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ABSTRACT 

The mechanism of fwo-phase flow through 
fractures exerts an important influence on the 
behavior of geothermal resewoirs. Cumntly, 
two-phase flow thmugh fractures is still poorly 
understood. In this study, nitmgen-water and 
steam-water experiments were done on both 
smooth and mugh parallel plates to determine 
the governing #ow mechanisms. The 
experiments were done using a glass plate to 
allow visualization of flow. Digital video 
recording allowed instantaneous measurement 
of pressureJ flow rate and saturation. Saturation 
was computed using image analysis techniques. 

The experiments showed that gas and liquid 
phases flow through fmctures in nonuniform 
separate channels. The localized channels 
change with time as each phase path undergoes 
continues breaking and reforming due to 
invasion of the other phase. The stability of the 
phase paths is dependent on liquid and gas flow 
rate ratio. This mechanism hdds true for over a 
range of saturation for both smooth and mugh 
fmctures. 

The data m m  the experiments were analyzed 
using Dafcy's law and using the concept of 
friction factor and equivalent Reynold's number 
for two-phase flow. For both smooth-and mugh- 
walled fractures a clear mlationship between 
relative permeability and saturation was seen. 
The calculated relative permeability cuwes 
follow Corey-type behavior and can be modeled 
using Honarpour expressions. The sum of the 
relative permeabilities is not equal one, 
indicating phase inte~erence. The equivalent 
homogenous single-phase appmach did not give 
satisfactory representation of flow thmugh 
fractures. The graphs of experimentally derived 
friction factor with the modified Reynold's 
number do not reveal a distinctive linear 
relationship. 

1 .O INTRODUCTION 

1.1 Theoretical Background 

Multiphase flow in fractures is an important field 
of study for areas such as geothermal industry, 
oil recovery, isolation of nuclear and toxic waste 
in geological formations. At present, the 
governing flow mechanism for multiphase flow in 
fracture is still undetermined. There are two 
approaches commonly used in modeling 
multiphase flow in fractures, the porous medium 
approach and the equivalent homogeneous 
single-phase approach. 

The porous medium approach treats fractures 
as connected two-dimensional porous media. In 
this model, a pore space occupied by one phase 
is not available for flow for the other phase. A 
phase can move from one position to another 
only upon establishing a continuous flow path for 
itself. As in porous media, the competition for 
pore occupancy is described by relative 
permeability and governed by Darcy's law. 
Darcy's law for single-phase liquid flow is: 

where subscript I stands for the liquid phase, i 
for inlet and o for outlet; p, pJ LJ qJ kebs are the 
viscosity, pressure, fracture length, Darcy flow 
velocity and absolute permeability respectively. 
The Darcy flow velocity is equal to 

q = -  Q 
bw 

with Q as the volumetric flow rate, b the fracture 
aperture and w as the fracture width. Absolute 
permeability of the fracture is a function only of 
the fracture aperture (Witherspoon et al., 1980) 
as described in the cubic law 

175 



Diomampo et a/. 

permeability to the irreducible or residual liquid 
and gas saturation, Sd and S, b2 

12 kabs = - 

k, = S*4 

k, = (1 -S*)2(1 -S** )  

s* =(si -Sr i ) I ( l -Sr ,  - S r g )  

(1 -9) 

(1.10) 

(1.11) 

For liquid phase in two-phase flow, Eqn. (1.1) 
becomes 

The equivalent homogeneous single-phase 
approach treats flow through fracture as a 
limiting case of flow through pipes. In this 
model, phase velocities in a fracture are equal 
and capillary forces are negligible. A continuous 
flow path is not required for movement of each 
phase. A phase can be carried along by one 
phase as bubbles, slug or other complex 
structures. As in pipes, flow can be described 
by the concept of friction factors and using 
averaged properties (Fourar et al., 1993) 

where k,, is the relative permeability of the liquid 
phase. 

Similarly, Darcy's law derived for single-phase 
isothermal gas flow in porous media 
(Scheidegger, 1974) is 

(1.12) with the subscript g pertaining to the gas phase. 

In two-phase flow, Eqn. (1 5) becomes 
where n i s  the fracture perimeter, A is the cross 
sectional area to flow, f i  average density and 
Vm as average flow velocity. The average 
density is described by 

with k, as the gas relative permeability. The 
sum of the kd and k, indicates the extent of 
phase interference. A sum of relative 
permeabilities equal to one means the absence 
of phase interference. Physically this implies 
each phase flows in its Own path without 
impeding the flow of the other. The lower is the 
sum of the relative petmeabilities from unity the 
greater is the phase interference. 

