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Abstract In this paper we describe a machine vision sys-
tem capable of high-resolution measurement of fluid veloc-
ity fields in complex 2D models of rock, providing essen-
tial data for the validation of the numerical models which
are widely applied in the oil and petroleum industries. Dig-
ital models, incorporating the properties of real rock, are
first generated, then physically replicated as layers of resin
or aluminium (200 mm × 200 mm) encapsulated between
transparent plates as a flowcell. This configuration enables
the geometry to be permeated with fluid and fluid motion
visualised using particle image velocimetry. Fluid velocity
fields are then computed using well-tested cross-correlation
techniques.

Keywords Fluid velocity fields · PIV · Cross-correlation ·
Porous fractured rock · Model validation

1 Introduction

Imaging-based approaches for the unobtrusive quantifica-
tion of fluid velocity have grown in popularity in recent
decades. Particle image velocimetry (PIV) (reviewed in [1])
emerged in the early eighties and has since evolved and been
deployed in a range of challenging fluid problems. The ba-
sis of the technique rests in seeding a fluid with reflective,
neutrally buoyant particles so that fluid motion can be vi-
sualised. Using a camera and illumination system to record
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the displacement of the moving particles in temporally sep-
arated images, the 2D velocity of the fluid is determined.
Included among the many applications of this technique are
the measurement of accelerations in water waves in a labora-
tory wave tank [2]; wind tunnel testing of racing car aerody-
namics [3] and the measurement of velocity fields in micro
fluidics devices [4]. Common to all these applications are
closely controlled laboratory conditions where the experi-
mental apparatus is designed to maximise the visibility of
the fluid and the camera and lighting systems are integrated
into the system. Field-based applications are less common
and the potential for geophysical fluid applications, where
flow is located deep in the sub-surface and access is re-
stricted to boreholes, is particularly and understandably lim-
ited. In this applied project, however, which focuses on the
validation of numerical models of flow in rock, it has been
possible to develop a laboratory-based system that investi-
gates flow in materials designed to incorporate the properties
of real rock in a way that has not previously been possible.

The motivation for this research rests in the use of nu-
merical modelling to investigate different scenarios and test
different hypotheses in the earth sciences and, more specif-
ically, in the characterisation of inaccessible sub-surface
aquifers and oil reservoirs. Numerical modelling is com-
monly applied to such tasks and suites of models have been
developed dealing specifically with the movement of geo-
fluids. Originally models tended to be based on a continuum
approximation and reliant on defining some average prop-
erties of the material but more recently there has been a
growth in the application of discrete modelling techniques
and in particular the Lattice Gas [5] and Lattice Boltzmann
[6] schemes, variations of which are now widely available
in both 2D and 3D. These models are considered more ap-
propriate to predicting flow in realistic rock geometries, as
field and laboratory measurements indicate that many prop-
erties of the material are inherently complex and scale in-
variant (reviewed in [7]), and thus lack the characteristic
length scale which is requisite to the continuum approxima-
tion.
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For these and other models the quality of the predicted
velocity fields is wholly dependent on the realism of the nu-
merical model, which must be established through thorough
validation. At present however, due to the difficulty in ob-
taining reliable measurements of flow in well-defined rock
geometries, modellers can only assume that, if validated for
simple geometries, their models are equally accurate in more
complex geometries, even though the boundary conditions
required for these models are very much more complicated.

Motivated by the inadequacy of existing data for the val-
idation of numerical models, this research uses a machine
vision-based measurement system to fully determine 2D ve-
locity fields in precisely defined complex, physical geome-
tries. Following the definition of the numerical geometries
as binary image maps and their translation to a physical for-
mat, the imaging system is used to analyse the velocity field
in a fully automated process requiring a precision lighting
and image capture system, an automated positioning system
and image analysis software. A stationary flow field is im-
perative and is maintained by a fluid system that guarantees
a constant, controlled flow through each model for the dura-
tion of each experimental run.

In this paper we will specifically concentrate on describ-
ing the machine vision aspects of our work; further details
on the geophysical aspects of the research and more detailed
discussions on the results can be found in [8]. We describe
the system as follows. In Sect. 2, we first briefly outline the
definition of numerical geometries and their translation into
precise physical copies, encapsulated in a Hele–Shaw cell
and able to be permeated with fluid. In Sect. 3, the exper-
imental hardware is described, comprising a fluid system,
an imaging system and a stepper-motor controlled drive sys-
tem. Section 4 considers the software which automates the
entire analysis process, controls the hardware and measures
fluid velocity. In Sect. 5, we give a number of results and
finally, in Sect. 6 some conclusions are presented.

