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SUMMARY

Two mechanisms for the spreading of a tracer pulse are
discussed. Stratified flow and diffusion in the rock

matrix are normally not accounted for when the hydrodynamic
dispersivity is evaluated from tracer tests in the ground.

It is shown that where there is stratified flow, the spreading
of a tracer pulse cannot be described by the Fickian

diffusion ~dispersion approach. 1f a dispersion coefficient
were evaluated from such an experiment, the dispersion
coefficient would grow proportionally to the observation

distance.

When a tracer flowing with the water in the channels of a
geologic medium can diffuse into the porous matrix of the
solid, a tracer pulse will spread. The spreading due to

this mechanism cannot be described by Fickiaun dispersion.

In a special case when the time for matrix penetration is
long, the observed tracer pulse will have an infinitely long
tail., If the conventional moment method is used to determine
a dispersion coefficient in such cases, the results will
depend on the detection limit of the tracer to a very large

extent.



Background

By dispersion in a very broad sense we mean the spreading
of a species carried by a fluid as the fluid moves along
a flow path., Figure 1 gives an example of such spreading

when a tracer is introduced at one point.

There are many mechanisms contributing 1o such spreading:

- Molecular diffusion in the liquid
- Velocity variations in the fluid in a channel
- Velocity variations between channels in a porous medium

- Chemical or physical interactions with the solid material

Molecular diffusion does not contribute much to the spreading
of the front when large distances are considered. Cn the cont-
rary it will diminish dispersion arising from velozity wvaria-
tions within a channel as the concentration difference over
the channel width will be decreased by diffusion. In the case
of flow in low permeability fissured rock the concentrations
over the fissure width for all practical purposes can be con-

gidered constant.

Velocity variations between channels is a very important dis-
persion mechanism, Bear (1969) gives a comprehensive treatment

on hydrod;ynamic dispersion theories.

The most advanced models {reat the spreading process by modell-
ing more or less randomly oriented pores combined with some
assumptions on how velocities in the channels vary as well as
how distribution at channel divisicnsand mixing at channel
intersections cccur, An early but fairly advanced such treat-

ment is found in de Josselin de Jongs paper (1958),

The common basis for practically all these treatments is thet

the spreading is described by one parameter - the stancard

deviation GX (or variance ©



distance. Figure 2 shows the standard deviation of a pulse

which is spreading as it moves along a flow path.

If the spreading were a random process such as molecular
diffusion, a dispersion coefficient DL analogous to thep
diffusion coefficient could be determined from DL R
In most treatments of the dispersion process it is more or
less implicitly assumed that this is the case. For porous
media with fairly uniform particle size this has been veri-

fied experimentally by many independent investigators,

For beds of uniform particle size very good agreement between
experimental results and model predictions are obtained {Bear
D- 168) if the distance travelled is considerably longer than

the particle size.

The dispersion ‘coefficient is proportional to the velocity

and the particle sizej DL x dep' This also implies that the
variance is proportional fto the disfance

O'2°<x

X

In some investigations however, it has been noted that if the
beds are not carefully packed the dispersion may Increase con-
siderably. The explanation for this is usually  summarized in
thé word “channeling" or "uneven distribution'. Recently
Schwarz (1977) by computer éimulation has shown that fthe wmeven
distribution of resistances in a porous medium may not lead
to a variance which increases proportionally to the distance
travelled, Neretnieks (1977) showed that in a medium where
severe channelling occurs - parallel unconnected channels

with velocity differences between channels - the standard devia-

tion GX is proportional to the distance travelled
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Recently Matheron and Marsily (1980) arrived at the same
conclusion and also conclude that the usual "convectlon
diffusion equation" cannct in general be applied even for

large distances.

For flow in a porous medium the diffusion-dispersion, where
02 < x, will give the lower bound on the spreading of the
fiont. The stretified flow case may in some cases give an
vnper bound on the spreading of a concentration pulse, To

the authors knowledge all field data on dispersion have soO
far been mors or less implicitly interpreted as being caused
by diffusion-dispersion., Experimental resluts are interpreted

by calculating the dispersion coefficient DL'

Lallemand~RBarrés and Peaudeoerf(1978) compiled a lot of field
data. Their figure 2 shows DL/Uf versus the distarce between

injection point and observation point. Although the spread in
data is large, there is a definite increase in DL/Uf with

distance which ranges from 3 m to 5 000 m. The swarm of points

may fairly be approximated by DL/Uf = const « x.y Tith const =
> 0.1, 90 % of the points lie within the bounds D'f = 1-30.

L
The hypothesis that the dimensionless quantity UfX/DL’ which

is commonly called the Peclet rnumber, is constant is much better
than the hypothesis that DL/Uf is constant, The first spans

over 1,5 orders of magnitude whereas the second spans over more
than 2.5 orders of magnitude. Field data thus do not indicate
that DL/Uf is constant. The spread for both models is so great
that the proper model cannot be identified from these data.