- P g Q g  + PiQi 

Qg +Qi 
P m  - (1.13) 

The average flow velocity is equal to 

Qg +Qi vm = 
A 

(1.14) 

The friction factor, ( is derived empirically as a 
function of the averaged Reynolds number 
calculated by 

Relative permeability functions are usually taken 
to be dependent on phase saturation. The two 
most commonly used expression for relative 
permeability for homogeneous porous media are 
the X-curve and Corey curve (Corey, 1954). 
The X-curve describes relative permeability as a 
linear function of saturation 

(1.15) 

with f i  as average viscosity 

(1.16) 

where SI and S, are the liquid and gas saturation 
respectively. The Corey curve relates relative 

176 



Diomampo et al. 

P 
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There are several expressions used to relate 
friction factor and Reynold’s number. The 
commonly used one for flow through fracture is 
the generalized Blasium form (Lockhart and 
Martinelli, 1949): 

.I. A 

w .  i.\ 

O F o .  

(1.17) 

with C and n as constants derived from 
experimental data. 

The validity of the two models for multiphase 
flow through fractures is still uncertain. 

1.2 Literature Review 

Only a few published data are available for two- 
phase flow in fractures. Most of the studies have 
been done for air-water or for water-oil systems. 
Earliest is Romm’s (1966) experiment with 
kerosene and water through an artificial parallel- 
plate fracture lined with strips of polyethylene or 
waxed paper. Romm found a linear relationship 
between permeability and saturation, S,= kw, 
S,, = krnw such that kw+krnW = I .  Fourar et al. 
(1 993) artificially roughened glass plates with 
beads and flowed air-water between them. 
Fourar and Borries (1995) did similar 
experiments using smooth glass plates and clay 
bricks. Both studies observed flow structures tike 
bubble, annutar and fingering bubbles 
comparable to flow in pipes and depicted flow in 
fractures to be better correlated using the 
equivalent homogeneous single-phase model. 
Pan et al. (1996) observed the identical flow 
structures in their experiment with oil-water 
systems. They observed that a discontinuous 
phase can flow as discrete units along with the 
other phase. Pan et al. (1996) also found their 
expenmental pressure drop to be better 
predicted by homogenous single-phase model. 
All of these experiments show significant phase 
interference at intermediate saturations. 

Pruess and Tsang (1090) conducted numerical 
simulation for flow through rough-walled 
fractures. They modeled fractures as two 
dimensional porous media with apertures 
varying with position. Their study shows the 
sum of the reiative permeabilities is less than 1, 
residual saturation of the nonwetting phase is 
large and phase interference is greatly 
dependent on the presence or absence of 
spatial correlation of aperture in the direction of 

flow. Persoff et al. (1991) did experiments on 
gas and water flow through rough-walled 
fractures using transparent casts of natural - 
fractured rocks. The experiment showed strong 
phase interference similar to the flow in porous 
media. The relative permeability data of Persoff 
(1991) and Persoff and Pruess (1995) for flow 
through rough-walled fractures were compared 
in Horne et al. (2000) against commonly used 
relative permeability relations for porous media, 
the X-curve and Corey curve as shown in 
Figure 1.1. 

0.001 0.01 0.1 1 
ril 

Figure 1.1. Measurement of air-water relative 
permeabilities in rough-walleded 
fractures (graph from Horne et al. 2000). 

In both experiments of Persoff (1991) and 
Persoff and Pruess (1995), flow of a phase is 
characterized by having a localized continuous 
flow path that is undergoing blocking and 
unblocking by the other phase. Recent parallel 
plate experiment by Su et al. (1999) illustrates 
the same flow mechanism of intermittent 
localized fluid flow. Kneafsy and Pruess (1998) 
observed similar intermittent flow in their 
experiments with pentane through various 
parallel plate models made from glass, 
sandblasted glass or transparent fracture 
replicas. These observations are contrary to the 
findings of Fourar et al. (1993), Fourar and 
Bories (1995), and Pan et al. (1996). 

Presently, the mechanism of flow and the 
characteristic behavior of relative permeability in 
fractures are still undetermined. Issues such as 
whether a discontinuous phase can travel as 
discrete units carried along by another phase or 
will be trapped as residual saturation as in 
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Drainage and imbibition experiments were done 
for smooth- and for rough-walled fractures. The 
glass against the aluminum plate represented 
the smooth-walled fracture while the rough- 
walled was achieved by inserting a wire mesh 
between the glass and aluminum plate. The 
wire mesh is made from 0.00065’’ (0.0026cm) 
diameter stainless steel wire and has 30x30 
mesh size. For both the rough- and smooth- 
walled fracture configurations, stainless steel 
shims were inserted at the perimeter of the flow 
area in between the glass and aluminum plate. 
The shims are 0.003” (0.0076cm) thick. 

