundwater flow is
not zéro, the hydréulic.heads at the.recharge and diséharge'zones,
hrc;vhdc ﬁust be different. The pressure difference 5etween~the

recharge and discharge zones is:

h .
re - : ,
AP, = / po(2) gdz =0 ,(0) glhpe = hye) - . (19)
hdc v

From equation (5) the flow in horizontal fracture at the depth z = -D
is: k o (0O)g

% = -7y (-D) (Vh)o
- o
where : ‘ ’ : (20)

(Vh)o = “re ~ Mde

: ° hpe + hye

represents the hydraulic gradient Betweén these zones. The use of
the density of water at surface Po(0) and a Subsufface viscosity
Vo(~D) in the equation for the flow q, is an artifact of this model
where water is driven thrbugh a horizontal fracture by difference in
the near surface water tables.

To drive q,(t) for q, # 0 and Ly; # Lgc, 2bxqy in equation (8)

must be replaced by by(qrc(t) - ggc(t)). The preésure boundary condi-~

15

tion in equation (9) is replaced by two equations with the upper limit of

‘the integral set as h,. or hy. instead of zero, and Darcy’s equation is

integrated over both horizontal lengths x > 0 and x < 0. The expression

for qz(t) is:
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bk k o (0)gllan (£)(1/L_ (£) + 1/L; () + (V) (L_ /L (e»L, /L, ()]

q,(t) =|— - - -
2 v, (o) bk, + bxkxD(t)(.l/ch.(t) + 1/L, () . (21)

Note that equation (21) reduces to‘Equation (12) fér Lye =.de,
even when (Vh), # 0 or 40 f 0. That is, the buoyant flow in the
vertical fracture is independent of the flow in thé horizoqtal
fracture for the symmétric case.

Reéults of Buoyant Flow

Consider firsﬁ the casé wﬁere the vertical and horzontal fractures
have the same aperture b, = by = 1 um, with a:repositqry radius
. of 1500 m and a length tb the recharge anddischarge-sourcé L= 5000 me
Groundwatgr iﬁitially at the.depth of thé repository will move upward '’
iﬁ a verticéi fracture as a function of time af ter the-emplacement_of
.the-wastes. The resultsof a‘répository aﬁ'a depth of 500 m and a depth
of 1000 m are plotted -in Figure 13. The buojancey andvthe movement of
groundwater is proportional to the change in teméeratﬁre of the rock
mass as can be seen by comparison Qith Figure 3. The vertical flow in
the case of spent fuel 1is substantially greater than is that for
reprocessed waste. There is little difference due to the change in
depth. Eésentially the_flow of Qater as a result of buoyancy depends
upon the average temperature of the groundwater throughout the lengtﬁ
of the vertical fracture. |

In addition to the buoyancy of the heated water in the vertical
fracture, the flow of this water is affeéted by the hydrologic
connection between the recharge and discharge zoneé represented byvthé_
horizontal fracture. The shorter the distance from the repository to -

recharge zone the greater will be the flow»of water in the vertical
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ffacturé fér a given buoyancy.. As examples, the velocities have been
calculated for distances Setween the repository and recharge zone at
L = 0,2000 m, 5000 m, 10,000 m and the_resuits are as illustrated in
Figure 14 for répository depths of 560 m and 1000 m (L = O is an unreali-
stic limiting case); The'mosf important factor affecting ghe Buoyant flow
df gréundwate: is the ratio bétween the distance L ffom repository to the
recharge zone and the depth b of the repository.

| From equatidn (12) or equation (21), if the'hydraulic resistances
of the hofizonpai frécture\wefg infinite (by = 0 or L =« ), buoyant
flow in'the vertical fracture could not occur. For the general realistic
case with finite constant values of by (bx # 0, by #) and L (L # 0),
» L ==), q(t) does not become infinite as bz.increaées.. On the
contrary, q,(t) approaches zero as b, corresponds to «, that is, a
large vertical fracture with storage capacity reduces buoyant flow. It
~ can be shown‘that q,(t) as a maximum vglue with b, = (45(t)/fkt))l/3bx, and

