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[1] We conducted laboratory experiments to evaluate the effects of simple fracture
intersections with differing aperture on density-driven immiscible wetting (water into air)
and nonwetting (Trichloroethylene into water) flows, and analyzed them quantitatively.
The experimental systems consisting of vertical and horizontal fractures were fabricated
with glass for easy visualization. The aperture variation between intersecting fractures and
the viscous force of the injected fluid were considered to be critical system parameters.
Experimental results show the critical difference between the wetting and nonwetting
flows by the intersection and viscous force, and subsequent mathematical analyses explain
well our observations: The intersection acts as a capillary barrier (CB) for the wetting
and capillary bridge for the nonwetting flows, and the viscous force of flowing fluids
reduces the strength of CBs. The results of both laboratory experiments and mathematical
analyses suggest that the fracture intersection with differing aperture can be a more
significant factor controlling the network-scale phase structure for the nonwetting than the
wetting flows.
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1. Introduction

[2] Multiphase flow in fractured rocks has received
considerable attention for its application fields such as
radioactive waste disposal and nonaqueous phase liquid
(NAPL) originated subsurface contamination. In particular,
the phase structure is a primary concern because it deter-
mines the pressure-saturation-conductivity relation and the
solute transport pattern in fractured rocks. The void space of
a fracture network is composed of individual fractures and
the intersections between those fractures. The geometry of
the intersections will differ from that of the contributing
fractures, thus introducing heterogeneities that are well-
connected and span the network in three dimensions. An
abrupt change in void geometry between fracture and
intersection will perturb the balance between capillary,
gravitational, viscous, and inertial forces that controls
multiphase immiscible flow and thus the phase structure.
This is particularly important with respect to capillary
forces, where a change in void geometry can lead to the
formation of a capillary barrier (CB), or alternatively a
conduit. On the basis of capillary considerations alone, a

sudden increase in void size could act as a barrier to wetting
phase flow or draw in nonwetting phase flow, with the
opposite effects for a decrease in void size. In addition to
change in void size, the work required for menisci to
navigate corners will also factor into the formation of
barriers or conduits at fracture intersections.
[3] Recent experiments designed to explore unsaturated

flow in fracture networks support the idea that CBs formed
at fracture intersections can be a critical control factor on the
behavior of the flow. A simple field experiment in a natural
fracture network suggested that fracture intersections could
both focus and fragment an infiltrating fluid slug [Glass et
al., 2002a; Nicholl and Glass, 2002]. The controlling
influence of fracture intersections has also been inferred
from laboratory experiments considering unsaturated flow
in two-dimensional networks of water-wettable vertical and
horizontal fractures. Fracture intersections were believed to
be responsible for temporal fluctuations in outflow and
internal pathway switching that were observed over an
�18-month period of steady supply to a point source
located at the top of a �2-m-tall analog fracture-matrix
network [Glass et al., 2002b]. In other fracture-matrix
networks of similar geometry, application of water to
sources distributed along the upper boundary led to pathway
switching and large-scale confluencing of flow that were
also attributed to fracture intersections [LaViolette et al.,
2003; Wood et al., 2004]. Intersections terminating in a
vertical fracture have been found to keep flow structures
narrow and focused [Glass et al., 2003].
[4] The ability of a single intersection to impose spatial

and temporal structure on unsaturated (wetting phase) flow
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was considered by Wood et al. [2002, 2005]. They assem-
bled intersections between constant aperture (0.07 cm)
vertical and horizontal fractures and observed the changes
in unsaturated flow across each intersection as the supply
rate was decreased. For all of their intersection geometries
and across a wide range of supply rates, water pooled above
a CB formed at the intersection. At high flow rates, they
observed an intersection-spanning fluid tendril that snapped
as the supply rate was decreased. At lower flow rates, the
intersection imposed a regular temporal signal by accumu-
lating water above the barrier and then releasing a portion of
the stored volume when sufficient pressure accumulated to
breach the CB. Repetition of this process transformed a
steady inflow into a pulsed outflow. In most cases, fluid
was, at least partially, diverted into the horizontal fractures,
thus providing a mechanism for confluencing and pathway
switching. They also found that solid material spanning the
intersection could impose a different type of temporal signal
by metering flow across the point connection. In other
unsaturated flow experiments, Dragila and Weisbrod
[2004] observed mode switching between aperture-
spanning and film flow as water traversed an intersection
where a vertical fracture bifurcated.
[5] The influence of fracture intersections on nonwetting

phase flow was first considered in a preliminary study by Ji
et al. [2004]. A 25.4 � 25.4 � 1.9 cm glass plate was
broken to create an intersection between horizontal and
vertical fractures of approximately equal aperture (371 mm).
For wetting phase flow (water into air) their results are
consistent with those of Wood et al. [2002, 2005]. The
intersection acted as a CB to unsaturated flow, diverting low
flows into the horizontal fractures and discharging fluid at