2 Rock models

The first step towards generating a physical model for anal-
ysis is the definition of a 2D binary image map, a boolean
image of solid and void space, incorporating the features of
a rock geometry requisite to a particular investigation. These
investigations may focus on any structure of geophysical in-
terest; from the degree to which fluid flow is controlled by
the roughness of fracture surfaces, the flow interaction be-
tween a tightly packed rock matrix and open fracture chan-
nels or the complexity of flow through a complex fracture
network, where connectivity produces preferential pathways
for flow.

A software package has been produced to control
the construction of the various 2D numerical geometries,
integrating the different numerical algorithms that are used
to produce the features required for each investigation.
Rock matrix, for example, is represented by distributions
of discs, compressed using a Discrete Element Method [9]

into a set area, until a specified porosity is attained. Fracture
networks are represented by distributions of line segments
with fractal or lognormal distributions of length (e.g. [10])
and various statistical controls on connectivity and aperture.
Single fractures can also be defined with a roughness
controlled by self-affine fractal statistics, and corresponding
with measurements of fracture roughness from field and
laboratory studies (e.g. [11–13]). Additionally there is
provision for the conversion of actual images of the pore
space from rock thin sections to a binary image map which
can then be translated to a physical model. The output image
file (holding the binary map) serves both as the template for
the production of the physical model using computerised
machining and rapid prototyping techniques and as input
for simulation using a numerical model. On inspection the
binary image maps (two of which are shown in Fig. 1)
may seem a crude approximation of actual rock. This is
necessarily so, as they are constrained by what is resolvable
in the production of the physical geometry (for the current
dimensions of the model, 200 mm × 200 mm, we cannot
exceed three orders of magnitude in detail), yet within these
limits the algorithms used in their generation incorporate
the complex, fractal properties measured in field and
laboratory studies, resulting in complex flow patterns which
are ideal to thoroughly assess the performance of numerical
models.

The physical model is based on a Hele–Shaw cell, and
comprises a pair of rigid, transparent plates (200 mm ×
200 mm) separated by a layer of material identical to the
binary image map, ensuring that fluid motion throughout
the void space of the material can be quantified using imag-
ing techniques. The solid layer, identical to the numerical
model, is generated using either stereolithography (SL) or
wire electric discharge machining (EDM), in resin and alu-
minium, respectively. The thickness of the layer was opti-
mised at 2 mm following preliminary testing which showed
this to be the minimum aperture which allowed saturation
without trapping air pockets in the interstices.

Complex geometries consisting of many small elements,
that could not be arranged manually between the plates, are
produced using SL in which a laser is used to reproduce the
binary image map of the geometry, layer by layer, in photo-
sensitive monomer on a glass base plate according to a 3D
representation of the object in a CAD system [14]. Such a
model, a porous fractured rock with a fracture network, is
shown in Fig. 1(a).

To generate the physical model, a glass base-plate
(200 mm × 200 mm) is first placed on a platform and
submerged in liquid resin to a depth of 0.1 mm (Fig. 2(a)).
This provides a base on which the medium is built and
subsequently forms one side of the flowcell. Following the
binary image map of the medium a laser then moves across
the plate, selectively curing sections corresponding to the
solid areas of the model. Once a layer is complete, the model
is again submerged in the resin to coat the previous layer
and the process is repeated, continuing until a 2 mm layer
has been generated. The model is then cleaned thoroughly
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Fig. 1 2D digital models (200 mm × 200 mm) are generated for production of the physical model and as templates for simulation using the
numerical models. Two examples are shown: a An idealised fracture set superposed on a rock matrix, comprising many small elements and
suited to production using stereolithography and b A model of fracture roughness consisting of fewer elements and produced using wire EDM