‘o 1 D(t) L(t)

(22)

Buoyant groundwater flow in the vertical fracture has an uppér bound
which is determined by the.pefmeability of the horizontalffracﬁure
rather fhan the permeability of a vértiéal fracture. In Figure 15
results with a constant aperture by =1 umrand with a rangenéf |
apertures b, = 10 uﬁ,l um and 0.1 um are 1llustrated. The movement
of the groundwater in the vertical fracture is signifiqantly slower
both for ﬁhe case of b, = 10by and b, = 0.1by than with b, = by. |

The finitevrecharge capacity through the horizoq:al fracture restricts

the vertical buoyant flow.
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All the preceeding results have been calculated for the sym@etrical
situation. 1In Figdre l6tthe effects on the buoyant flow of gfoundwater
in the vértical fractufe of the position of the repository between
the recharge and discharge zones is illustrated. Finally the effect

.of different original geothetﬁal gradients on buoyant groundwater flow in
the veft;cal fracture has been analyzed as shown in Figure.17 for spent

- fuel and.feprocessed>waste. The buoyant flow of groundwa;ér in the
vértical fracture decreaées slightly as the original geothermal gradient

increases.
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DISCUSSION

Althoﬁgh the thermo-h&drolgoic iddel used for the analy#is presented .
in this paper is.very éimple, it shpuid pésséss the same physical Behavior
as that of the more gohplex systems of fractures which account for the |
permeabiiity‘of masses of hard rock. .Accordingly, if should provide a

good insight into the dynamics of thermaliy-induced‘groundwater flow, and

‘illustrate the sensitivity of this flow to various parameters. However,

the actual numerical results should be éonsidered as no more than an order

of magnitude estimations.. It must be pointed out also that the transport

of nuclides from the repository to surface does not take place at the

same rate as that of the groundwater. Nuclide transport is retarded in a

certain degree as results  of physical and chemical procésses, such as sorption.

The calculations reported in this paper suggest that, under certain

- circumstances, thermally-induced buoyant groundwater flow may be a

mechanism by which toxic materials from a repository could be transported

"to the ‘biosphere. The magnitude of this flow depends upon many factors.

0f these, the aggregate incréase in thevtemperature of the rock méss'
containing the. repository is”one of £he most important. This temperature
is affected by the desigﬁbof the\repository, ;he_kihd of nuclear waste
buried in it and the period for which-tﬁis waste has been cooled near
surface before bu;ia;. Significént differences exist between reprocessed
waste aﬁd spent fuel in respect of the degree to which the rock mass is
heated and hence the time taken:fOr grodndwater to reach the surface by
buoyant flow. The depth of the repository below surface is of much less
significance. Cooling of ;he wastgs néar surface can be used to compen-
sate for these différenées-and'réduce substantially the total amount of

heat put ihto»the rock mass. The heat capacity of different kinds of
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rocks has a significant effect on buoyant groundwater flow also. Finally,
the buoyant groundwater flow depends upbn the ratio of the hydraulic
transmissivities of the vertical and horizontal fractures, the maximum,flbw

" being determined by the transmissivity of the horizontal fracture.
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_Table 1

Thermal Properties of Rocks

K R‘ . : Cr Ke

Rock o ‘ : : _ _ . g

: (W/m/°C) (kg/m?)' - (J/kg/°C) (10-0m2/sec)
Granite® 2.5 2600 | 836 o 1.15
'Stripa- o ' :
Granite' 3.2 2600 837.36 1.47
Basalt? 1.62 2865 1164 0.486
shale® 0.90 2300 1000 0.391

*Kappelmeyér and Haenel, 1974
tPratt, et al.,1977

tMartinez-Baez and Amick, 1978
§Fairchild et al., 1976 '



Table 2

on the z-axis of Disk Source
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Anélytic Solutions of Temperature Rise

