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ABSTRACT 

re la t ionsh ip  between f rac tu re  network charac- 
t e r i s t i c s  and dispersion o f  solutes. The study 
was aimed a t  evaluating dispersion e f fec ts  due 
t o  di f ferences i n  the  o r ien ta t i on  o f  f l ow  t o  
the f rac tu re  network. Radial f low i n j e c t i o n  
t e s t s  were conducted a t  three d i f f e r e n t  f l ow  
ra tes  (30, 60, 90 c$/min.). Solute break- 
through was measured w i t h  spec i f i c  conductance 
probes a t  14 or ien ta t ions  t o  the major axis of 
the’ f rac tu re  network. D i  spersi v i  t y  coef f W e n t  s 
were calculated from breakthrough curves. 
Results indicated calculated d i spe rs i v i t y  coef- 
f i c ien ts  increased w i t h  increasing f low ra tes  
and were af fected by f l ow  or ien ta t ion  t o  the 
orthogonal f rac tu re  network. 

A physical model was b u i l t  t o  study the  

INTRODUCTION 

Dispersion i s  the  r e s u l t  of two processes, 
molecular d i f fus ion  and mechanical mixing. 
Molecular d i f f u s i o n  i s  the  independent movement 
o f  solute p a r t i c l e s  from the f l u i d  motion, due 
t o  thermal k i n e t i c  energy o f  ind iv idua l  solute 
part ic les.  
w i t h  the mechanical mixing process, re fe r r ing  
t o  it simply as dispersion. Mechanical mixing 
i s  the  spreading-out o f  solutes due t o  charac- 
t e r i s t i c s  o f  the  medium, as measured by the 
d i s p e r s i v i t y  coe f f i c i en t  (a) and unequal f l o w  
ve loc i t i es  through the  medium. I n  porous media 
the  spreading o f  a t racer  f ron t  depends on ly  on 
the  distance traveled by the  f r o n t  (Bear, 1961). 
D ispers iv i t y  coe f f i c i en ts  depend on f l ow  direc- 
t ion,  due t o  anisotropy i n  a porous medium 
(Nuri, 19741, but w i l l  be independent o f  f l ow  
ve 1 oc i ty  . 

In  f rac tu re  networks, contaminant trans- 
po r t  i s  governed by the  same processes as i n  
porous media. However, t he  actual path length 
along which dispersion occurs and t rue  l oca l  
f l ow  ve loc i t l es  w i t h i n  f rac tu res  are d i f f i c u l t  
t o  determine. Appl icat ion o f  t r a d i t i o n a l  data 
co l l ec t i on  and analysis techniques f o r  measur- 
i ng  dispersion i n  the f i e l d  i s  complicated by 
these factors. For example, t h e  actual path 
water takes through a f rac tu re  network wil l  
probably be much longer than the  s t ra igh t  d i s -  
tance between i n j e c t i o n  and measurement points. 
Flow d i rec t i on  i n  f ractured media o f ten  departs 
from the general hydraul ic gradient f o r  much 

I n  t h i s  study, we w i l l  deal on l y  

k/ 

longer distances than i s  found i n  porous media. 
This introduces two unknowns i n t o  the  advection- 
dispersion equation, which may preclude develop- 
ing  a unique solut ion. By developing a be t te r  
understanding o f  dispersion i n  f rac tu re  net- 
works under cont ro l led  conditions, a be t te r  
method o f  in te rpre t ing  f i e l d  data may be 
derived. 
study the  re la t ionsh ip  between f rac tu re  network 
charac ter is t i cs  and dispersion o f  solutes. 

Hence, a physical model was b u i l t  t o  

The experimental studies described here 
are the  f i r s t  i n  a ser ies t o  evaluate charac- 
t e r i s t i c s  o f  f rac tu re  networks; such as frac- 
t u r e  spacing, width, and or ientat ion,  bel ieved 
t o  a f fec t  dispersion o f  solutes. Actual d i s -  
persion parameters calculated from these 
experiments would not be applicable t o  f i e l d  
s i tua t ions  because o f  the  d i spa r i t y  i n  scale. 
However, general concepts concerning the  prop- 
e r t i e s  o f  f rac tu re  networks con t ro l l i ng  disper- 
s ion  would be determined, and these concepts 
would be transferable t o  f i e l d  s i tuat ions.  