As, however, the implications of using the wrong mechanism

when using a model for exitrapolation %o large distances may

have very grave consequences in some applications, it is

necessary to investigate the stratified flow model also., This
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is the more important because practically all effort over
the last decades has gone into refining the diffusion-disper-
sion model and very little effort has gone towards a conse-

quent study of the other extreme altermative,

Later a stratified flow model will be presented and the conss-~

g

quences of this as compared to the use of the diffusicn-disper-
sion model for predicting +the migration of radionuclides In =

fissured bedrecsk will be discussed,

A mechanism of "dispersion' which does not seem to be treated
in the hydraulic literature is the effect of interaction with
the so0lid material. Here only one such aspect will be discussed
- that of diffusion of the species into the rock matrix, In

the chemical engineering literature Kugera (1985), (Perry 10-23)
this effect is not treated as dispersion but modelled indepen-
dently and thus <eparated from the hydrodynamic dispersion.

Por many cases involving diffusion into the solids, the shape
of the breakthrough front is more determined by this mechanism
than by hydrodynamic dispersion. It has been shown (Neretnieks
1980)\that these effects may have a considefable inflvence on

the breakthrough curve for flow in fissured granitic bedrock.
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Stratified flow

An attemt to quantify the variance and dispersion Ior the
case of flow in a set of parallel fissures is done below.
It is based on the assumption that the fissures act as
independent channels with no mixing occurring between themn,
At the inlet end of the channels & tracer can be introduced.
This is done simulteaneuwosly in all fissures. At some disiance
downstream the fluid from 21l channels is collected and mixed.
The concentration in this point is measured over time, as

some fissures carry the tracer faster than others, a narrow
pulse at the inlet will have spread when observed at the
outlet. The residence time distribution and its mean and
variance can be determined from the observed concentration-
time curve. If the variance of the tracer pulse at the inlet
is known, the dispersion coefficient can be determined from
(Levenspiel 1972)
o2 o2

t,out  t,in L
s %2 3 (1)

The fissure width distribution is f (&), In a fissure of
width 5i with laminar flow,the flow rate Qféi) is propor-

U\

tional to the fissure width to the third power

a(8,) = k8,71 (2)
where 1 is the length of the fissure perpendicular to the flow.

The velocity is proportional to the fissure width squared:

N

2 ,
= 8 (3
Uy = ¥,0; \3)

The residence time in fissures with width 5i over a givsn

distance x is:
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. = T (4)

If a step with concentration CO is introduced at the inlet
end of the set of fissures, it will travel the distance x
in time ti in fissures with width 5{. The fissures with
residence +times less than t will carry tracer. This is

shown in Fig. 3.

The concentration obtained at the outlet end, at a time *

when the effluent from all fissures is mixed is:

(f(é) Q(8) as
c(t) _ &*

o Tee) age) as

0

3
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&

t is the residence time in fissure 6(t)., The above expression
says that the flow Qt from the tracer carrying fissures with
widths 8(t) < & < @ is diluted by the total flow of water Q

from all fissures.

The result for a Dirac concentration pulse at the inlet i.e
Co dt = 1 and dt = O can be obtained by differentiation of
equation 5 with respect to time. It can also be derived diresct-

1y'as is shown in appendix 1.

o(8) 1 2(6) a(®) 6 (

N

c at 1 < T 0/
where

Q = jf(é) Q(&) dé (7)
o]

The mean residence time for a response curve c(t) is obtained

from

—

I = (%) t at (8)

o
1
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and the variance or sscond statistical central moment from

2 1 (e =12
o = Ta% Je(s) (£-%)7dt (9)
o o]
By inserting equations §,7,2 and 4 into & and 9 we obtain
e jf(é)aaa
- 1
f-i= jf(é}édé: %- e (10)
Qe IR EEEEY:
o]
and o
Tf(é)éBdéa j i%il as
;2 J
: )
= = 20 - 1 (11)
K L [£(8)sa8]
o}
o
—

equation 11 shows that is independent of the distance,

\J

For the Dirac pulse at the inlet the variance is O and thus

equation 1 directly gives
)
% 1=
:DL:_?.-Z—UX‘

ot

Thus DL>< x for stratified flow.

Snow (1970) obitained the fissure freguencies £(8) for various
consolidated rocks including granites, Snow used data from
water injection tests in boreholes and from direct measursments
of fissure widths., He found the distribution to be log normal

S

L (logi )2

) 1 2 o
f(p) =g e 1 (12)

The standard deviations 01 range from 0.057 to 0.394. The

mean of O, in Snow’s investigation is 0,22, This will be the

1
value used in the subsequent sample calculations. Fig. 4

shows the response to a Dirac pulse as determined by equation

(02N

Using equation 12 we obtain (



From equation 1 we obtain

= 0 for a Dirac pulse.
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With the above valuve of the variance equatior

D
L. 0.91x.
i

The parallel fissure flow model thus predicts that the dis-
persion coefficient is proporiional to the distance between
the injection point and the observation point, It is also

proportional to the velocity.