Fig. 2 Production of the physical models using stereolithography (SL) and Wire EDM. a Models composed of many small elements are produced
using SL (i), where a laser selectively hardens photosensitive resin following the digital image of the model. (ii) 3D drawing of a completed
physical model (iii) enlarged section (30 mm × 40 mm) showing the resin elements. b Models composed of fewer elements are produced in
aluminium sheet by wire EDM (i). Photograph of a completed model (ii)
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Fig. 3 The experimental rig. The numbers refer to the components listed as follows: (1) flowcell unit, (2) horizontal and vertical trolleys, (3)
camera, (4) lighting (hidden), (5) fluid lines, (6) HPLC (high-pressure-liquid-chromatography) pump, (7) reservoir and (8) pressurised eluent
flask (water and flow marker particles). All electronic components are connected to a computer located to the right of the rig

and a top plate is bonded in place by applying epoxy resin
to the surface of the resin layer using a silk-screening
procedure. The model is then complete and is left to cure
for 48 h at room temperature (∼16◦C) before use.

Simpler geometries with fewer elements are produced by
wire EDM, which uses spark erosion to cut defined traces
in aluminium sheet. These are then assembled by hand be-
tween Perspex sheets to match the digital model. A model
produced using this technique is shown in Fig. 2(b), con-
sisting of three fracture apertures with self-affine roughness.
Each trace is produced as a self-affine trace [15], normalised
to the scale of interest and a 300 mm section extracted and
output as a script file to AutoCAD where the model is con-
structed as a 2D image and prepared for cutting in 2 mm
aluminium using wire EDM. This technique uses a copper
wire electrode to generate an electric discharge and erode a
trace (0.1 mm wide) through 2 mm aluminium sheet. The
resolution of the resulting model is on the order of 0.1 mm
(∼2% of the minimum amplitude). When complete, the alu-
minium sheet is removed from the machine, trimmed to size
and anodised to prevent the aluminium oxidising when sat-
urated with fluid. The fracture sections are then bolted in
place between transparent plates to match the binary image
map of the model.

3 Experimental hardware

The experimental hardware (shown in Fig. 3) comprises
three key components:

1. The fluid system
2. Imaging and illumination
3. Automated positioning of the flowcell

The components of the system are housed on a steel
frame designed to minimise vibrations. The flowcell is at-
tached to a pair of moveable trolleys on the central support
of the rig that allow the position of the flowcell to be adjusted
by controlled stepper motors. The trolleys move the flowcell
relative to the camera and lighting which are mounted on
stands to the front and rear of the rig and ensure the system-
atic measurement of fluid velocity in small sub-areas to pro-
duce a full, high-resolution map of velocity throughout each
model. With the exception of the fluid system all hardware is
interfaced with the measurement software as a complete ap-
plication that manages the measurement of the velocity field
in each model.

3.1 The fluid system

Fluid is circulated through the flowcell at a constant volu-
metric flow rate for the duration of each analysis. Foam-
lined clamps, fitted to a 10 mm Perspex plate, compress
against the edges of the flowcell and seal it. The clamps
at the top and base of the unit are fitted with connectors to
the inlet and outlet pipes and all contacts are sealed with a
silicone-based sealant. The clamped unit bolts vertically to
trolleys at the front of the rig. Fluid is pumped from the base
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Fig. 4 Side-view of the imaging system showing the cross-focussed illumination and the camera co-focussed on an 8 mm sub-area of the flowcell

of the system through the flowcell, allowing any gas bub-
bles to rise with the fluid and leave the system. Maintaining
a stationary flow field throughout the flowcell for the du-
ration of each analysis is imperative. This is achieved with
a pumped fluid system comprising a high pressure liquid
chromatography (HPLC) pump, a pressurised storage con-
tainer, fluid lines and a reservoir. The HPLC pump ensures
a fully adjustable flow rate with zero pulsation which can,
if required, be software controlled. Fluid is extracted from
the reservoir and passed through the pump to a pressurised
eluent bottle filled with a suspension of micro-particles in
distilled water. These hollow borosilicate glass spheres (TSI
model 10089), with a nominal mean diameter of 8–12 µm,
are almost neutrally dense in water (1.05–1.15 g cc−1) and
contrast strongly when backlit in water. The particles are ini-
tially added to 100 ml water and ∼1 ml of dilute detergent
solution (to break surface tension) and stirred vigorously to
produce a well-mixed suspension which is then gradually
added to another 1.5 l of water in the pressurised eluent
flask. The seeded fluid is driven from the pressurised bottle
through an input line to a manifold at the base of the flowcell
unit. The same arrangement at the top of the unit terminates
at an outlet pipe to the reservoir where filters ensure the flow
seed cannot be re-circulated through the pump. Particle den-
sity is monitored as the concentration is increased to ensure
it is optimal for analysis (∼30 particles mm−2).