Drainage experiments were performed first. To 
start, the fracture was fully saturated with water. 
Unlike in porous media, parallel plates can be 
easily saturated with water if the aperture is 
small enough. Full saturation is achieved simply 
by flowing water at slow rate into the completely 
dried apparatus. This approach was used for 
both the smooth- and rough-walled 
configurations. The drainage experiment 
proceeded with the water injected at a constant 
rate and gas rate increased incrementally. If 
saturation change was not evident, then both the 
gas and the water rate were changed. The 
reverse was done for imbibition. At a specific 
gas-water ratio, the experiment was made to run 
for several minutes (usually 30 minutes) or up to 
a time when the pressure change was minimal 
or when pressure fluctuations seemed to be in 
certain range before taking video record. 

2.3 Saturation Measurement 

From the still image of the fracture flow shown in 
Figure 2.4, saturation was computed by 
measuring the area that each phase occupied. 
The photographs were processed in a Matlab 
program. The program first cuts the photograph 
to display just the image of the flow area. Using 
this cut image, the program does quadratic 
discriminant analysis to group the pixels of the 
picture into three groups: the water phase, gas 
phase and the frame. The grouping is based on 
color differences. Saturation is calculated as 
total pixels of liquid group Over the sum of the 
gas and liquid group. Figure 2.5 is a comparison 
of the gray scaled image produced by the 
program and the original cut photograph from 
the digital camera. The accuracy of the program 
in calculating the saturation can be related to the 
similarity in details of the gray scale image to the 
true image. From the figure, it can be said that 
the program has reasonable accuracy. 

Figure 2.5. 

Pan et al 

Comparison between the true cdor 
image of the fracture flow and gray scale 
image from Matlab program used in 
measuring saturation. 

(1996) also used this technique for 
measurement of saturation. Their study noted 
that the sources of error in this technique were 
the quality of the photographs and the water film 
adsorbed on the surfaces of the plates with the 
latter being of minimal effect. Good quality 
photographs are the ones with clear distinction 
between the gas and liquid phase. The use of 
dyed liquid enhanced visualization of phase 
boundaries. Good lighting is also necessary so 
that the colors in,the image m e  out clearly. 
The lighting should also be positioned in a way 
that it does not produce shadow on the flow 
area._ The program will mistakenly take the 
shadow as liquid phase even if there is gas. 
The light should be not too bright or focused too 
directly on the image to prevent reflection. 
Reflection will cast a white background on the 
picture. This will be taken automatically by the 
program as gaseous phase. In the experiment, 
good lighting was obtained by taking the picture 
in the dark with lamps directed on the white 
ceiling to create adequate lighting on the 
apparatus. 

3.0 RESULTS AND DISCUSSION 

3.1 Smooth-walled Fracture Experiments 

3.1.1 Obsewed Fbw Mechanism 

One dominant flow mechanism was observed in 
the smooth-walled fracture experiment. Each 
phase travels through the fracture by forming a 
localized continuous flow path. This flow path is 
unstable as the other phase constantly blocks 
and unblocks certain points in the path. 
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Figure 3.1. Pressure fluctuations cause by the 
breaking and reforming of gas flow path. 

For example in the drainage experiment, the gas 
forms its own flow path through the liquid- 
dominated fracture. This flow path undergoes 
continuous snapping and reforming due to the 
invasion of water. This blocking and unblocking 
of flow path causes continuous pressure 
fluctuations throughout the experiment even at a 
constant gas-water ratio. Figure 3.1 shows the 
pressure fluctuations and the corresponding 
events observed. Snap shot images of the flow 
at these times are Seen in Figure 3.2. These 
pictures were taken at a gas rate of 19 cdmin 
and water rate of 8.5 cclmin. It was observed 
that the lower pressure drop corresponds to the 
time when gas is establishing its channel (see 
time 2:14 p.m. in Figures 3.1 and 3.2). Upon 
establishing a complete path, gas is able to rush 
through the fracture length. This causes an 
increase in the gas pressure drop. As the gas 
surges, there is more space for water to come 
through the fracture. Water invades the gas 
channel (see time 2:16 p.m. in Figures 3.1 and 
3.2). As water breaks through there is an 
increase in liquid phase pressure drop. These. 
are the pressure peaks seen in Figure 3.1. The 
cycle continues with the gas forming its pathway 
and water invading it (see time 2:17 p.m. and 
2:18 p.m. in Figures 3.1 and 3.2). 

This flow mechanism of moving through a 
continuous flow path was observed over: wide 
range of gas-water ratios from IO- '  to 10 . The 
width of the flow path increases as gas rate 
increases. This flow path, however, was 
continuously being broken up by the water 
phase and reforming again. Figure 3.3 
illustrates some examples. 

