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1. Introduction

Studies of micro-models of porous media have yielded
much insight into fluid flow in a wide variety of systems.
Micro-models enable the investigation of the funda-
mental physics of fluid flow in two-dimensional porous
systems. While flow in rock occurs in three dimensions
through a connected network of pores, cracks and
fractures, micro-models can provide insight into specific
issues connected with flow in a porous medium. Micro-
models can be tailored to a desired geometry, size, pore
structure or fracture channel, so that a particular effect
can be clearly isolated and studied. Micro-models can be
designed to permit measurements, such as direct optical
visualization, which are not possible in rock and soil.
Both of these features have been used quite successfully
in previous work with fluid micro-models.

Micro-models have been used by several investigators
to study fluid flow in various geometries [1–8]. These
models contain pore structures that permit the flow
of one or more fluids to be studied, and can be designed
to study the role of a single continuously varying
parameter such as porosity. Previous work on micro-
models has focused on the geometrical aspects of the
flow, including studies of the geometry of invading
fronts, pressure-saturation relationships, and percola-
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tion-related issues. The measurement of absolute flow
rates, and their relation to the micro-model geometry is
a much more difficult problem. In this technical note, we
present the results of an investigation to compare flow
measurements through micro-models to numerical
calculations of absolute flow. This study investigates
the flow properties of single fractures of constant
aperture and variable contact area using synthetic
micro-models and a network flow model.
2. Micro-models

The micro-models used in this study were fabricated
using projection photolithography to produce voids
with known geometry. Previous studies have used the
openings in the photo-sensitive layer as an etching
mask [5–8]. In contrast to the previous work, we use
the photo-sensitive layer itself to accommodate the
voids to take advantage of the high spatial resolution
and vertical side walls. This approach produces
channels with better dimensional control (size and
shape) and straighter side walls [1–4]. In previous work
the spatial resolution of the voids typically ranged
from 100 mm to 1mm. In our study, 2 mm resolution
has been achieved by using a thinner photoresist
(Type AZ photoresist) which allows much better spatial
resolution and control, thereby permitting the produc-
tion of voids with sub-micron lateral dimensions [9,10].
Because Type AZ photoresist is used in high-resolution
microlithography (for producing integrated circuits)
its properties are well known and make it possible
to produce micro-models with precise distributions of
contact area.
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3. Sample preparation

Shipley-type AZ photoresist [11] was applied to a
substrate (microscope cover glasses cleaned in ethanol,
Fig. 1) by adding drops of photoresist onto the substrate
while it was rotating at 5000 rpm (a process known as
spinning). This produced an even layer of photoresist
with a thickness of 1.06 mm. The thickness of the
photoresist layer depends on the viscosity of the
photoresist and the spin rate. By using photoresist with
different viscosities the thickness of the layer can be
varied from 0.5 to 2.7 mm. This thickness controlled the
depth of the voids of the final micro-model. After spin
coating the glass substrate with photoresist, the sample
was baked in air at 100�C for 5min to remove excess
solvent.

The desired computer-generated pattern was trans-
ferred into the photoresist by exposing it to light
through an optical mask. In this study, two methods
were used to transfer patterns to the photoresist: contact
printing and projection printing. In the first method a
mask which contained a negative image of the desired
pattern was made. The mask was transparent to light in
the void regions and opaque elsewhere. The mask was
placed in direct contact with the photoresist layer, and
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Fig. 1. Micro-model layout: (a) Side view showing bottom plate

containing micro-model pattern and top plate just prior to bonding.

The glass slides are cover glasses 200mm thick. The photoresist layers

are 0.5 and 1.06mm. (b) Arrangement of inlet, outlet, and sample

(channel) regions. (c) Inlet and outlet holes are drilled in the top plate.

The inlet and outlet regions are approximately 3mm� 3mm. The post

for supporting the top plate are 300mm in diameter. The channel width

is 600mm and the length is approximately 1.0mm.
the photoresist was exposed to light through the mask.
In the exposed regions the photoresist became soluble to
a developer solution (a buffered base). After a brief time
in this solution the exposed photoresist dissolved while
the unexposed photoresist remained on the substrate.

This direct one-to-one exposure is straightforward.
However, more precise control over the micro-model
geometry can be achieved by projecting a mask image
through an optical microscope onto the photoresist [12].
This demagnifies the mask pattern, relaxing the dimen-
sional requirements for the mask. In our study a 5� 5 or
20� objective lens were used to demagnify the mask
features. This approach permitted successive exposures
of several different patterns with accurate relative
alignment of the patterns. An advantage of the
projection technique is that virtually any pattern can
be produced.