The recent compilation of dispersion coefficients obtained

from field measurements by Lallemand-Barrés and Peaudecerf 
(1978) show this tendency. Although their data are very scatte-
red the relation predicted above falls well within their data-

points.



Matriy diffusion

Another dispersion mechanism which also cannot be mads ©o
f£it the conventional dispersion model is the spreading of

the front due to physical or chemical interaction with the

o
o

solid material., Kulers (1965) treats some cases of genex

s
interest, Only one special case of interac
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ted here, namely the diffusion into the rock

=]

fissure walls, This case has been treated recently by

Neretnieks (1980) and is only summarized here,

When water which contains a tracer flows in a fissure, the
tracer will migrate into the porous structure of the rock
by diffusion. The water will thus be depleted of the tracer,
For a case where the distance between the f{issures is very
large and where the tracer thus does not penetratc more than
a fraction of the distance between fissures, the tramsport

can be mathematically described by the following expressions.

Diffusion in the rock is given by:

ol 520D .

= = D, 2 (14)
De

where Da =T

For flow and sorption from the water in the fissure we have:

ac 3¢ 2D 3¢
f g, L. 8,7 (15)
5t T £ % Ty ES_z---iz=o

-

For a system which is initially free of tracer and where the

tracer concentration suddenly is increased to CO at the inlet

-

at
of the fissure (x = 0), the initial and boundary conditions

are:

IC C = Cp= 0 t = 0, all x and =z (18)
BC1 C; = 0 vhen § > 0 for z = @ (17)
B2 0, =C a2t x = 0 for t > 0 (18)

th
@]
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The solution is available in the literature (Carslaw &

Jaeger 2nd ed., p. 396).

AU . . z ,
For the fluid in the fissure and for t = T the following

expression Tresulis: £

c

_Ir G

CO = erfo(7?f?;> (19>

For 2 unit pulse at the inlet i.e Co dt = 1 and dt — 0O,
the response at the outlet is obtained by differentiation

of equation 19 with respect to time

for t > %
w

C argZ
£ arg , - s
c et~ T -t )/m ¢ (20)

N
o
Ui

St

G
where arg = Vil

w

The same result is of course obtained by using the Dirac
pulse as boundary condition BCZ2 instead of equation 18 and

solving equations 14 and 15.

The maximum for this function is at

t =t +2/3 a2 (22)
With the aid of equations 8 and 9 it could be attempted to
£ind the mean residence time and variance of this residence

time distribution. We find however that

[ . 2
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there is neither a mean residence time nor a variance 1f
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there is any diffusion into the porous walls and if

2
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penetration depth is small compared to the distance
the next fissure. As most known rocks are more or less
porous, this means that in priciple it is impossible

to determine a dispersion coefficient by determining

first and second moments of a response curve without

first accounting for the matrix diffusion effect, The
dispersion coefficients so far gathered in the literature
may possibly have been obtained only because the integra-
tion of eguations 8 and § were discontinued due to limited

detection capability of the tracer at the tail of the pulse.

An example is used to demonstrate the importance of the
D T

detection limit. The case chosen is the following:

[
m

There is steady flow in a fracture where a tracer pulse
introduced at one point and the response is measured at
another point 22 m downstream. The gradient over the frac~
ture is 0,11 n/m, the rock matrix has an effective diffu-
s1v1ty D, - 10712 4 /s, an apparent diffusivity D = 2,107 10
m /s. and the water transport time is 10 hours. The De and
Da values are chosen to describe the diffusion of solved
ions in the water in the pores in the rock matrix., There are
no sorption effects and the rock porosity is 0,5 % which is
a good value for a granite. Further detalls on diffusivities
are given in Neretnieks (1960). For laminar flow of water
in & parallel fissure at ambient temperature, the fissure

width 6 is 0,082 mm,

The species will diffuse into the rock matrix with a penetra-

D

tion depth of about 10 mm during a 10h contact time, The
condition that the tracer should penetrate only a fraction
of the block size of the rock is well fulifilled for most
crystalline rocks such as granites and gneisses where the
distences hetween fissures usually is considerably more than

20 mm,



The response at the outlet is shown in figure 5, It has
been calculated using equation 22, Two detection limits

1 % and 5 % are indicated by the dashed linmes., The figure

shows the long tail which gives an infinite mean resi

time and variance, Table 1 shows the mean residence time

T, the relavive stendard deviation —— +the dispersion oo li-

- d‘!l(_’g

cient D. and evaluated Peclet numbe ‘Pec for the detecss

L
limits 0.2, 1 and 5 %, It is clear that the detection Tdmdt

will have a dominating influence on the resulis,

Fven in this case when the peak is feiry narrcw, the long
tail will give a high dispersion coefficient although

there is no hydrodynamic dispersion.