I 

Figure 3.2. Images showing the forming and 
breaking of gas flow path corresponding 
to the time in Figure 3.1. 

Figure3.3. Examples of gas flow path increase in 
width as gas flow rate increases and 
water breaking up this flow path. 
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This flow mechanism shows the unsteady nature 
of the experiment. Even at constant gas and 
liquid injection rate, pressure fluctuates and 
saturation changes as fracture space change 
from being a gas path to water path and vice 
versa. This emphasizes the importance of 
acquiring instantaneous pressure, saturation 
and flow rate measurements. 

Persoff and Pruess (1995) observed a similar 
flow mechanism in their experiment with air- 
water flow in a transparent fracture replica. 
They also related the pressure fluctuations with 
the blocking and unblocking of flow path. They 
modeled the behavior as flow through a 
cylindrical tube of constant radius with a certain 
critical throat point of radius very much smaller 
than the tube. Through their model they were 
able to prove that a phase flow path in fractures 
will be unstable and will consequently be 
invaded by the other phase. This observation is 
also consistent with the findings by Su et al. 
(1999), Kneafsy and Pruess (1998) and 
numerical simulation by Pruess and Tsang 
(1990) where the flow mechanism was 
described as intermittent localized flow. 

Intermittent localized flow observation is contrary 
to that of the concept of moving "islands" or flow 
structures carried by one phase as obserwed by 
Fourar and Bories (1995), Fourar et al. (1993), 
and Pan et al. (1996). The superficial velocities 
for the smooth-walled experiment are graphed 
on Fourar and Bories (1995) flow pattern map in 
Figure 3.4. Although, the data covered a wide 
range of the proposed flow patterns, these flow 
patterns were not seen in the experiment here. 
The intermittent localized flow observed is more 
comparable to flow in porous media. Phases in 
the experiment move only through continuous 
phase paths like in porous media. But unlike 
porous media, the phase paths or occupancy 
are not constant but are rapidly changing and 
reform i ng . 

3.1.2 Relafive Permeability Curve Fmm 
Porous Medium Appmach 

Eqn. (1.4) and Eqn. (1.5) for Darcy flow of two- 
phase flow were used to calculate relative 
permeabilities. The use of these equations 
requires the knowledge of the fracture absolute 
permeability. The absolute permeability was 
derived using Eqn. (1.1) with the pressure drop 
and flow rate coming from single-phase liquid 
experiments. 

100 

10-1 

10-2 

Figure 3.4. Smooth-walled fracture experimental 
velocity data imposed in Fourar and 
Bories (1995) flow map for glass 
channel. 
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Figure 3.5. Absolute fracture permeability derived 
from single-phase liquid experiments for 
smooth-walled fracture. 

Two single-phase experiments were done. The 
results of these are illustrated in Figure 3.5. Run 
#I was done in sequence with the smooth- 
walled experiments. After noticing that the 
absolute permeability changes with flow rate 
Run #2 was done several weeks later with a 
different pump to investigate a wider flow rate 
range. Both runs show that for pressures bellow 
0.5 psi, kabs is changing with flow rate. This is 
implies that the fluid is IiPting the glass as it flaws 
through the fracture. At pressures greater than 
O.Spsi, the glass is lifted to its maximum height 
defined by the confinement of the metal frame. 
At this pressure range, the absolute permeability 
is constant. All the data points in the experiment 
lie in this range of constant absolute 
permeability. However, the results of the two 
experiments were conflicting in terms of 
magnitude. The choice of which absolute 
permeability to use will affect the magnitude of 
the calculated relative permeabiltty but will not 
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affect the shape of the relative permeability 
curve. The highest absolute permeability 
derived from Run #1 was used. 

r hi ImbibRion 
x log lmbiblbon . Inl Dminage 

lug Drainage 

The results are graphed in Figure 3.6. In this 
figure, neglecting the data enclosed in blue 
square box, the relative permeability curve has 
the shape of Corey curve (Corey, 1954). This 
follows with the observation that the flow in the 
smooth-walled fracture is comparable to flow in 
porous media. It is also noticeable that the sum 
of the relative permeabilities at a particular 
saturation is less than unity. This indicates 
.phase interference. This is consistent with the 
observed flow mechanism where the gas and 
water compete in establishing pathways through 
the fracture. 
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The data for both imbibition and 
experiments were fitted separately 
Honarpour et ai. ( I  982) expression: 
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Swi being the initial water saturation for drainage 
while for imbibition 

The resulting curves are graphed in Figures 3.7 
and 3.8. The parameters for the fitted curved 
are tallied in Table I. In both graphs, the fitted 
Honarpour curves give good representation of 
the trend of relative permeability data with 
saturation. The fitted curves have different 
exponents for the Honarpour expression for 
imbibition and drainage. This is even though the 
data for both drainage and imbibition seem to lie 
in same trend as seen in Figure 3.6. This shows 
the effect of saturation history on relative 
permeability. Compared to the Corey 
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Figure 3.6. Relative permeability data obtained from 
smoothwalled fracture experiment. 
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Figure 3.7. Fitted Honarpour expression for smooth- 
walled fracture drainage experiment. 
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Figure 3.8. Fitted Honarpour expression for smooth- 
walled fracture imbibition experiment. 