regular intervals. An intersection-spanning tendril devel-
oped as the flow was increased, and the tendril snapped to
reestablish a regular discharge cycle as the flow was
decreased. The same intersection model was later brought
to a water-saturated condition in order to explore density-
driven flow of a nonwetting phase by injecting Trichlor-
oethene (TCE), a dense nonaqueous phase liquid (DNAPL).
The result was opposite to that for unsaturated flow, and the
intersection provided a negligible impediment to TCE
migration. Instead, the first blob of TCE arriving at the
intersection became trapped within the vertical fracture,
providing a bridge across the intersection for subsequent
flow. As with the wetting phase experiment, an intersection-
spanning tendril of TCE formed as the supply rate was
increased. However, unlike the wetting phase experiment,
the TCE tendril thinned but did not snap as the supply rate
was decreased.
[6] In this study, we build on the work of Wood et al.

[2002, 2005] and Ji et al. [2004] to further our understand-
ing of how fracture intersections influence two-phase flow.
We designed our experiments to address open questions
regarding intersections between fractures of differing aper-
ture for both wetting and nonwetting phase flows, and
analyzed them quantitatively. Given the wide range of
possible fracture intersections, we choose to focus on an
intersection between vertical and horizontal fractures, where
the difference between capillary and gravitational forces is
maximized. Following Glass et al. [2003] and Ji et al.
[2004], we fabricated our test intersection by breaking a
glass plate. This process produces an intersection with very
well defined corners and allows observation of the flow
processes within the fracture planes. We held the aperture of
the vertical fracture constant and altered capillary heteroge-
neity at the intersection by varying the aperture of the
horizontal fracture (three different horizontal apertures).
For each of our three models we considered two types of
density-driven immiscible flow: wetting phase flow (water
into air) and nonwetting phase flow (TCE into water). In
each trial the supply rate was varied over �3 orders of
magnitude, first up from zero and then back down for
characterizing the viscous effects of the injected fluids.
Our experimental procedure is presented in section 2, with
the resulting observations in section 3. We then provide
a mechanistic explanation for the observed behavior in
section 4, and conclude with a short summary of our results
in section 5.

2. Experimental Setup

[7] We constructed a simple intersection between vertical
and horizontal fractures by inducing controlled breaks in a
25.4 � 25.4 cm plate of 1.9 cm thick glass (Figure 1).
Individual fractures were created at predetermined locations
by holding a strip of Nichrome2 wire against the glass, then
applying direct current to heat the wire [Glass et al., 2003;
Ji et al., 2004]. The glass plate expanded in response to the
linear heat source and fractured under tension. The resulting
fracture was smooth at the microscopic level with mild
macroscopic undulations, including a gentle conchoidal
pattern that pointed in the direction of fracture propagation
and represented rhythmic arrest lines [see Kulander et al.,
1979; Bahat and Engelder, 1984]. We first induced ‘‘bound-
ing fractures’’ parallel to each edge of the glass plate as a

Figure 1. Conceptual drawing of the model intersection:
(a) side view and (b) cross section.
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means of imposing boundary conditions (Figure 1a). To
create our target intersection, the vertical fracture was
induced first, then the horizontal. As a result, the vertical
fracture was continuous, while the two sides of the hori-
zontal fracture exhibited a slight mismatch (<0.1 cm) where
they met at the vertical fracture. Such mismatch is expected
in any situation where fracture sets are sequential rather than
concurrent, and thus likely to be ubiquitous in natural
systems. Finally, we note that this fracturing process is
not a trivial matter, as we had to break a large number of
plates in order to achieve one good fracture pattern.
[8] Each of the four fractures contributing to our target

intersection (upper/lower vertical, left/right horizontal) was
held open by inserting three short pieces of wire, two on one
side and one on the other (Figure 1a). In order to minimize
their impact on the experiment, the wire pieces were
inserted a short distance (�0.1 cm) into the fracture plane
and located a substantial distance (2.54 cm) away from the
intersection [see Ji et al., 2004]. To vary the influence of
capillary forces alone, we changed the aperture of the
horizontal fracture between trials and held the vertical
fracture constant (Figure 2). A 371-mm-diameter wire was
selected for the vertical fracture. For the horizontal fracture,
we first considered an aperture equal to the vertical [e.g., Ji
et al., 2004] (case 0, 371 mm, Figure 2a), then larger (case 1,
650 mm, Figure 2b), and finally smaller (case 2, 295 mm,
Figure 2c). The resulting apertures fall within the range of
natural fractures [e.g., Hakami and Larsson, 1996; Keller,
1998; Lee et al., 2003] and facilitate competition between
gravity and capillary forces [Wood et al., 2005]. The
aperture of the bounding vertical fractures was chosen to
discourage entry by the invader fluid, and thus constrain
flow to our target intersection; 650 mm for wetting invasion
(water to air), and 295 mm for nonwetting invasion (TCE to
water). The horizontal bounding fractures were set to allow
free exit by the flowing phase.
[9] The fractured glass plate was mechanically supported