In the current work, a contact (one-to-one) exposure
was used to expose large (a few mm on a side) regions to
accommodate the inlet and outlet of the micro-model
(the upper and lower rectangular regions in Fig. 1b).
The micro-model was formed in the photoresist
separating these regions, using the more precise projec-
tion method. To ensure a precise definition of the
projection mask, a high-resolution (2500 dpi) laser
printer was used on a transparent medium. By project-
ing through a 5� lens, this gave a resolution on the
sample of 2 mm. Higher (submicron) resolutions can
readily be obtained using a more powerful lens [9,10].

The procedure just described produced a pattern of
open channels in a layer of photoresist. The micro-
model was completed by sealing the top of the channel,
and providing for inlet and outlet connections using a
second glass cover slip, as shown in Fig. 1. After drilling
two holes (diameter 0.5–1mm) in the glass cover slip, it
was coated with a layer of photoresist (usually AZ 1805,
with a thickness of 0.5 mm) and immediately sandwiched
onto the patterned substrate containing the flow pattern
(Fig. 1a). The two photoresist layers formed a leak-tight
bond under a light applied pressure. The integrity of this
bond was readily assessed by eye; a poor bond (e.g. due
to dust) resulted in pronounced interference fringes. The
holes in the top glass cover slip were aligned with the
inlet and outlet regions of the flow structure, allowing
fluid to enter and leave.
4. Micro-model patterns

Obtaining the geometry of the void space of a natural
or induced fracture in rock is difficult [13] because rocks
are opaque. To have a more direct control over the
fracture properties (size, void space distribution, and
correlation parameters) fracture geometries were nu-
merically generated and used to construct the micro-
model fractures. In this study, only the effect of changes
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Table 1

Numer of points per tier for generating uncorrelated (one tier) and

spatially correlated (five tier) synthetic fractures for used in the Monte-

Carlo study of the effect of contact area on fluid flow. Also given is the

average void fraction and standard deviation based on two hundred

simulations used to generate Figs. 6 and 7

Uncorrelated Correlated

Points per

tier

Void area fraction Points per

tier

Void area fraction

4000 0.42370.0019 7 0.29370.015

6800 0.60770.0022 8 0.42370.028

7200 0.62870.0022 9 0.54870.037

7400 0.63870.0022 10 0.66270.046

8200 0.67670.0022 11 0.74970.049

9400 0.72570.0022 12 0.81770.049

11,000 0.77970.0022 13 0.86570.051

12,000 0.80770.0020 14 0.90970.040

13,000 0.83270.0020 15 0.93070.044

14,000 0.85470.0019 20 0.98970.014

15,000 0.87370.0018 50 1.00071� 10�8

16,000 0.88970.0018

18,000 0.91670.0016

20,000 0.93670.0014

30,000 0.98470.0007

40,000 0.99670.0003

100,000 1.00073� 10�6
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in contact area (or void space volume) was examined.
The micro-model patterns were generated with a
constant aperture (approximately 1.06 mm) for a range
of void space areas. Simulated fractures were generated
with both spatially correlated and uncorrelated void
space distributions.

Numerically, each fracture was represented by an N �
N array of apertures where each element of the array
represents a single aperture and the entries of the array
represent the fracture plane. Uncorrelated fractures
were generated by taking an initially zero aperture
fracture and randomly placing small squares (points) of
fixed aperture within the array. Fig. 2a contains a
representative image of a spatially uncorrelated fracture
generated using this method. The parameters used to
generate the pattern in Fig. 2a are 9400 6� 6 squares
inside an array size of 512� 512. Fig. 2a has a void area
fraction of 0.72.

The spatially correlated aperture distributions were
based on a hierarchical construction of the fracture
aperture distribution known as stratified percolation
[14–16]. The stratified percolation method for generating
synthetic two-dimensional fractures is performed by a
recursive algorithm that defines a self-similar cascade in
which classical random continuum percolation is
applied on successively smaller scales (tiers). The
number of tiers and the number of points per tier (n)
controls the spatial correlation of the void space. To
start the generation, several (n) randomly positioned,
equi-sized squares are chosen within the fracture array
(the first tier). Within each sub-square (the second tier),
n smaller squares are chosen. The sub-squares are
reduced in linear size by a constant scale factor from
the previous tier. This recursive process is continued
until the final tier is reached. At this stage, the final small
squares represent the void space. This approach leads to
long-range spatial correlations because regions of non-
zero aperture can only occur within regions selected
throughout the hierarchy. With this algorithm it is
possible to generate fractures of variable aperture [16].
Fig. 2. Simulated fracture patterns (a) spatially uncorrelated and (b)

spatially correlated. The void area fractions for (a) and (b) are 0.72 and

0.52, respectively.
However, the current study only considers fractures with
a constant aperture to study the effect of changes in the
amount and spatial distribution of contact area on flow.
Fig. 2b shows a spatially correlated pattern generated by
the stratified percolation method for a five-tier pattern
generated using the following parameters: 9 points per
tier, a scale factor of 2.72 between tiers, and a final
square size of 4� 4 within a 600� 600 element array.
The area fraction of void space for the pattern in Fig. 2b
is 0.52.