3.2 Imaging and illumination

The experimental rig ensures the movement of the fluid
through the flowcell is visible and quantifiable using a parti-
cle image velocimetry (PIV) technique. (An optical flow ap-
proach was considered to be too computationally expensive

for this particular application). The precise specifications of
such PIV systems must be customised to the application, but
in general, one of two standard approaches is adopted for im-
age acquisition; either multiple exposures of an area within a
single frame using a pulsed light source or a single exposure
per image frame using a continuous light source and a pre-
cisely triggered camera. In this application, fluid velocities
are low and laminar (the range in a standard medium is gen-
erally 0–15 mm s−1) making it feasible to employ a single
frame capture approach with a camera acquiring up to 30 im-
ages of an 8 mm×8 mm sub-area of the flowcell per second.
This approach obviates the directional ambiguity associated
with a single frame approach as the direction is easily de-
termined by registering the particle images according to the
order in which they are captured.

Following a lengthy test period during which many dif-
ferent configurations were evaluated, the optimal set-up for
measuring fluid velocities involves indirect cross-focussed
backlighting of an 8 mm sub-area of the flowcell (see Fig. 4).
This is imaged by a high-resolution camera focused on the
plane central to the flowcell and the positions of the flow
marker particles at intervals are recorded. The region of in-
terest for measurements is a narrow (∼50 µm) plane at the
midpoint of the 2 mm space between the plates of the flow-
cell. Under laminar flow conditions this midpoint represents
the peak of the parabolic velocity profile which develops be-
tween the plates. While most PIV applications illuminate a
two-dimensional plane with a light sheet, the configuration
of the flowcell in this application precludes this and conse-
quently, in common with [4], the entire volume is illumi-
nated and the quasi-two-dimensional measurement region is
determined by focusing the camera to minimise the depth of
field. Particles outside this narrow region are out of focus,
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appear larger and darker and can, therefore, be excluded
from analysis using image processing techniques.

To maximise the contrast between the micro-particles
and the fluid within each sub-area, the field of view is backlit
obliquely by cross-focusing two uniform, cold light sources.
Back illumination diffracts the incident light, and conse-
quently each particle appears larger, occupying an area of
4–5 pixels, which is readily identifiable when imaged and,
importantly, allows the use of smaller and neutrally dense
marker particles. The lighting unit consists of a fan-cooled
illumination source containing a 150 W 15v Tungsten Halo-
gen lamp mounted in a dichroic mirror reflector, providing
a near-uniform light source. A fibre-optic cable with a sin-
gle input transmits light from the source unit and splits it
into two intense outputs. This provides intense, cold illumi-
nation and the branched cable is easily positioned and fitted
into the condenser system which is fixed at the rear of the
system and centred on the optical axis of the camera. The
lighting is focused to intersect and coincide with the field of
view of the camera, illuminating the marker particles mov-
ing through that area.

The camera, an Adimec MX12P, is positioned at the
front of the flowcell unit to focus on an 8 mm × 8 mm field
of view along the central plane of the flowcell. A Computar
M-55 telecentric lens with a 2X-extender lens sets the min-
imum field of view to 8 mm × 8 mm and ensures a con-
stant, distortion-free magnification across the field of view.
The camera charged-coupled device (CCD) array comprises
1024 × 1024 pixels, is 2/3 in. in diameter with a 1:1 aspect
ratio and delivers up to 30 frames per second through a com-
posite video output signal to the frame grabber memory. The
minimum field of view of the camera determines the mea-
surement resolution of the system, as the flow marker par-
ticles must be clearly visible within the 1024 × 1024 pixel
image frame (a pixel resolution of 7.8125 µm).