by clamping it between two unfractured plates of the same
size (Figure 1b). Spacers were placed between the fractured
plate and the supporting plates in order to create CBs, and
thus constrain flow to within the fractured plate [see Glass
et al., 2003; Ji et al., 2004]. These spacers were set at
1100 mm for wetting phase flow and 80 mm for nonwetting
phase flow. For the wetting phase flow we applied deion-
ized water dyed with 1.0 g/L of FD&C Blue #1 to an air-
filled system; for the nonwetting phase flow, reagent grade
TCE was dyed with 0.9 g/L of Oil-Red-O and applied to a
system saturated with deionized water; see Table 1 for fluid

properties. The flowing fluid (water or TCE) was applied
under positive pressure to a point source in the vertical
fracture at a location 7.6 cm above the intersection. In order
to maintain a constant surface chemistry for the fractures, all
the surfaces were thoroughly cleaned before each experi-
ment. To avoid creating a large volume of toxic cleaning
waste (e.g., concentrated sulfuric acid), we developed a
complex regimen that involved separate labor intensive
washes using vegetable oil, heated Alconox2 solution,
and dilute ammonia. Tests showed that our process pro-
duced repeatable contact angles of �5� (range 2� to 9�) for
water-air and �160� (range 155� to 164�) for TCE-water,
which were measured from snapshots of water and TCE
drops on the glass plate in air- and water-saturation con-
ditions, respectively.

3. Experimental Results

[10] Each experiment was begun under single phase
conditions (fractures were fully air or water saturated). Flow
was initiated at a steady rate of 0.012 mL/min, then
increased to 10 mL/min (0.012, 0.10, 0.50, 1.00, 5.00,
and 10.00 mL/min) and back down to 0.012 mL/min along
the same sequence. Each step lasted for the greater of 5 min
or 2 mL of fluid injection. This range of supply rates was
chosen to vary the influence of viscous forces across �3
orders of magnitude. The maximum supply rate was set to
be of a similar order to that expected for density-driven
piston displacement (�50 mL/min) as predicted by the
cubic law [e.g., Bird et al., 1960]. Each experiment,
repeated several times for each case, was continuously
documented using a still camera and two digital video
cameras, which was employed in image processing to
measure pool heights at the test intersection. Experimental
results for cases 0–2 (Figure 2) are presented below, first for
wetting phase flow (section 3.1) then for nonwetting phase
flow (section 3.2).

Figure 2. Approximate aperture configurations for (a) case 0, (b) case 1, and (c) case 2.

Table 1. Physical Properties of Experimental Fluids

Fluid
Density,
g/mL

Viscosity, cP at
25�C

Interfacial Tension,
mN/m

Watera 0.998 1.000 NA
Aira 0.001 0.018 73
TCEb 1.469 0.575 27

aFrom Weast [1985].
bFrom Glass et al. [2000].
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3.1. Wetting Phase Flow

[11] In case 0 (Figure 2a), the initial application of water
produced a sequence of small teardrop-shaped water blobs
(�0.7 cm tall � �0.2 cm wide) in the upper vertical fracture
[see Ji et al., 2004]. The intersection formed a CB, causing
water to be accumulated above it. This region is called a
pool whose height is defined by the distance between the
intersection and the peak of the convex of a pool. When the
curvilinear surface of the pool reached a height of �2.2 cm
above the intersection, the initial CB breached and water
drained into the right-hand horizontal fracture. Pools in the
right-hand and vertical fracture became disconnected, rees-
tablishing the CB. The pool height rose in response, and the
right-hand fracture was reinvaded. The pool height rose
after the right-hand fracture was full, then fell as the water
entered into the left-hand fracture and released a single
water blob into the lower vertical fracture. The intersection
developed a regular ‘‘fill and drain’’ cycle after storage in
the left-hand fracture was filled with a maximum pool
height of �1.4 cm and a minimum of �0.9 cm. Unlike
the experiments of Wood et al. [2002], the horizontal
fractures did not participate in the fill and drain cycle;
hence dynamic storage was limited to the upper vertical
fracture. Increasing the supply rate to 0.1 mL/min led to the
formation of a continuous tendril above the intersection;
pool height fell from a maximum of �1.3 cm to a minimum
of �0.9 cm when a blob was discharged from the intersec-
tion. A tendril formed below the intersection at 0.5 mL/min.
Both tendrils widened as the supply rate was increased, and
narrowed as it was decreased. Pulsed flow returned below
the intersection at 0.1 mL/min, and above at 0.012 mL/min.
[12] In case 1 (Figure 2b), the initial application of water