Fractures with a range of void space areas were
produced. Table 1 shows the corresponding void areas.
The spatially uncorrelated (one-tier) patterns consisted
of 512� 512 array of ones and zeroes (representing void
regions and contact area, respectively) of the numeri-
cally generated pattern. The correlated patterns (five-tier
patterns) consisted of 600� 600 array.
5. Flow apparatus

Flow measurements were made using the apparatus
sketched in Fig. 3. Decane (J.T. Baker G143–07) was
used as the fluid in the experiments. The properties of
the decane are listed in Table 2. Fluid was coupled in
and out of the micro-model by o-rings coupled to the
holes drilled into the glass cover plate. Pressure was
applied to the inlet using a syringe pump, and measured
using a capacitance pressure gauge (accurate to within
2� 10�4 atm). The flow rate was measured by observing
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Fig. 3. Apparatus used for measurement of flow rates of decane and imaging of fluid geometry within a micro-model. The pressure sensors are

piezoelectric sensors (model PX550C1 from Omega Engineering).

Table 2

Properties of decane at 24.5�C

Specific gravity 0.727 g/ml

Surface tension 24.74mN/m

Viscosity 0.885 cp

Contact angle on glass 4.4�

Contact angle on photoresist 4.1�

(a) (b)

Fig. 4. (a) Captured video image of a spatially correlated micro-

model generated from the pattern in Fig. 2b. (b) The thresholded

image of (a).
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the fluid level in an outlet capillary that had a diameter
of 0.4mm. Level changes as small as 3� 10�3mm/s were
readily measured corresponding to a flow rate of
4� 10�7 cm�3/s.

In addition to measuring macroscopic properties
(applied pressure difference and total flow rate) optical
imaging can provide local details of fluid behavior. A
CCD camera was used in conjunction with an optical
microscope to observe fluid saturation in the micro-
models. The image in Fig. 4a was obtained in this way,
and has a resolution approaching that of the microscope
(B2 mm). The glass cover slips and the photoresist are
transparent allowing the micro-models to be observed in
either reflected or transmitted light. In addition, the
optical contrast is high allowing the flow of decane to be
readily observed without the need for dyes.
6. Results

The data in Fig. 5 show the measured flow per unit
head for the micro-model samples as a function of void
area fraction for both the spatially uncorrelated and
correlated micro-models. The apparatus surrounding
the fracture sample has permeability associated with it
that influences the measurements of the high perme-
ability samples. The effect of the inlet and outlet regions
of the micro-models as well as the other components of
the flow apparatus on the measured flow rate per unit
head was investigated using micro-models with a 100%
void space. The average flow of three open fractures was
compared with the analytic solution for flow between
two parallel plates to provide an estimate of the
permeability of the surrounding apparatus. For exam-
ple, the analytic solution for flow between two parallel
plates (600 mm� 600 mm� 1.06 mm) gives a flow rate
per unit pressure (or conductivity) of 9.776� 10�17m3/s/
Pa. However, three experimental measurements of the
flow rate per unit pressure (or conductivity) of this
case resulted in 3.318� 10�17, 3.998� 10�17, and
4.009� 10�17m3/s/Pa, all substantially lower than the
analytic result by an average factor of 2.6. Assuming
that the measured result (km) is a combination of the
conductivity of the sample region (ks) and the con-
ductivity of the surrounding regions (k0) we have the
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using Method I and Method II, compared with the measured flow per

unit pressure data (solid circles) (a) spatially uncorrelated and (b)
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following:

km ¼
ksko

ks þ ko
: ð1Þ

Averaging the three experimental results gives
km ¼ 3:775� 10�17 m3/s/Pa and solving for k0 in
Eq. (1) gives k0¼ 6:149� 10�17 m3/s/Pa. This value
was used to solve for ks (the corrected conductivity of
the sample region) for the experimental results. To
account for this effect, it was assumed that the extra
conductivity of the apparatus was constant for all
micro-models. The adjusted experimental results are
shown in Fig. 5.
7. Analysis

The fluid flow results from the micro-model were used
to validate a numerical model for simulating fluid flow
through single fractures. The flow properties of the
micro-model fractures were predicted numerically using
a network model similar to that of Yang et al. [17,18]
and Tran [19]. This method replaces the fracture with a
network of pipes to approximate the flow properties of
the fracture. Two algorithms were used to generate the
pipe network. Method I is called the lattice-grid method
and is direction-blind. The lattice-grid method creates
pipes linking each aperture element of the fracture with
neighboring elements, and the conductance of the pipes
is calculated based upon the analytic solution for flow
between two parallel plates. By considering the balance
of fluid flow into and out of each aperture element, a
system of linear equations is constructed for flow
through the fracture. For an N � N array, this method
leads to order N2 linear equations. Many of these
equations apply to regions of the fracture where further
simplifications may be justified.