Table 1. Fit parameters for smooth-walled fracture 
experiment. 

Imbibition 
0.08 1 

0.564 
0.509 0.509 
2.27 4.57 
3.59 1.92 
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expression from Eqn. (1.9) and (l.lO), the 
drainage experiments have dissimilar 
exponents. For imbibition, however, the value of 
n, (4.57) and n, (1.92) are close to Corey 
exponents of 4 for n, and 2 for ng. 

3.1.3 Application of Homgenuous Single- 
Phase Pipe Flow Model for Smooth- 
walled Fracture 

The homogeneous single-phase pipe flow model 
was also applied in the data for the smooth- 
walled fracture. Figure 3.9 depicts the calculated 
friction factor with the modified Reynold's 
number in a log-log chart. From the fitted linear 
equation, the constants C and n in Eqn. (1.17) 
are 3.23 and 0.75 respectively. Figure 3.10 
compares this result to previous works for 
parallel plate experiments. The slope of the 
fitted line (-0.75) is lower than the usual finding 
of negative unit slope for laminar flow. Among 
all the studies, the data is closer to Romm 
(1 966). 

The fit of Eqn. (1.17) for friction factor as a 
function of Reynold's number with the 
experimental data is not so good. Thus, 
pressure drop calculated from Eqn. (1.12) 
inadequately predicts the experimental data 
(Figure 3.11). This was expected since the 
observed flow mechanism was not similar to 
flow regimes in pipes on which this model is 
based. 

3.2 Roughwalled Fracture Experiments 
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Figure 3.9. Natural logarithm of friction factor with 
natural logarithm ,of Reynold's number 
from data of smooth-walled fracture 
experiment. 
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Figure 3. I O .  Friction factor against modified 
Reynold's number for smooth-walled 
fracture in comparison to previous 
works. 

3.2.1 Observed Flow Mechanism 

Similar to the smooth-walled fracture 
experiments, a phase in the rough-walled 
fracture experiment during drainage moved by 
establishing a continuous flow path for itself. 
However, the stability of the phase path varied 
greatly with gas-water ratio. 

At low gas-water ratio, the gas invades the 
liquid-dominated fracture and establishes a path 
(Figure 3.12). The path built is wider than that in 
the smooth-walled fracture at the same gas- 
water ratio. This may be because the mesh 
gives the gas a way to move horizontally in the 
fracture even at low gas-water ratio. This path is 
very unstable. Water quickly invades it almost 
completely leaving few scattered residual gas 
areas. The residual gas areas left are not 
enough to establish a path. Thus, the fracture 

5 1.5 
$ 1.3 
c 

E p 1.1 
f; 
g 0.9 

0.5 
0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1 

-d prss-w- (pri) 

Figure 3.1 1. Comparison of the predicted pressure 
drop from homogenous model and 
measured data for smooth-walled 
fracture. 
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Time: 0.50.08 

Qg= 0.6 c h i n  Q, = 8.5cc/min 

Figure 3.12. Gas invasion in drainage experiment 
with rough-walled fracture. 

Picture Set A Picture Set B 

Time = 2 54 04 Time 4.50 50 

a,- 13cc/min Q, = 8.kdmin Qs= 0.6 d m i n  Q, = 8.5dmin 

Figure 3.13. Examples of gas flow path, the invasion 
of water that follows and the residual 
gases left in rough-walled drainage 
experiment. 

5 o e  g 
f ; O B  

0 4  

Figure 3.14. Example of pressure fluctuations caused 
by the building and breaking up of gas 
and water path. Picture for this span is 
shown in Figure 3.12 and picture set A in 
Figure 3.13. 

after the invasion of water dan be said to return 
to its liquid-dominated condition. Within this 
liquid-dominated condition, the gas will again 
construct its own flow path and the cycle 
continues. Figure 3.13 shows two examples of 
gas flow channels, the water invasion that 
proceeds it and the residual gas areas left after 
the water invasion. 