flowed down one surface of the vertical fracture in free-
surface flow. Water pooled above the intersection to a height
of �2.7 cm and then fell to a low of �1.4 cm as it invaded
the left-hand horizontal fracture. The horizontal pool dis-
connected from the vertical pool, reestablishing the CB. The
pool height increased to �2.3 cm and then reinvaded the
left-hand horizontal fracture. Pool height rose again when
the left-hand fracture was full. At a pool height of �2.5 cm,
water was discharged into the lower vertical fracture in the
form of blobs (�0.8 � �0.7 cm). The system then settled

into a regular pulsed flow regime with maximum and
minimum pool heights of �2.5 and �2.2 cm. The right-
hand horizontal fracture remained dry, and the left-hand
fracture remained full during discharge. Unlike case 0, this
model continued in pulsed discharge mode across �3 orders
of magnitude change in supply rate and never developed a
stable tendril below the intersection.
[13] In case 2 (Figure 2c), the initial application of water

flowed down one surface of the vertical fracture in free-
surface flow. Water pooled above the intersection to a height
of �3.1 cm and then fell to a low of �1.1 cm as it invaded
the left-hand horizontal fracture. After filling the left-hand
fracture, pool height rose to �2.1 cm, breaching the CB and
invading both the right-hand horizontal and the lower
vertical fractures as pool height fell to �0.5 cm. This split
discharge continued, adding water to the right-hand fracture
with each successive event. Multiple disconnected
pools formed within the right-hand fracture, leading to high
variability in behavior. A stable tendril formed below
the intersection when the supply rate was increased to
1.00 mL/min. With the intersection open to flow, a portion
of the discharge entered the right-hand fracture, eventually
causing it to fill. The tendril snapped and the system
returned to pulsed flow when the supply rate was decreased
to 0.1 mL/min. The minimum pool height following
discharge remained very low until flow was dropped to
0.012 mL/min.
[14] Figure 3a shows the relationship between the arith-

metic mean of pool heights for the first invasion into the
horizontal fracture and the aperture of the horizontal frac-
tures. They were unrelated to the aperture variation of the
intersecting fractures. However, the mean pool heights for
the first drainage to the lower vertical fracture (Figure 3b)
and after drainage (Figure 3c), were increased, as the
aperture of the horizontal fracture was increased. Consider-
ing Wood et al. [2002, 2005] and Ji et al. [2004], these
results suggest that there are two CBs at a simple crossed
fracture intersection for the wetting invasion: The first one
is related to the first invasion into the horizontal fractures
and is not affected by the aperture variation of intersecting
fractures, while the second one, influenced by the differing
aperture of intersecting fractures, is concerned with the

Figure 3. The relationship between the aperture of the horizontal fracture and the mean pool height
(a) prior to the first entry into horizontal fractures; (b) prior to the first drainage into the lower vertical
fracture; and (c) after drainage. The aperture of the vertical fracture is constant to 371 mm. The dots and
solid lines are the means and ranges of observed values, respectively. The dashed lines are estimated pool
heights using equations (2)–(4) and (8).
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drainage into the lower vertical fracture through the inter-
section and the minimum pool height after breach. The
response of the phase structure to increasing injection rate
for each case also supports the idea that the second CB is
influenced by the aperture variation of intersecting frac-
tures: The horizontal fracture having a larger aperture than
the vertical one makes the second CB difficult to breach.

3.2. Nonwetting Phase Flow

[15] In case 0 (Figure 2a), the initial application of TCE
produced a sequence of medium-sized (�1.1 � �0.6 cm)
blobs in the upper vertical fracture [see Ji et al., 2004].
Blobs formed with a bulbous head and narrow tail, but
quickly became rounded during their advance. The first
blob entered the intersection and stopped. The TCE pool
first grew upward and laterally, but did not fully fill the
fracture in the direction orthogonal to both dip and pole
vectors. Then, when the pool reached a height of 0.62 cm
above the intersection, with the next drop of TCE it began
to invade the lower vertical fracture and form a hanging
column. However, the pool height is not particularly sig-
nificant because it is more influenced by the blob size than
by the entry pressure for the invasion into the lower vertical
fracture. As the TCE column grew, it bifurcated below the
intersection to release a fluid blob. A regular behavior
developed in which the arrival of a TCE blob at the top
of the pool was shortly followed by the release of a similarly
sized blob from the hanging column. During this process,
the pool remained pinned across the intersection, acting as a
bridge between the upper and lower halves of the vertical
fracture. The pool bulged slightly along both sides of the
horizontal fracture but did not enter either one. A pulsing
tendril developed above the intersection at a supply rate of
0.50 mL/min and stabilized at 1.00 mL/min. A stable tendril
developed below the intersection at 5.00 mL/min. Both
tendrils widened as the supply rate was increased. The
tendrils narrowed but did not snap as the supply rate was
decreased. At 0.012 mL/min, the tendrils locally narrowed
to below the fracture aperture, detaching from one of the
fracture walls to create a pool and thread structure. The pool
bridging the intersection declined in size as the supply rate
was increased, and remained small as the supply rate was
decreased.