Image acquisition is precisely controlled by an externally
generated trigger input signal supplied from the controlling
software which triggers the camera to acquire images at any
required separation time up to a maximum of 30 frames per
second. This ensures velocity measurements, made on the
basis of comparing particle positions in temporally separate
images, relate precisely to a velocity in mm s−1 and ensures
consistency among all image pairs. The triggering is syn-
chronised with the high-speed variable-scan frame grabber
(DT3162 Data Translation Inc), which connects to the PCI
bus to allow rapid transfer of each monochrome image to
CPU memory. The use of cross-correlation in the present
system requires images to be acquired at precise separation
times and written into labelled memory buffers in the order
in which they are captured.

3.3 Automated positioning of the flowcell

Measurement of the flowcell is effected by subdivision into 8
mm sub-areas and moving the flowcell relative to the camera
on a fixed reference system so that each sub-area lies within
the field of view of the camera. The sub-areas are defined,

prior to analysis, as a grid on the binary image map, with
an overlap of 1 mm. This overlap ensures the edges of each
sub-area are adequately sampled when further sub-divided
into 1 mm interrogation areas (IA) at 0.5 mm intervals. The
IA are then compared with the solid/void map of the sub-
area and those with >60% solid are excluded from the anal-
ysis, as IA with solid fractions above this cannot be mea-
sured accurately using cross-correlation. The co-ordinates
of all sub-areas and the IA within these sub-areas are then
stored in a look-up file and read into the control software
at the start of each analysis along with a defined reference
location.

The positioning system controls the analysis of the flow-
cell by systematically placing each sub-area within the field
of view of the camera and engaging position correction soft-
ware to ensure the field of view corresponds exactly to the
required section of the flowcell. The flowcell unit is attached
to a pair of trolleys resting on linear guideways and is driven
horizontally and vertically by geared stepper motors. A dig-
ital I/O and counter timer controls positioning by generating
pulsed commands to the stepper motors from within the soft-
ware, each output pulse producing a shift of 9.26 µm in the
position of either trolley.

To initiate the analysis, an 8 mm reference area is located
in the binary image map of the medium and then co-located
on the flowcell. The position of the flowcell is then adjusted
to bring this area within the field of view of the camera. The
co-ordinates of this area are then set as a reference and all
movements to other sub-areas throughout the analysis are
relative to this.

On each move to a new sub-area, the accuracy of the po-
sition relative to the binary image is determined. Each move-
ment incurs errors due to hysteresis on the order of 0.05%,
small enough to cause no significant loss in accuracy in a
move to a single sub-area but becoming unacceptable over
several movements. To address this, the software incorpo-
rates a routine to assess the goodness of fit between an im-
age of the field of view after each movement of the flowcell
and the corresponding section of the binary image.

An 8 mm × 8 mm section of the binary image, and an ad-
ditional edge of 1 mm, showing the exact position of the sub-
area, are extracted. An image of the field of view is taken,
thresholded to produce a binary image and converted to the
same resolution where an 8 mm section is represented by 82
× 82 pixels. This coarsened image (RI) is then moved sys-
tematically across the section of the binary image map (RM)
and the sum (σ n) of the product of the image and the sec-
tion of the binary image on which it is overlain calculated
for each shift n, as

σn =
∑

i, j

RI
i j RM

i j

The position corresponding to the best fit maximises the
sum (σ n) of the product. The offset is then calculated and
the flowcell repositioned accordingly. The position is then
rechecked and the process continues until the error in posi-
tion is less than 50 µm.
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Fig. 5 Outline of the application structure

4 The measurement system—software

The preceding sections describe the hardware components
of this machine vision-based measurement application, de-
veloped to optimise the acquisition of the images that are
the basis of quantifying the velocity field in the physical
models. Controlling the hardware components and the pro-
cess of analysing the images to determine velocity is a sin-
gle software application, the structure of which is shown in
Fig. 5. The complete application consists of seven core mod-
ules. The main module is written in FORTRAN and con-
trols the overall process from image capture to final anal-
ysis. The frame grabber is accessed through an Active X
control and both the camera and Amplicon card (control-
ling the stepper motors) are accessed via Dynamic Linked
Library modules (DLLs). The three bottom layer modules
were supplied with the associated hardware. In order to
link these modules to the main application separate ‘inter-
face’ modules were written in C, since there was no simple
mechanism to call each of the modules directly from FOR-
TRAN. These higher level modules also provide a simplified
and consistent interface to the libraries controlling the hard-
ware. Note that the frame grabber module also makes calls
to the camera module. This is necessary in order to allow
the camera integration and separation times to be set and
to ensure that the frame grabber and camera are synchro-
nized during image capture (via triggering signals). There is
also provision for controlling the fluid system via the HPLC
pump but this has not been necessary in experiments to
date.