An increasing water trensport time will gquickly aggravatie
the problem, Table 2 shows the same case as in table 1 but
with twice the residence time -20 h instead of 10 h, For

1 % detection level the evaluated Peclet is 8. This

i
within the range of Peclet numbers found in the field as

was described earlier.



Table 1

detection
limit %

S
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mz/s

o okl

Pec

Table 2

detection
limit %

S

0.2

46800

0.39

7,910

4z
[

14

42000

0.8

62

120000

0.5

5.06!10_4 1,3110°

8.0

1,84+10 "

39200

C,078

97700

0.24

36

4
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Discussion

The possibility of stratified flow in fissured rock may'
have important implications on the migration of radio-
nuclides from a leaking repository for spent fuel. If
field experiments are interpreted using the diffusion-
dispersion model wich implies a constant dispersion
coefficient |, an extrapolationto large distances will
show that the front becomes narrover if related to the
mean distance travelled;OX/Xb<7%— . Ome might finally be
led to believe that there essentially is no dispersion
over very large distances! For pegfec?ly stratified flow
the front will keep its form and ;5 = const. This means
that at 2 given fraction of the mean residence time, the
same fraction of the tracer will have arrived. For a
decaying radioactive tracer this may in some cases mean
that the radionuclide which would have decayed to insigni-
ficance during the mean residence time, will not have had

time to decay for the fraction which arrives earlier.

Dispersion due to diffusion into and out of the particles
cannot be described by a dispersion coefficient DL. The
variance of a breakthrough front cannot in general be ex-
pressed in a simple way. In faut for the case where the
particles into which the diffusion takes place are so large
that the penetration depth is less than the particle size
but large compared to the dhannel where flow takes place,
the breakthrough curve has neither a mean residence time
nor a variance. The use of conventional methods to deter-
mine the dispersion coefficient may give any result and is

entirely dependent on the detection limit.

These effects have usually not been considered when tracer
tests in the ground have been evaluated. For short contact
times the diffusion is of little importance but already

for contact times of days in a fissured and porous rock
b
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this effect may have a considerable influence on the

widening of the front.

Conclusions

Tt is doubtful if the diffusion-dispersion description

of tracer movement in fissured bedrock is applicable.



NOTATION

C concentration in the liguid

CO initial concentration in the liquid

Cf concentration in the ligquid in a fissure

Cp concentration in the liguid in a pore

dp particle diameter

Da apparent diffusivity Da= De/K

De effective diffusivity

DL dispersion coefficient

K volume equilibrium constant

1 fissure length perpendicular to flow
direction _

Pec Peclet number %LE

Q flow rate ;

5 mean flow rate

Qt flow rate carrying tracer

t time

t mean time

tw water residence time

at time for tracer injection (at+0)

T mean velocity

Uf velocity in a fissure

X distance in fiow direction

Z distance into rock matrix

6 fissure width

01 standard deviation in the logarithm of
fissure widths

Gt s?and?rd @eviation in the residence time
distribution

GX standard deviation in the spreading of a

tracer pulse

[2}
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Appendix 1

Derivation of the response to a Dirac pulse

~

During a short time dt a tracer with concentration Co is
injected at the inlet end of the set of parallel fissures,

C dt =1,
o

At the outlet end at distance x, ic will take a time t
for the tracer to arrive. The measurement or collecting
time is dt during which time fissures with widths between
6-d6 and 6 will have carried the tracer. The relation
between d6 and dt is obtained by differentiating equation
4.

K, 6

1

dé = - =

dt

The flow which carries tracer during this time is &

X k165
Q = Xf(é)-Q(é)dé = £(8) Q(8) 5— at

6-ad lim dt = O

The amount of tracer carried is Qt-CO and this is diluted

in the total flcw 5 . The observed concentration thus is

Q,C 3
c(t) = == = c.dt - -;-k1 £(8) Q‘_(_é) 2
¥ Q

O

Which is the same result as equation 6.



—1 Tracer injection

=~ &0

" Spreading of tracer pulse
Flow direction
Figure 1 The spreading of a tracer injected at a point,

as it follows the fluid.
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Figure 2 The concentration profile and the standard devia-

tion of a tracer at different times.
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i
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Flgure 3 The locus of tracer carrying fluid in a medium with

parallel fissures of different size.
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Figure 4 Concentration at the outlet of a medium with parallel
fissures which has been injected with a tracer pulse.
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