[16] In case 1 (Figure 2b), the first TCE blob (�5.6 �
�0.5 cm dimension) invaded the intersection and entered
both of the horizontal fractures, mostly the right-hand one.
Additional blobs invaded the horizontal fractures, spreading
out into disconnected pools that did not connect with the
vertical fracture. The horizontal fractures did not fill until
after the supply rate was increased to 0.10 mL/min. After
fully filling the horizontal fractures, a complicated pool of
TCE began to form above the intersection, and a few drops
of TCE were released into one of the vertical bounding
fractures. Release to the bounding fracture stopped in less
than a minute as a hanging column developed below the
intersection when pool height reached �5.5 cm, which was
not related to the entry pressure but the length of TCE blobs.
As in case 0, blobs were discharged from the hanging col-
umn in response to the addition of fluid from above. A sta-
ble tendril developed above the intersection at 0.50 mL/min
and below the intersection at 1.00 mL/min. Formation of a
continuous tendril below the intersection led to drainage of
the horizontal fractures through the tendril, in contrast to the
pattern of the wetting flow, due to lower viscosity of TCE
than water. The horizontal fractures refilled when the supply
rate was increased to 5.00 mL/min. The horizontal fractures
again drained through the tendril as flow was decreased.
The tendril below the intersection snapped at 0.10 mL/min,
and flow was diverted into the horizontal fractures. After the
horizontal fractures filled, they drained again through a
tendril, and then filled again after the tendril snapped. This
behavior continued as flow was decreased to 0.012 mL/min.
Once formed, the tendril above the intersection remained
intact.
[17] In case 2 (Figure 2c), the initial injection formed a

large blob (�5.8 � �0.5 cm) of TCE that invaded the
intersection and pooled above it to a height of �2.9 cm. The
next blob of TCE increased the pool height to �6.3 cm and
released a blob (�3.4 � �0.5 cm) into the lower vertical
fracture. The horizontal fractures were not invaded by the
TCE pool throughout this experiment. Unlike the other two
nonwetting phase experiments, blobs were released directly
from the bottom of the intersection without a hanging TCE
column. A stable tendril formed above the intersection at
0.10 mL/min and below the intersection at 0.50 mL/min.
The tendrils widened with increased supply rate, then
narrowed but did not snap as the supply rate was decreased.
As in case 0, the tendrils narrowed locally to less than the
fracture aperture, detaching from one of the fracture walls.
[18] Although TCE always invaded the target intersection

when the front of a TCE blob met it, we can infer the effect
of aperture variation of the intersecting fractures from the
different observations in all cases. First, it affected the
nonwetting invasion path in a fracture network: While
TCE went down to the lower vertical aperture in cases 0
and 2, it went to the horizontal fractures before draining
from the test intersection in case 1. This result agrees with
the estimation derived from the concept of the invadability
that is defined from an invasion pressure due to local
capillary, gravity, and viscous forces [Meakin et al., 1992;
Xu et al., 1998; Amundsen et al., 1999; Ji et al., 2003].
Figure 4 shows the arithmetic mean of lengths of the
hanging TCE columns after the first drainage into the lower
vertical fracture in each case. It grew as the aperture of the
horizontal fracture increased: A smaller capillary pressure in

Figure 4. The relationship between the mean length of
hanging TCE columns and the aperture of horizontal
fractures for nonwetting flows. The aperture of the vertical
fracture is maintained at constant aperture of 371 mm.

W10416 JI ET AL.: INFLUENCE OF INTERSECTIONS ON IMMISCIBLE FLOW

5 of 10

W10416



the target intersection combined with a bigger horizontal
fracture led to a longer hanging column, which will be
discussed in the next section.

4. Analyses

[19] We conducted wetting/nonwetting invasion tests into
the simple fracture intersections to explain the effects and
the dynamics of intersection geometry on the phase struc-
ture at the intersection. Three cases, each having different
fracture intersection conditions, were obtained and the
results of them were compared with each other. Addition-
ally, the viscous effects of the invader fluids on the
pressures for the invader fluids to pass by the intersection
and the phase structures at the intersection were observed.

4.1. Wetting Phase Flow

[20] From the results of the wetting phase flow tests, we
were able to gain some critical observations: (1) Water was
initially diverted into the horizontal fractures and then
drained downward after obtaining sufficient pressure, which
means that there are two CBs to breach at the fracture
intersection between the vertical and horizontal fractures;
(2) the pool heights at the first invasion into the horizontal
fractures were similar, but the pool height for drainage into
the lower vertical fracture were different in each case; and
(3) the flow rate and the difference in apertures of the
intersecting fractures affected the phase structure at the
intersection.
[21] To analyze the dynamics of the invasion process of

water into the air-filled simple fracture intersection, we will
introduce capillary pressures in the fractures for wetting
Pcwf, for draining Pcdf, in the CBs for wetting Pcwb, and for
draining Pcdb. Considering the viscous pressure of water
Pvw, the maximum gravity pressure Pgmax to breach the
intersection is given by