Pseudo-code describing the structure of the complete ap-
plication and the processes involved in measuring a velocity
field is given in Fig. 6. We follow this with a description of
the analysis of a single sub-area, concluding with the treat-
ment of the output velocity data to remove erroneous vectors
and a description of the measures we have taken to ensure
the quality of the data.

4.1 Initialising the measurement run

Following initialisation and registration of a reference lo-
cation in the flowcell, the stepper motor controls move the
flowcell to the first sub-area for measurement. The accuracy
of the position is checked against the binary image map of

Fig. 6 Pseudo-code describing the structure of the application

the area and following any re-positioning the analysis of the
area commences.

4.2 Image acquisition

Cross-correlation operates on pairs of images separated by
an interval adjusted according to the velocity of the fluid. A
particle population captured in the first of a pair of images
(captured at time t) and also present in the second image
(captured at time t + �t), when compared, allows the offset
corresponding to particle displacement during the interval to
be quantified.

The definition of the size of the interrogation areas and
the separation time are crucial to the success of this approach
and must be optimised to maximise the number of particles
common to both images while ensuring a significant parti-
cle displacement between images. Large interrogation areas
allow higher velocities to be measured by ensuring a greater
percentage of the particles are common to both images but



350 R. Cassidy et al.

at considerable cost in terms of resolution. In terms of the
separation time used, we undertook tests on both real and
synthetic data, which established that a separation time in
which the population has moved in excess of 40% of the in-
terrogation area increases measurement error significantly,
as an increased portion of the particle population captured
in the first field will have left the area, reducing the signal-
to-noise ratio.

On balance, therefore, it was decided to restrict the in-
terrogation areas (IA) to 1 mm2 and to account for veloc-
ity variations by applying an adaptive separation time opti-
mised to the velocities in each sub-area. The complexity of
the models, where a high velocity fracture can be juxtaposed
with a near-stationary pore throat, means that over the space
of a few millimetres there can be a significant variation in
velocity. This requires each IA to be dealt with separately
in terms of separation times to ensure the displacement be-
tween images for any IA is within a range of 10–40 pixels in
each direction.

This is implemented by first setting the HPLC pump-
ing rate after saturation to ensure the highest velocity areas
of the model can be measured at the maximum rate of 30
frames s−1, which for 1mm interrogation areas, is an up-
per limit on measurement of ∼15 mm s−1. All interrogation
areas within each sub-area are then initially imaged at this
rate. The velocity vectors in each IA are then assessed to
locate those with minimal displacement and these are then
resampled at separation times scaled-up to ensure a signifi-
cant displacement. In sub-areas exhibiting a broad range of
velocities, up to six different separation times may be nec-
essary to analyse the velocity field accurately. As there is no
physical limit on the length of separation time that can be
used, the system is able to measure very low flow rates. A
separation time of 60 s will, for example, accurately mea-
sure velocities in the range 0.001–0.005 mm s−1 although
for most of the models the measured velocity extends over
three orders of magnitude as it is necessary to balance the
duration of the experimental run with the potential for dete-
rioration in model quality from prolonged saturation.

4.3 Image processing

Subtraction and thresholding are first applied to each im-
age pair to remove noise and isolate the flow marker par-
ticles. The pixels in each 10242 image array are allocated
a greyscale value from 0 (black) to 255 (white). Under il-
lumination, the flow marker particles appear white (high-
greyscale values) while the fluid appears grey and the solid
areas either white or black (dependent on whether a resin or
aluminium medium is used).

Direct subtraction of an image pair isolates all altered
pixels between the first and second images and eliminates
stationary values. The moving marker particles are responsi-
ble for the main disparity between images, creating a strong
signal by their presence at a location in the first image and
their absence in the next. Those particles which are in fo-
cus (within the depth of field) generate the strongest signal.