Power form Power density ¢(t) Solution form* f(x,t)
. e
_ ¢(0) (k. t)
Constant $(0) —— jerfc (x)
K
. L L
Exponential decay $(0) exp (-At) ﬂ%%l-(KT'/A)2 ImWl (At)™ +ix].
: : : L
Inverse Square Root 2 TOK/(TTKTt)2 To erfc(x)
i
2, 78 2 2, L
% AT(0,z,t) = £ {[(z+D) /4KTt] st} = £ {[(R” + (24D)") /4kt]7,t}
: 2 oo 2 2., 5
~f {L(z-D) ek t]%, e} + £ {IRT + (2-D)%) /4 t]%, e )
ierfc = firgg'integral of complementary error function
erfc = compleméntary error function

o ImW

imaginary part of the error function of complex argument



Effects of Fuel Cycles

Table 3

25

*

35

(42)

yszgiizi Euel—cycle (Ag)max (efvi)é)max* vPoweerensity at loadigg*
C C/km W/m kW/canister
Spent fuel 60 (50) 83 (70) S 11.9 (10)- .548
| HLW+PuO, :U-recycle 65 (52) 86 (69) 12.5 (10) 2.61
~ PWR HLW : U+Pu recycle 90 (40) 68 (30) 22,7 (10) 4.75
HLW @ U-recycle 43 (42) 22 (22) 10.2 (10) 2.14
HLW:‘no‘recycle' 43 (41) 22 (22) 10.3 (10) 2.16 -
Spent fuel 50 (51)° 73 (74) 9.96 (10) 182
HLWHPuO,: U-recycle 57 (54) 77 (73) '10.5 10y 2.20
BWR HLW : U+Pu recycle 71 (40) 59 (34) 17.5 (1o 3.65
HLW : U-recyele 35 (42) 19 (23) 8.30 (10) 1.74
| HLW: no recycle - 19 (23) 8.35 (10) 1.75

(AT)max: Maximun value of the average temperature rise at the center of repository.

(a(vr) )

z'max’

above the repository.

* Values without parénthesis corréspbnd to O.IOI'MTH'M/m2 waste capacity.

Values with parenthesié corréspond to IO'W/mz'pOWer density.: 

: Maximun value of the ground surface thermal gradient rise at the epicenter
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Table 4

Effects of Surface Cooling

Waste Surfacevcooling+ (AT)max* (A(VT)z)ﬁqx* Power density at loading *
form perdiod (yegr)v °c oC/km W/mz“' kW/canister
. 1 98 (9) 93 (9) 104, (10) 4,81
Spent 76 (14) 90 (16) 56.4 (10) 2.60
fuel of ' * : :
PWR 67 (33) 86 (43) 20.1 (10) ©.927
10 60 (50) 83 (70) ©11.9 (10) .548

. 1 95 (9) 35 (3) 103. (10) 21.5
Reprocessed ‘
HLW: no 62 (11) ‘ 31.(6} 55.0 (10) 11.5
Tecycle 5 50 (27) 26 (14) 18.7 (10) 3.9
of FiR 10 43 (6 | 22 @) 10.3 (10) 2.16
(AT)max: Maximun value of the average temperature rise at the center of repository.

(8(VT) ) .. ¢ Maximun value of the ground surface thermal gradient rise at the epicenter.

above the repository.

: K ' 2 -
* Values without parenthesis correspond to 0.0l MTHM/m waste capacity.

Values with parenthesis correspond to 10 W/m2 power density.

+ Spent

HT O+

HLW :

HIW :

HLW :

fuel - fuel aséembly-discharge diréctly from the reactor.
Pu02 : U—recycle - reprocessed waste with U and Pu removed frpm-the discharge fuel,
U récycléd in tﬁe reacfor, and Pu stored together with the waste.
U+Pu recycle - <reproces§ed waété with U and Pu removed from the discharge fuel and
recycied in the mixed oxide reactor.
U-recycle - reprocéésed waste with U and Pu removed from the discharge fuel and U

- recycled in the reactor.

no-recycle - .reprocessed waste with U and Pu removed from the discharge fuel.
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Figure 1: Areal power densities of spent fuel and repfoceésed high
level.waste versus time after &iséharge from‘a pressurized‘water
reactor. The power densitiés are normalizédvto 10 W/m2 at 10 years
after discharge wheﬁ the wéétes are assumed to bé stored in a
respository.. The wastes contain the shoft;lived fission products
and the long;liygd agtinides; .In tﬁe reprocéssed wésfe, 99}52 of

the actinides U and Pu are removed.