Pgmax � Pcwb � Pcwf � Pvw; ð1Þ

and from the Laplace-Young equation the maximum pool
height to breach, hpmax, is derived as

hpmax �
1

Drg
� s
Rwb

þ s
Rwf

� QmL
kA

� �
; ð2Þ

where Dr [M/L3] is the density difference between water
and air, g [L/T2] is the acceleration due to gravity, s [M/T2]
is the interfacial tension between water and air, Rwb is the

radius of the meniscus of air-water interface in the CBs for
wetting of water, Rwf is the radius of the meniscus of air-
water interface in fractures for wetting of water, Q [L3/T] is
the injection rate of water, m [M/L � T] is the dynamic
viscosity of water, L [L] is the distance back along the flow
path from the intersection to the injection point, k [L2] is the
permeability of the fracture, and A [L2] is the local cross-
sectional area of the flow path.
[22] Figure 5a shows the process for water to invade the

horizontal fractures. To breach the first CB that is located in
the upper intersection corners, the meniscus should be flat
and Rwb would be infinite to induce the film flow through
edges of the horizontal fractures. Let us assume that the
hysteresis comes from the different contact angle for wet-
ting and draining, local aperture distribution, or in-plane
curvature effects [Glass et al., 2003], and then we can
neglect the local aperture distribution and in-plane curvature
at the intersection in these experiments. Then, Rwf is given
by

Rwf ¼
e1

2 cos qwf
; ð3Þ

where, e1 [L] is the aperture of the vertical fracture (Figure 5a)
and qwf is the contact angle in fractures for wetting of water.
The estimated maximum pool heights to breach the first CB
in the intersections at the flow rate of 0.012 mL/min are
compared with the experimental results (Figure 3a). The
dashed line is the estimated maximum pool heights from
equations (2) and (3) from assumptions of pure water at
25�C and qwf of 50�, which is almost identical with the
experimental results. As expected, these results are in-
dependent of e2.
[23] In the ideal case where the fractures at the intersec-

tion match perfectly, water may invade both of the hori-
zontal fractures, but there is likely to be an offset in the
intersection which leads to the diversion of flow to one
horizontal fracture. After filling one horizontal fracture,
water invades the other horizontal fracture or drains into
the lower vertical fracture, then Rwb will be the radius of the
meniscus of air-water interface when the interface is in
contact with the lower right corner of the intersection
(Figure 5b):

Rwb ¼
e1 þ e2ð Þ cos qwb þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e21 þ e22 � e1 � e2ð Þ2 cos2 qwb

q
2 cos2 qwb � 1

; ð4Þ

Figure 5. Idealized phase geometries (a) prior to the first entry into horizontal fractures; (b) prior to
drainage after filling one horizontal fracture; and (c) prior to drainage after fully filling both of horizontal
fractures in cases 0–2 for wetting flows.
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where, qwb is the contact angle in CBs for wetting of
water and e2 [L] is the aperture of the horizontal fracture
(Figure 5b). Figure 3b shows the arithmetic mean of pool
heights for the first drainage to the lower vertical fracture
where water fills only one horizontal fracture at the flow
rate of 0.012 mL/min. For comparison, the estimated maxi-
mum pool heights from equations (2)–(4) are also presented
with the dashed curve that assumes qwb of 0�, which show a
good agreement with the experimental results.
[24] If both of the horizontal fractures are fully filled with

water, when the air-water interfaces in the horizontal and
upper vertical fractures touch (Figure 5c), the second CB is
breached, and water enters the intersection and the lower
vertical fracture. Rwb will be given by

Rwb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e21 þ e22

p
2

: ð5Þ

[25] When the pool height of water above the intersection
reaches the maximum pool height, CBs in the intersection
are breached and water goes down, passing through the
intersection. If Pcdb is smaller than Pcwf of the vertical
fracture beneath the intersection, the CBs remain open,
and water still goes down until the pressure in the upper
vertical fracture decreases below Pcdf [Glass et al., 2003].
After the CBs are closed, the minimum gravity pressure
Pgmin that is the gravity pressure of water just after a breach
will be given by

Pgmin � Pcdb � Pcdf � Pvw: ð6Þ

If we assume that water in the horizontal fractures contacts
the CBs [Glass et al., 2003], Pcdb equals the Pcwf of the
horizontal fractures, equation (6) is changed to