The formation of the gas path and the 
consequent water invasion again goes along 
with pressure fluctuations. Figure 3.14 shows 
the pressure data for Figure 3.12 and picture set 
(A) in Figure 3.13. Similar to the smooth-walled 
fracture (Section 3. I. l), the low pressure drop 
corresponds to the forming of the gas path, 
followed by a peak of both gas and liquid 
pressure related to the surge of the two fluids 
through the fracture. It was observed that the 
magnitude of the pressure peaks decreases as 
the gas-water ratio increases. 

The diminishing magnitude of the pressure 
fluctuations relates to the point when the gas 
has established a stable path. With a stable 
path, gas can travel more smoothly and surge 
flow does not occur. Without surge flow, large 
pressure fluctuations are not observed. A stable 
gas path was reached at high gas-water ratio. 
As in the smooth-walled fracture, the stable gas 
channels increase in width with increasing gas- 
water ratio (Figure 3.15). Within these 
established gas paths, water sometimes forms 
narrow channels but these channels are 
unstable. Water flow is mostly at the edge of the 
gas path. In the ratios of stable phase paths, 
saturation can be considered constant at one 
gas-water injection rate. 

For the imbibition experiment, two flow 
mechanisms were observed. At low gas-water 
ratio, a stable flow path was seen (Figure 3.16). 
This stable flow path is similar to that in the 
smooth-walled fracture and for the drainage 
experiment in the rough-walled fracture. At high 
gas-water ratio (50 and above), a wave-like flow 
similar to flow in pipe was observed. In this flow, 
water travels like wave or a steady front 
covering the entire fracture. This wave flow 
caused an increase in the pressure drop 
exceeding the maximum of the pressure 
transducer. Thus, the magnitude of the 
pressure drop when a wave front occurs can be 
higher than Spsi. Figure 3.17 shows a sample of 
wavelike front and its corresponding pressure 
peaks. 
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Q@QI = 42 

Figure 3.15. Images showing stable gas path in high 
gas-water ratio for rough-walled fracture. 

Q = 125 cdmin Q = 7.5cJmin 

Figure 3.16. Images showing example of stable flow 
path of imbibition experiment in the 
rough-walled fracture. 

Figure 3.17. Picture of 
gas-water 

wavelike fronts seen in high 
ratio at imbibition experiment 

and its corresponding pressure peaks. 

2500000 

200oooo 

g 1500000 

: 1000000 

v 

Y 

I A 

o !  I I I I 
0 0.5 1 1.5 2 

delta Pressure 

Figure 3.18. Absolute permeability from single-phase 
experiments for rough-walled fracture 
model. 

In all the experiments for the rough-walled 
fracture, there was considerable amount of 
trapped phases in the fracture as seen in the red 
and white isolated spots in pictures from Figures 
3.12 to 3.17. This is likely since the mesh 
provided small corners for the wetting phase to 
cling to and be trapped in the gasdominated 
area of the fracture. It also provided a means to 
trap the nonwetting gas phase in the small 
empty space of the mesh as the water 
surrounds the walls. 

3.2.2 Relative Femeabity Curve Through 
Porous Medium Awhach 

The calculation procedure done in Section 3.1.2 
for relative permeabgty was repeated for the 
data gathered in the rough-walled fracture 
experiments. 

Several single-phase rough wall experiments 
were done to determine the absolute 
permeability of the fracture. The calculated 
absolute permeabilities from these experiments 
are shown in Figure 3.18. The reason for the 
variation of the absolute permeability value with 
pressure was discussed in Section 3.1.2. As in 
the smooth-walled fracture, the absolute 
permeability remains constant at pressures 
greater than 0.5 psi. Since all the experiments 
were at pressures higher than 0.5 psi, absolute 
permeability was taken as the average of the 
measurements with pressures greater than 0.5 
psi. The absolute permeability value used was 
1,950 darcy. 

Figure 3.19 shows the complete data from the 
drainage experiment for the rough-walled 
apparatus. This graph shows the relative 
permeability taken when the gas path was an 
unstable surging conduit and when it was a 
stable channel. Noticing that the flow is more 
comparable to porous flow when the gas- 
established a stable path, the data for the 
unstable -gas surge was removed. The 
remaining data are seen in Figure 3.20. This 
figure displays a more defined trend. This 
indicates that the porous medium approach is 
more applicable to model flow through the 
roug h-walled fracture when flow is characterized 
by established phase paths. It also suggests 
that other means of data analysis is needed for 
the data corresponding to unstable gas surge. 