Method II, the second algorithm, generates a network
of pipes that is not direction-blind. In Method II, the
construction of the network proceeds from the inlet side
of the fracture to the outlet side. Using the algorithm of
Yang et al. [17,18] and Tran [19] each row of aperture
elements perpendicular to the flow direction is consid-
ered in turn and contiguous regions of nonzero aperture
are coalesced into single large flow elements. The flow
elements generated in neighboring rows are linked by
pipes with conductances given by the analytic solution
for flow in an elliptical pipe. Thus, since the total
number of flow elements is reduced, the total number of
pipes is reduced. Flow elements in neighboring rows are
joined by pipes of the maximum width (not only based
on the midpoints) with the constraint that flow elements
in adjacent rows were not allowed to produce flow paths
which diverge by more than 45�. This corresponds to
assuming that the local flow is predominantly in the
same direction as the global flow. The flow results from
Method II did not agree with the flow results from the
lattice grid method. The calculated fluid flow results
from Method II were 20–40% lowered in value than the
flow predicted by the lattice grid method. The Method II
calculations take significantly less time and memory to
execute. Method II was typically 4–10 times faster and
used 4–8 times less memory than Method I. Implicit in
both network generation methods is the assumption that
the fluid flow is laminar and well approximated by the
analytic solutions employed locally.
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Images of the micro-models captured by video (e.g.,
Fig. 4a) were used to provide flow boundaries for the
flow simulator. Fig. 4b is the thresholded image of
Fig. 4a that was used in the simulator. Numerical results
obtained using the thresholded video-captured images
are shown as solid circles in Fig. 5. The experimental
micro-model data agree well with the numerical results
from Method II (elliptical pipes) for both the correlated
and uncorrelated micro-models. By simulating flow
through the processed video-captured images, the
micro-model behavior was reproduced to within 30–
50% using Method I (lattice-grid) and to within 10–30%
using Method II (elliptical pipes).

The flow rate as a function of void space fraction is
not smooth for these single realizations of random
patterns. Monte-Carlo simulations predict variability in
flow rate for any given void space fraction. The
variability in the flow properties for the correlated and
uncorrelated patterns was investigated using Method II
(elliptical pipes). Spatially correlated patterns (Fig. 6)
exhibit a larger variability in flow than the uncorrelated
patterns. A single realization of a spatially correlated
void space may not be representative of all spatially
correlated void space patterns because at this scale
(when the correlation length is equal to the size of the
sample) the fluctuations in flow dominate. However, a
well-defined average flow for the ensemble is still
attainable.

The flow predicted from the Monte-Carlo analysis
(Fig. 6) is smaller than that measured on the micro-
models (Fig. 5). While individual points in the numeri-
cally generated fractures can be resolved by the
photolithographic projection (2 mm resolution) smaller
features resulting from overlapping points cannot.
Consequently, the video-captured image shown in
Fig. 4a lacks fine structures evident in the original
computer generated pattern. In particular, small block-
age features are lost, and the permeability of the sample
is increased.

The numerical permeabilities (flow per unit pressure)
for the uncorrelated and correlated patterns exhibit
percolation thresholds of Ac ¼ 0:6 and 0.36, respectively
(Fig. 7). The low threshold of the correlated system is a
consequence of its intrinsically small-size renormaliza-
tion properties [20]. The permeability rises rapidly with
increasing void area above the critical threshold (Figs. 6
and 7). Near the threshold, flow as a function of area
occupancy exhibits a critical exponent given by

kpðA � AcÞ
t;

where the flow exponent tE2 is observed for both
the correlated and uncorrelated systems. The uncorre-
lated systems (Fig. 7a) move into the linear effective
medium regime only a little above threshold, while the
correlated systems retain critical scaling up to 100%
porosity (Fig. 7b).
8. Summary

Photolithography provides a means for constructing
micro-models with precise, computer-generated bound-
aries. Because the micro-model is transparent, local flow
properties can be readily observed using conventional
video cameras and optical microscopes. Images of the
experimental fracture geometry were used to quantify
the fidelity between the original model template and the
actual micro-model. These images indicated that fea-
tures smaller than approximately 5 mm were not resolved
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in the production of the micro-models used for this
study.

Two network flow models used flow boundaries
obtained from images of the micro-models. The second
graph-theory-based generation algorithm is much faster
than simple lattice-grid and requires less memory. The
lattice-grid method over-predicted the flow rates. The
elliptical pipe method was found to agree well with
the experimental data. However, both numerical algo-
rithms predicted the semi-quantitative trends in flow
rate observed for the micro-models.
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