Few laboratory studies describing disper- 
s ion i n  f rac tu re  networks are available. 
Mandel and Weinberger (1972) analyzed the  f l ow  
o f  a tagged l i q u i d  through an i r regu la r  hexa- 
gonal l a t t i c e  structure. Longitudtnal disper- 
sion was found t o  be a func t ion  o f  the  flow 
ve loc i t i es  w i th in  the  porous media channels 
and a funct ion o f  the pore space geometry. 

A laboratory study t o  measure the  mixing 
e f fec ts  a t  f rac tu re  junct ions was car r ied  ou t  
by Krizek e t  a1 (1972). Tracer breakthrough 
curves were measured a t  o u t l e t  f rac tu res  lead- 
i n g  away from a s ing le ’ f rac tu re  junc t ion  formed 
i n  plexiglass. Complete mixing was found t o  
occur a t  the  intersection, as equivalent 
breakthrough curves were measured i n  a l l  o u t l e t  
f ractures.  As only one i n l e t  f rac tu re  was 
supplying t racer  t o  the  junction, resu l t s  may 
no t  be applicable t o  s i tua t ions  where more 
than one f rac tu re  i s  feeding a junc t ion  and 
the  head drop along o u t l e t  f ractures i s  not 
equal. They incorporated the complete mixing 
concept i n t o  a p red ic t i ve  numerical model f o r  
t ransport  i n  f rac tu re  networks. The model, 
however, was not v e r l f i e d  by laboratory o r  
f i e l d  experiments. 

Experiments car r ied  out by Wilson and 
Witherspoon (1976) indicated l i t t l e  mixing 
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occured a t  f rac tu re  junct ions under laminar 
f low conditions. Ear ly  tes ts  i n  our f rac tu re  
network, where t racer  so lu t ion  was ebserved 
passing through f rac tu re  in te rsec t  ions without 
mixing, supported t h i s  conclusion. The or ien- 
t a t i o n  o f  f low t o  the major f rac tu re  network 
cont ro ls  the  number o f  f rac tu re  junct ions it 
solute p a r t i c l e  w i l l  t r a v e l  through. I f  the  
t o t a l  distance t rave l l ed  by a solute p a r t i c l e  
i s  accounted for,  then we should not see any 
e f fec ts  o f  f low or ien ta t ion  t o  major f rac tu re  
network on d i spe rs iu i t y  coeff icients. There- 
fore, i t  was hypothesized there would be l i t t l e  
di f ference i n  dispersion f o r  f?ow through a 
f rac tu re  network and f l o w  through a s ing le  
f rac tu re  o f  equivalent length. 
t a t i o n  o f  f low d i rec t i on  t o  f rac tu re  network 
would have l i t t l e  inf luence on measured 
d i spersiv i  t ies. 

Hence, or ien- 

MATERIALS AND METHODS 

The physical model was constructed by 
c u t t i n g  ovthogonal grooves, 0.16 cm wide and 
0.95 cm deep, i n  a sheet of p lexiglass 
(Figure 1). The f rac tu re  network consisted of 
s ing le  f ractures a t  r i g h t  angles t o  one 
another, w i th  f rac tu re  spacings o f  10.2 MI. 
The network was enclosed i n  a quarter c i r c l e  
w i t h  a radius o f  81.28 cm, Therefore, two 
major f ractures compose the  boundaries o f  the  
model, serving a5 major axes t o  f low direct ion.  
These two major f ractures behave much l i k e  
s ing le  fractures. Actual distance t rave l l ed  
by a solute p a r t i c l e  i s  smallest through these 
two fractures. Hence, pressure gradient i s  
steepest across these outside fractures and 
t r u e  l oca l  ve loc i t i es  w i t h i n  these fractures 
are greatest. 