Pgmin � Pcwf � Pcdf � Pvw; ð7Þ

and the minimum pool height, hpmin, becomes

hpmin �
1

Drg
� s
Rwf

þ s
Rdf

� QmL
kA

� �
; ð8Þ

where, Rwf = e2/2 cosqwf , Rdf = e1/2 cosqdf, and qdf is the
contact angle in fractures for draining of water. Equation (8)
is verified against the experiments (Figure 3c). The dashed
line in Figure 3c is the estimated minimum pool heights at
the flow rate of 0.012 mL/min under assumption of qdf at
30�: There is a good agreement between the results
estimated and those from the wetting flow experiments.
[26] Figures 6a–6c show the viscous effects of the

injected water on maximum and minimum pool heights at
the intersections of cases 0, 1, and 2. Solid triangles in
Figure 6 are the means of observed maximum and minimum
pool heights when only one horizontal fracture is filled with
water, and open triangles are the means of them when both
of horizontal fractures are filled with water. The experimen-
tal results are used for verification of our theoretical
analyses: The solid lines in Figure 6 are the estimated
maximum and minimum pool heights at the given flow rate
using equations (2)–(4) and (8) when water fills only one
horizontal fracture, while the dashed lines are the estimated

maximum and minimum pool heights using equations (2),
(3), (5), and (8) when both of horizontal fractures are filled
with water. The comparison between the estimations from
suggested equations and the observations from experiments
suggests that our theoretical analyses can describe the
capillary and viscous effects on wetting flow at a fracture
intersection. The experimental and theoretical results pro-
pose that the viscous forces remain subordinate to capillary
forces and are not enough to overcome the capillary effects
at the intersection in our experimental scale when water fills
only one horizontal fracture. However, if both of horizontal
fractures are filled with water, the capillary effects are
reduced and the viscous forces of water can make for water
to cross the intersection without interruption.

4.2. Nonwetting Phase Flow

[27] Experimental observations gathered from the non-
wetting phase flow tests can be summarized as follows:
(1) TCE always invaded the intersections without interrup-
tion independently of the aperture variation in intersecting
fractures; (2) invading TCE diverted into the horizontal
fractures or drained downward without spreading out
through the intersection; (3) the lengths of hanging TCE
columns were different in each case; and (4) after the for-
mation of a continuous tendril, the flow rate of TCE did not
affect the phase structure.
[28] To analyze the dynamics of the invasion process of

DNAPL into the water-filled simple fracture intersections,
like the wetting flow, we need to quantify capillary pres-
sures in the fracture for wetting Pcnwf, for draining Pcndf, in
the intersection for wetting Pcnwi, and for draining Pcndi. The
entry pressure into the intersection is given by the capillary
and viscous pressures of DNAPL:

Pentry � Pcnwi � Pcnwf � Pvn; ð9Þ

and the entry pressure head of DNAPL into the intersection,
hentry, is followed:

hentry �
1

Drg
� s
Rnwi

þ s
Rnwf

� QmL
kA

� �
; ð10Þ

where Pvn is the viscous pressure of DNAPL, Dr [M/L3] is
the density difference between DNAPL and water, s [M/T2]
is the interfacial tension between DNAPL and water, Rnwi is
the radius of the meniscus of water-DNAPL interface in the
intersection for wetting of DNAPL, Rnwf is the radius of the
meniscus of water-DNAPL interface in fractures for wetting
of DNAPL, Q [L3/T] is the injection rate of DNAPL, and
m [M/L � T] is the dynamic viscosity of DNAPL. In the
intersection geometry like our experiments, we can neglect
the in-plane curvature at the intersection. Then, when the
interface touches all corners of the intersection (Figure 7),
Rnwi can be defined as

Rnwi ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e21 þ e22

p
2

; ð11Þ

and Rnwf is given by

Rnwf ¼
e1

2 cos qnwf
; ð12Þ
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where qnwf is the contact angle in fractures for wetting of
DNAPL. In our experimental conditions, hentry into the
intersection given by equations (10)–(12) has negative
values, which means a DNAPL blob always invades the
fracture intersection without interruption when it meets the
intersection.
[29] After entrance of DNAPL to the intersection,

DNAPL can move to the lower vertical or horizontal
fractures, or spread out through the intersection. The
migration path of DNAPL can be estimated using the
invadability in the modified invasion percolation (MIP)
model [Meakin et al., 1992; Xu et al., 1998; Amundsen et
al., 1999; Ji et al., 2003]. The invadability is derived from

the combination of capillary, gravity, and viscous pressures,
so that

I ¼ �Pc þ Pg þ Pvi � Pvd ; ð13Þ

where I is the invadability of a invader fluid, Pc is the
capillary pressure, Pg is the gravity pressure, Pvi is the
viscous pressure of an invader fluid, and Pvd is the viscous
pressure of a defender fluid. If DNAPL spread out through a
fracture intersection, Pc in that direction becomes

Pc ¼
4sffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e21 þ e22

p : ð14Þ

Figure 6. The effects of the water flow rate on maximum and minimum pool heights for (a) case 0,
(b) case 1, and (c) case 2. The solid triangles are experimental results of maximum and minimum pool
heights after filling only one horizontal fracture, and the open triangles are those of them after filling both
of horizontal fractures. The solid lines are estimated maximum and minimum pool heights using
equations (2)–(4) and (8), while the dashed lines using equations (2), (3), (5), and (10).