For imbibition, the calculated relative 
permeability for all types of flow mechanism 
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Figure 3.19. Relative permeability data for drainage 
experiment for rough-walled fracture 
model 

observed is seen in Figure 3.21. The graph of 
relative permeability is too scattered showing no 
obvious relationship. One factor that may have 
caused this is the uncertainty with regards to 
saturation measurement for the imbibition 
experiment of rough-walled fracture. The picture 
for the imbibition experiment has lower picture 
quality than the other experiments and 
saturation analysis was more difficult due to 
trapped water and gas phase scattered 
throughout the flow area. Figure 3.22 
demonstrate how the programs for saturation 
measurement were unable to capture the finer 
details of trapped phases. This effect 
diminishes as the stable fluid pathway is 
established with decreasing gas-water ratio. 

The data corresponding only to flow 
characterized by stable fluid pathway was 
chosen and graphed in Figure 3.23. Although 
Figure 3.23 is an improvement over Figure 3.21, 
the association between relative permeability 
and saturation is still unclear. These data for 
imbibition are graphed along with the drainage 
data in Figure 3.24. This graph shows that 
relative permeability for the nonwetting phase in 
imbibition is lower than that of drainage while the 
opposite is true for the wetting phase. This is 
consistent with studies for oil-water systems 
(Amp et al., 1960) and steam-water systems (Li 
et al., 1999). Amyx et al. (1960) noted that the 
imbibition process causes the nonwetting phase 
(oil) to lose its mobility at high values of wetting 
phase saturation while the drainage process 
causes the wetting phase to lose its mobility at 
higher values of wetting phase saturation. 

The Honarpour relation in Eqn. (3.1) and (3.2) 
was fitted to the drainage and imbibition data 
separately (Figures 3.25 and 3.26). The 
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Figure 3.20. Relative permeability data for rough- 

walled model when the gas-path is 
stable. 

resulting fit parameters are tabulated in Table 2. 
As expected, there is a good fit with the 
drainage data but not with the imbibition data. 
The exponents of the fitted curves are different 
for imbibition and drainage and both are far from 
Corey values. 

3.2.3 Application of Homogeneous Model b r  
Rough-Walled Fractum Experiment 

It was discovered in the previous section that the 
porous medium approach when applied only 
through flow characterized by stable phase 
paths yields better defined relative permeability 
curves. This indicates that different flow 
mechanisms may require different mathematical 
approaches. Thus in the application of the 
homogeneous model to the rough-walled 
fracture experiment, the appropriateness of the 
model was reviewed for all data and for data 
corresponding only to unstable surge flow. 

The natural logarithm of the calculated friction 
factor and Reynold's number is seen in Figure 
3.27. Graph A includes all the data while graph 
B consists only of the data corresponding to 
unstable surge flow. Comparisons of graphs A 
and B shows that removing the stable flow data 
removed the cluster of data points. The 
observation that stable flow data tend to cluster 
in plots of friction factor with Reynold's number 
suggests that the homogeneous single-phase 
model is not the appropriate model for this kind 
of flow. However, considering only the surge 
data as was done in graph B of Figure 3.27 also 
did not improve the goodness of fit. For both 
graphs, there exist some data points that lie 
vertically with respect to each other. This can 
indicate either two things that the friction factor 
may not be a sole function of Reynold's number 
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Figure 3.21. Relative permeability data for rough- 
walled fracture imbibition experiment. 
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Figure 3.22. Examples of saturation measurement for 
imbibition experiment with rough-walled 
fracture. 
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Figure 3.23. Relative permeability for rough-walled 
imbibition experiment for flow with stable 
phase path. 
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fracture experiment. 

Table 2. Honarpour fit parameters for rough-walled 
exDeriment. 
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Figure 3.24. Drainage and imbibition data for rough- 
wailed fracture. 
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for (a) all rough-walled data and (b) for 
data with unstable surge flow. 
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Figure 3.28. Friction factor with modified Reynold's 

Table 3. Homogenous equivalent single-phase fit 

number for rough-walled experiment. 

parameters. r Exwriment I C 1  n l  

or that Reynold's number is not a good 
correlation variable for friction factor in flow 
through fractures. The calcul&ed friction factor 
and Reynold's number are compared to other 
data in Figure 3.28. Again both data sets have 
slopes lower than unity and the data are closer 
to Rmm's expression (Romm, 1966). The 
values for the constants C and n are listed in 

Table 3. The pressure drop calculated from 
these values are compared to measured daja in 
Figure 3.29. Since the fit of the friction factor 
with the experimental data was not so good, the 
computed pressure drop from Eqn. (1.12) was 
not able to satisfactorily predict the experimental 
pressure gradient. 