Figure 2: Temperatufe rise contoﬁrs around repository after 100 years
of'waste'étorége ahd the correséonding temperature profiles aiong the
vertical axis ﬁhrough the éentér of the repository and along the fadiall
- axis in the plane.of.the~r¢pository. The fepository,'in'granite with
500 m in depth and 1500 ﬁ in fadius, is storéd with either spent fuei
or réprdcéééed waétg_atvinitial loadiné density'of 10 ﬁ/mz.at 10 years’

after diséhargevfrom'PWR.'

Figure 3: Temperature rise contours around repository afﬁer 1000 vears
of waste storage‘and the éorresponding temperature profiles along the
vertical axis through the.center éf'the repoéitory and along thé radial
axis in the plane of the repository. The repository, in-granitevwith 500 m
in depth and 1500 m'in'radi;s,.is'stored with either éﬁent fuel or
2

 reprocessed waste at iﬁitial loading density of 10 W/m” at 10 .years '

after discharge from PWR.
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Figure 4: Température rise AT at the center of repository versus storage

time. The repository, in granite with 500 m in depth and 1500 m in rédius,’

is stored with either spent fuel or reprocessed waste at initial loading

~density of 10 W/m2 at 10 years after discharge from PWR.

Figure 5: Ground surface témperature gradient rise A(VT)z and heat flux
rise A(K(VT)%) (in HFU = ucal/cmz/éec) at the epicenter above the
’repositofy. The repository,_in granite with 5Q0 m in depth and 1500 m
in radius, is storgd with either spent fuel or reproéessed waste at

initial loading density of 10 W/m2 at 10 years after discharge from PWR.

Figure-é: Repository center's temperaturé and groﬁnd surface epicentral
thermal gradient‘versus storage time of spent fuel are Compared'with the.
results calculated with power denisities varying inversely as time after
discharge to the power € = 1, 2/3 and l/é'(log—log straight lines passing
through 1O_W/m2'and 10 years after discharge in Figure 1). The répository

is in granite with 500 m in depth and 1500 m in radius.

Figure 7: Repository center's temperaﬁufe and ground surface epicentral
thermal gradient versus storage time of reprocessed waste are compared
with the results calculated with‘the'powerdensity'varying exponentially
with 30 years half-life and with the power_dénsity varying inversely as
square root in storage time with initial temperature of AOOC. The

repository is in granite with 500 m in depth and 1500 m in radius,
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’ Figure 8: Effects of different fuel cycles on the repository center's
temperature and ground Surfacé epicentral thermal gradient versus storage

time.,.The wastes of‘differént‘fuel‘cycléS“are: (1) spent fuel -

fuel assembly discharge directly from the reactor; (2) HIW : no-recycle

' - 'reprocessed waste with U and Pu removed from the discharge fuel;
(3) HLW + Pu02-: U-recycle - reprocessed waste with U and Pu removed,
U recycied in the reactor, and Pu stored together with reproceséed waste;

(4) - HLW : U+Pu- recydlé - reprocessed waste with U and Pu removed from

the discharge fuel and recycled in the mixed oxide reactor. The repository,

in granite with 500 m in depth and 1500 m in radius, is stored with 0.01

MTHM/m2 of wastes at 10 years after discharge'from PWR.

'Figuré 9: Effécts of different surface cooling periods of wastes after
discharge from.feactor'and before burial in repository on the repository
center's temperatufe and ground surface epicentral thermal gradient
'vérsus stOrége time. The repository, in granite wiﬁh 500 m in depth

" and 1500 m in radius, is stored with 0.01 MTHM/m2 df speﬁt fue1 or

reprocessed waste of PWR.