8 of 10

W10416 JI ET AL.: INFLUENCE OF INTERSECTIONS ON IMMISCIBLE FLOW W10416



Then, when DNAPL goes to vertical or horizontal fractures
from an intersection, Pc is given by

Pc ¼ � s
Rc

¼ � 2s cos qnwf
e1 or e2

; ð15Þ

where Rc is the radius of the meniscus of water-DNAPL
interface in vertical or horizontal fractures for wetting of
DNAPL. Equations (13)–(15) explain well our observa-
tions: Invading TCE diverted into the horizontal fractures in
case 1, and drained downward in cases 0 and 2, but did not
spread out through the intersection.
[30] When DNAPL leaves the intersection for the lower

vertical or horizontal fractures of capillary pressure Pc, the
entry pressure is given by

Pentry � Pc � Pcnwi � Pvn; ð16Þ

and the entry pressure head of DNAPL becomes

hentry ¼
1

Drg
� s
Rc

þ s
Rnwi

� QmL
kA

� �
; ð17Þ

where Rnwi and Rc are given by equations (11) and (15),
respectively. Equation (17) cannot be established in this
study because the length of TCE blobs in our tests (range
�1.1 to �5.8 cm) is larger than the estimated entry pressure
heads (range 0.12 to 1.39 cm). However, it could be verified
indirectly from the experimental results: More TCE
remained at the intersection after TCE drainage when the
aperture of a horizontal fracture was larger (Figure 4).
[31] The viscous effects from the nonwetting phase flow

rates on the entry pressure head could not be measured in
the experiments, but can be inferred from the flow rate where
TCE blobs change to continuous tendrils. Figure 8 shows
estimated entry pressure heads from equation (17), and dots
in Figure 8 are the arithmetic mean of flow rates where a
tendril was formed below the intersection for each case. The
flow rates where the estimated entry pressure head becomes
zero are similar to those where a tendril was formed below

the intersection considering the flow rate increased dis-
cretely in the tests. The estimated capillary effects in the
intersection become subordinate to the viscous effect when
the flow rate is sufficiently large like the wetting flow after
filling both of horizontal fractures with water. However,
note that the flow rate did not affect the phase structure near
the intersection after formation of a continuous tendril in the
experiments.

5. Concluding Remarks

[32] Our experiments and subsequent mathematical anal-
yses demonstrate the substantial difference of the wetting
and nonwetting flows at a simple intersection between
horizontal and vertical fractures of different apertures. For
wetting flows, two CBs existed at the entrance the inter-
section, which leads simple diversion and drainage of the
wetting flow with impeding gravity-driven fingers within
single fractures. However, a CB for nonwetting flows that is
located on the exit from the intersection continues fingering
as a capillary bridge and determines the nonwetting phase
fluid migration path. For both wetting and nonwetting
flows, the strengths of CBs at the intersection are deter-
mined by the combination of capillary and viscous pres-
sures, and the differing aperture between intersecting
fractures controls capillary pressure except the first CB for
the wetting flow. Various phase geometries at wetting phase
fluid flow vary the capillary effects from superior to
coordinate to the viscous effects. However, the viscous
effect on the nonwetting flow is coordinate to the capillary
effect from the single phase geometry, and does not affect
the phase structure near the intersection after formation of a
continuous tendril.
[33] Projection of our results and analyses to a regular

fracture network of vertical and horizontal fractures sug-
gests substantial differences of phase structures of wetting
and nonwetting flows. The continuous first breach by the
wetting phase fluid to the horizontal fractures would always
give rise to a slender-ladder phase structure despite the
various geometric conditions at intersections. However, the
network-scale phase structure of the nonwetting flows
would be various depending on the given geometric con-

Figure 8. The effects of the TCE flow rate on formation
of continuous tendrils. The lines are estimated entry pres-
sure heads of TCE to the lower vertical fracture using
equation (17), and the dots are the mean flow rates where a
tendril was formed below the intersection for cases 0–2.

Figure 7. Idealized phase geometry when DNAPL
invades a water-saturated intersection in cases 0–2 for
nonwetting flows.
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ditions at each intersection that determines the migration
path; that is, the nonwetting phase fluid would simply go
downward directly, merely spread laterally, or make a
slender-ladder structure following the given geometric con-
ditions at each intersection. In this point of view, the
fracture intersection with differing aperture can be a more
significant factor controlling the network-scale phase struc-
ture for the nonwetting than the wetting flows.
[34] Finally, natural fracture sets will have much larger

degrees of freedom at intersections than our simple system:
For example, individual fractures will have variable aper-
tures, and their orientations will be various from the vertical
and horizontal ones. Nevertheless, our results show the
degree of change in void geometry between fracture and
intersection affects the wetting and nonwetting flows dif-
ferently, and its influence can be estimated quantitatively;
which provides a stepping-stone in the expansion of our
understanding of process and thus the characterization of
the phase structure in natural fractured rocks.
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