Radial f low i n j e c t i o n  tes ts  were selected 
because data can be co l lec ted  f o r  a va r ie t y  o f  
f l ow  or ientat ions t o  the  major f rac tu re  axis 
w i th  a s ingle test .  Also, data analysis 
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f igure  1. Design o f  hydrologic model, showing 
fracture network and support equipment. 

methodology i s  we l l  developed f o r  t h i s  config- 
urat ion. 
configurations o f ten  applied i n  actual f i e l d  
experiments. 

Final ly,  t h i s  shape c lose ly  simulates 

Two constant head reservoirs supplied the  
mo&l w i t h  d i s t i l l e d  water o r  a d i l u t e  sodium 
ch lo r ide  so lu t ion  (conductance 10 US). Both 
solut ions were dyed w i t h  food coloring, enabl- 
ing  observation o f  the t race r  f ront .  Head 
drop across the model was cont ro l led  by a t h i r d  
constant head reservo i r  a t  the out let .  Speci- 
f i c  conductance probes were i ns ta l l ed  a t  out- 
l e t s  t o  measure change i n  solute concentration 
and determine the  resu l tan t  breakthrough 
curves. The laboratory model was designed 
with the  fo l low ing  hydraul ic c r i t e r i a  i n  mind: 
( I )  laminar f low throughout the  model (low 
Reynalds number), (2) advection dominant over 
di f fusion (htgh Peclet number), (3) discharge 
on the  order o f  a few l i t e r s  per hour, and 
(4) a reasonable headloss (several centimeters) 
across the model. A l l  t es ts  were run i n  rep- 
l i c a t e  once w i th  t racer  replacing d i s t i l l e d  
water and once with d i s t i l l e d  water replacing 
t racer  solut ion. 

RESULTS 

Figure 2 shows representative breakthrough 
curves f o r  three f l ow  volumes. Under rad ia l  
f lw  condit ions ve loc i t y  i s  not a constant, 
necessi tat ing the  use o f  volume as the  f l ow  
parameter. Solute breakthrough was observed 
t o  be inverseTy re la ted  t o  f low volume. 

t ime a concentrat ion o f  C/Co = 0.5 ar r i ves  a t  
the  electrode, f o r  electrodes placed a t  d i f -  
f e ren t  angles i s  shown i n  Figure 3. There i s  
a general increase i n  a r r i v a l  times as the  
angle approaches 45". The l i n e s  i n  the  f i gu re  
represent the best f i t  t o  the data o f  the 
equation 

A p l o t  of a r r i v a l  times, based on the  

A t  - - 81.28 ( s i n  V e + cos e )  (1)  
0.5 

where : 

81.28 = radius o f  model 

d 
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Time (min) INEL23096 

Figure 2. Representative breakthrough curves. c 
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Figure 3. A r r i v a l  times versus angle when 
C/@ = .5 

e - angle 

V = average l i n e a r  ve loc i t y  

"0.5 = A r r i v a l  time o f  a t racer  concentra- 
t i o n  equal t o  50% of the f i n a l  
value 

DATA ANALYSIS 

, Data were analyzed w i t h  the  method pre- 
sented by Hoopes and Harleman (1967). The 
method i s  based on the  ana ly t i ca l  so lu t ion  t o  
t h e  advection-dispersion equation f o r  r a d i a l  
flow. 

c/co * 1/2 er f c [  (1 - .+-/(%Y''] bnn r ( 2 )  

C/Co = r e l a t i v e  t race r  concentration 
e r f c  = comolimentarv e r ro r  function 

i 

Q = discharge (cm3/min) 
b = f u l l  f r ac tu re  width (cm) 
n = poros i ty  
r = distance from i n j e c t i o n  po in t  (cm) 
a = d i s p e r s i v i t y  coe f f i c i en t  (cm) 

A f a c t o r  of 4 was included t o  account f o r  the  
quarter symmetry employed i n  our model. 