Figure 10: Effects of different‘depﬁhs and radii of reboéitofy oh the
ground surface epicentral thermal gradient versus storage time. Thev
repository,in granite is sfored with either spént fuel or reprocessed
waste at initial lbading‘deﬁsity qf 10 W/m2 at 10 years after dischafge

from PWR.
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Figure 11: Effects of different rock formations on the repository

center's temperature and ground surface épicentfal thermal gradient
versus sﬁérage time. The repository,with 500 m in depth and 1500 m
in radius, is stored with either épent fuel or reprocessed waste at
initial loading deﬁsity of 10 W/m2 at 10 years after discharge from

PWR.

Fig;re 12: Two fractufe model for simulating groundwater movement

through a repgsitory located between the recharge and discharge zone.

The thermél loading at the repository induceé'the buoyant flow along

the vertical fracture to the ground surface. The horizontal fracture

(with aprture bx; and length 2L if the repository is 1oéated midway between
the recharge and discharge zone) recharges the verticél fracture (witﬁ

~aperture bz; and length D) to maintain the buoyant flow.

Figure 13: Water movemeﬁt along vertical fracturé from the repository
vefsus storage time. The repository depth is either 500 m-or 1000 m.
.The stored waste is either spent fuel or reprocessed waste at

initial loading density of lO,W/m2 at 10 years‘after discharge from PWR..
The repository is in granite with radius of 1500 m and distances to the
recharge and discharge zone of 5000 m. .Both horizontal and vertical

fractures have 1 um aperture.
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| Figure_l4f_.Effects of differeﬁt recharge distances L and répository
depths D on the flow velocifiés and'hydraulic gradients aloﬂg.the
vertical fracture versus storage time. . Béth hprizontal and vertiéal
fractures havevl pum éperture. The repository, in granite with 1500.mv
in radius and located midway between the récharge and the discharge |
zone, is stored with“either spent fuel Or.reprocessed waste at

: intialiy lqadingAdensity ofFIO W/m2 at 10 yearsbafter dischérge from
PWR.V The velocities are sensitive to the ratio of the horizontal

distaﬁce' L to the vertical depth D.

.Figprev15: Effécts of different verticalvfracture apertures bz on

the water movement along the vertical fracture from the répbsitory

Veréus storage time; The horizontal fra;ture.aperture hx is constant

1at 1 uﬁ. The repbsitory depth is either 500 m or 1000 m. The stored
waste_is spent fuel at initial loading desnity of 10 W/m2 at 10 years.
after discharge fromIPWR. The repositoﬁy is in granite ﬁith r;dius of
1500 m aﬁd distapce to the rechargevénd‘discharge zone of SOOO'm;‘

The watér movement ié.sighificantly‘slower Both for the case of bz = 10 bk
and b_= 0.1 by, chaﬁ with b_ = by |
Figure 16: Effects of different rechargg diétanqe ch and discﬁarge_
distance dec'on the.water movgment along the vertical fracture from
the repositbry versus stOrage time. The original horizontél hydraulic
gradient is 0.001 m/m. The répositofy depth is either.500 m or
1000 m. The Storéd waste is either spent fuel or reprocessed waste

at initial loading density of 10 W/m2 at 10 years after discharge from
PWR. ' The repository is in granite with_radius‘of 1500 m. Both hori-

zontal aﬁd-verticél-fracturés have 1 um aperture.-
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.Figure 17: Effects of different original geothermal gradient on the
water movement along the vertical fracture from the repository versus
storage time._‘The_repositOry depth is either 500 m or 1000 m. The
stored wéste is either sﬁenf fuel or reprocessed waste at initial
loading density of 10 W/Iﬁ2 at 10 years after discharge from PWR.

The repositdry is in granite with radius of 1500 m and distances to

the recharge and discharge zone of 5000 m. Both horizontal and

vertical fractures have 1 um aperture.
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