3.3 Comparison of Smooth- and Rough- 
Walled Experiment to Other Studies 

The data for both smooth and rough-walled 
experiments were entered in Figure 1.1 for 
comparison to previous studies and to known 
correlations for porous media (Figure 3.30). 
Compared to other data, the experimental data 
in this study is higher than that of Persoff and 
Pruess (1995) experiments but lower than 
Persoff (1991). With this, no apparent 
conclusion can be made as to whether the data 
from this study contradicts or agree with 
previous relative permeability experiments. 
However, more importantly Figure 3.30 shows 
that the experimental data mostly conform to 
Corey type of relative permeability curve. This 
suggests that flow through fractures can be 
analyzed by treating it as limiting case'of porous 
media and by using the relative permeability 
variable. The relative permeabilities as seen in 
Figure 3.30 for fractures sum up to less than one 
and are not in linear relationship with saturation 
as suggested by the X-curve. This reiterates 
results from previous studies that phase 
interference in fractures do occur. Comparing 
the results for smooth and rough fractures, the 
relative permeability values for the smooth and 
the rough-walled drainage experiment do not 
differ much. However, the relative permeability 
for imbibition experiment in the rough-walled 
fracture is lower than these two experiments. 

4.0 CONCLUSIONS AND 
RECOMMENDATIONS 

The experiments and analysis presented in this 
paper have led to the following conclusions: 

1. Two-phase flow through smooth and rough 
parallel plate fractures is characterized by 
each phase establishing localized 
continuous flow paths. The stability of 
these flow paths is dependent on the flow 
rate ratio of the phases. A phase flow path 
undergoes constant cycles of breakage and 
reformation as certain points are blocked 
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Figure 3.29. Comparison of the measured pressure 
drop against calculated pressure drop 
from homogenous equivalent single- 
phase model. 

and unblocked by the other phase. The 
breaking and reforming of phase paths 
cause pressure, flow rate and saturation 
fluctuations even at constant input 
conditions. This reveals the unsteady 
nature of flow through fractures. 

2. The imbibition process through a rough- 
walled fracture also undergoes wavelike 
flow similar to flow in pipes at high gas- 
water ratio. Other than this, flow through 
smooth- and rough-walled fractures is more 
similar to flow in porous media where a 
phase moves by establishing continuous 
channels. The flow mechanism of having 
moving discontinuous flow structures as 
bubbles or "islands" carried along by 
another continuous phase was not 
observed throughout the experiments. 

3. Two-phase flow through smooth- and 
rough-walled fractures can be modeled 
adequately by a porous medium approach. 
In this approach, Darcy's law governs flow 
and phase interference is represented by 
the relative permeability variable. The 
resulting relative permeability curve from 
experimental data shows a clear 
relationship between relative permeability 
and phase saturation. The experimental 
relative permeability curves follow the 
Corey shape and can be fitted to 
reasonable accuracy by the Honarpour 
expression. 

4. There is considerable phase interference in 
flow through fractures. This is deduced 
from the sum of the gas and liquid relative 
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Figure 3.30. Comparison of relative permeability data 
with previous work on rough-walled 
fractures. 

permeability for all experiments being less 
than unity. 

5. The equivalent homogenous single-phase 
approach did not give satisfactory 
representation of flow through fractures. 
The graphs of experimentally derived 
friction factor with the modified Reynold's 
number do not reveal distinctive linear 
relationship. This leads to inadequate 
pressure drop prediction of the model. 

The apparatus and methodology used in this 
study proved to be an effective means of 
investigating flow through fractures. However, 
improvement is needed to ensure control of 
fracture aperture Le. preventing the glass plate 
from being lifted by the flowing fluids. The 
method for saturation measurement is 
dependable when picture quality is good and 
when distinct boundaries of phases are seen. It 
is recommended to experiment with techniques 
for enhancing picture color contrasts. This will 
improve the program's accuracy in differentiating 
phases. This will be useful for cases when small 
isolated phases are dispersed throughout such 
as the case in imbibition for rough-walled 
fractures. 

It is recommended that further experiments with 
smooth-walled fractures be done this time with 
certainty as to the fracture absolute permeability. 
This is to establish the magnitude of relative 
permeability in smooth-walled fractures. It is 
also recommended to conduct experiments to 
investigate other variables in fracture flow that 
were not included in this study such as effect of 
aperture, viscosity, gravity, degree of roughness 
etc. 
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NOMENCLATURE 

A 
b 
C 
f 

kr 
L 
n 
NR* 
P 
Q 
91 
s 
V 
W 

17 
P 
P 

kebs 

area 
fracture aperture 
constant in Blasium equation 
ffiction factor 
absolute permeability 
relative permeability 
fracture length 
constant in Blasium equation 
modified Reynold's number 
pressure 
volumetric flow rate 
Darcy flow velocity 
saturation 
superficial velocity 
fracture width 
fracture perimeter 
viscosity 
density 

subscripts: 
g = gasphase 
i = inlet 
I = liquid phase 
m = mean 
0 = outlet 
r = residual 
W = water 
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