c 

A p l o t  o f  r e l a t i v e  concentrat ion versus 
r e l a t i v e  f l ow  volume on ar i thmet ic p r o b a b i l i t y  
paper i s  shown i n  Figure 4. Theoretical ly, 
dispersion i n  an ideal ized system, w i l l  y i e l d  
a s t ra igh t  l i n e  fo r  t h i s  type of p lo t .  The 
standard deviat ion i s  obtained from the  
average o f  the  16th and 84th percenti le, and 
i s  re la ted  t o  a by the  equation: 

b/ 

CICO INEL23095 

Figure 4. Relat ive concentrat ion versus r e l a t i v e  
f l ow  volume. 

a = 3/8 r c2 ( 3 )  

A s t ra igh t  l i n e  was f i t  t o  the  cent ra l  data 
points by eye. Curvature o f  the  p l o t  may be the  
r e s u l t  o f  mixing I n  the  conductance electrodes. 
A new electrode layout, w i t h  electrodes imbedded 
i n  the  f rac tu re  walls, i s  being designed i n  an 
attempt t o  resolve t h i s  problem. 

D i  spersiv i  ty  coe f f i c i en ts  were calculated 
from breakthrough curves measured a t  14 or ien- 
ta t i ons  t o  the  f rac tu re  network. Because of 
b i l a t e r a l  symetry about 45*, there are ac tua l l y  
two rep l i ca te  locat ions a t  seven or ientat ions.  
Figure 5 i s  a p l o t  o f  a versus or ientat ion.  

CONCLUSIONS 

The o r i g i n a l  hypothesis, ind ica t ing  l i t t l e  
d i f fe rence o f  dispersion between f low through 

7 1 I I ' A  I I I I - 0  xcm3/min I 

Figure 5. 
angle. 

D ispers iv i t y  coeff  W e n t  versus 
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a f rac tu re  network and f low through a s ing le  
f rac tu re  o f  equal length, was' inval id.  A re la -  
t i o n  between d i spe rs i v i t y  and or ien ta t ion  of 
f low d i rec t i on  t o  the major f rac tu re  was 
observed, w i t h  highest d i spe rs i v i t y  coe f f i c i en ts  
occuring a t  angles near the  boundary f racture.  
The extremely high value measured a t  48.59' was 
not substantiated by the  .equivalent electrode 
a t  41.41', and i s  probably an effect of the  
ind iv idua l  electrode. 

Movement o f  the  t racer  f ron t ,  i l l u s t r a t i n g  
rap id  solute a r r i v a l  near boundary f ractures 
i s  shown i n  Figure 6. Breakthrough i s  greatest 
near boundary f ractures and smallest when 
or ien ta t ion  o f  f low d i rec t i on  t o  boundary f rac-  
tures nears 45'. This delayed passage o f  the  
f r o n t  i s  due t o  a lower pressure gradient 
across f ractures orthogonal t o  the boundary 
f racture.  As or ien ta t ion  o f  f low d i rec t i on  t o  
the  boundary f rac tu re  deviates, the  number o f  
junct ions a solute passes through increases. 
Hence, solute t rave l  t ime across the model 

lnjectio 
point. 

INEL 2 3098 

Figure 6. Movement o f  t racer  f r o n t  over 
t ime( s ) . 

increases, as the  solute p a r t i c l e  encounters 
more and more orthogonal fractures. 
i v i t y  coe f f i c i en ts  increased with increasing 
f low rates. The e f f e c t  was small, bu t  
consistent a t  a l l  or ientat ions.  

f rac tu res  may also a f f e c t  d i spe rs i v i t y  coe f f  i- 
cients, Veloci ty i s  not constant i n  rad ia l  
flow, therefore, evaluation o f  loca l  ve loc i t i es  
i s  complex. Further tes t i ng  i s  required t o  
determine loca l  ve loc i t y  ef fects on 
d ispers iv i t y .  

Dispers- 

True loca l  ve loc i t i es  w i th in  ind iv idua l  
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