Slight changes due to shifting ambient light and noise in the
camera CCD also arise, but have generally a smaller ampli-
tude, which enables their exclusion by careful optimisation
of a threshold. The threshold, which is set in an empirical
procedure at the beginning of each measurement run, as-
signs a unit value to all subtracted pixel values above a limit
and a zero to those below. This is performed for both the
positive and negative returns from subtraction, the former
corresponding to the first image in the pair and the latter
to the second image. Careful optimisation ensures that only
particles within the depth of field, which have the highest
greyscale levels, are included in the analysis and output as
a pair of binary images containing the isolated flow marker
particles corresponding to the original images.

4.4 Cross-correlation

Following subtraction and thresholding, individual IAs cor-
responding to a section of 128 × 128 pixels (Fig. 7) in each
of the output binary image pair are analysed using a fre-
quency domain cross-correlation algorithm which computes
the correlation between images by comparing them both di-
rectly superposed, and with one offset relative to the other.

The correlation (described in detail in [16]) between two
(1D) continuous functions g(t) and h(t) is defined by

Corr (g, h) ≡
∫ ∞

−∞
g (τ + t)h (τ ) dτ

where the correlation is a function of the lag, t. The correla-
tion will be large at some value of t if the first function (g) is

Fig. 7 An 8 mm sub-area showing an interrogation area (1282 pixels)
in red. Resin elements and marker particles appear white and the fluid-
filled areas dark grey
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a close copy of the second (h) but lags it in time by t, i.e. if
the first function is shifted to the right of the second to match
the shift in particle positions between images. Similarly, the
correlation will be large for a negative value of t if the first
function is displaced to the left of the second.

It therefore lies in the time domain, and is one member
of the transform pair:

Corr(g, h) ⇔ G ( f ) H∗ ( f )

where G(f) and H∗(f) are the Fourier transform and the com-
plex conjugate of the Fourier transform, respectively, where
g and h are real functions. Multiplying the Fourier transform
of one function by the complex conjugate of the Fourier
transform of the other gives the Fourier transform of their
correlation. The inverse of this product (rk) is a complex
vector of length N. As the original datasets were real, how-
ever, the imaginary parts are zero. The components of rk are
the values of the correlation at different lags, with positive
and negative lags stored in wrap-around order. The max-
imum value in the resultant 2D correlation function, rep-
resents the physical displacement between image sections
producing the best fit. This displacement is directly related
to fluid velocity through the separation time used. A single
analysis is not, in general, enough to procure an accurate
determination of velocity for all interrogation areas in any
sub-area. The density of marker particles in an interrogation
area may be too high or low, or light diffracted from the solid
areas of the model may interfere with image quality result-
ing in a spurious peak. To counteract this, multiple measure-
ments are taken by acquiring and processing multiple image
pairs and the return from each cross-correlation stacked by
repeated addition of the 2D correlation functions. After the
correlation fields for five image pairs are stacked the vector
field for the sub-area is assessed to determine:

• Areas requiring analysis at longer separation times to ac-
count for lower velocity regions and

• Areas requiring further analysis to improve the signal
peak due, in general, to contamination of the field of
view.

For the majority of areas five iterations are enough to
produce a strong signal and these values are stored. For areas
with a low signal to noise ratio (due, in general to some con-
tamination of the physical model) and in areas with a broad
variation in velocity, further analysis is required. While a
displacement in excess of 10% of the IA is considered ac-
ceptable in terms of measurement resolution, areas with a
displacement less than this are marked for analysis at ex-
tended separation times ensuring a significant shift in parti-
cle position between images. Additionally areas deviating
significantly from adjacent values are tagged as potential
outliers and further images are analysed and stacked to allow
the signal peak to stabilise by dampening extraneous noise.
If additional stacking fails to improve the measurement, the
value is stored but tagged to denote the irregularity.

The accumulated peak for each interrogation area is in-
terpolated to a sub-pixel scale to provide a higher resolution

estimate of the location of the cross-correlation maximum.
Several peak fitting algorithms were assessed and for accu-
racy and computational efficiency a procedure which fits a
series of 1D polynomials was finally adopted.

The computed x and y displacements, in pixels, dp,

are converted to velocity, v, (in mm s−1) by the relation
v = 1000

�t pdp where �t is the separation time and p is the
size of a pixel in millimetres (corresponding to 0.0078125
mm for an 8 mm field of view captured on a 10242 CCD).
These are written to output files, each referenced to the cen-
tre of the interrogation area in real co-ordinates. The posi-
tioning system then re-engages to move to the next sub-area
and repeats this process, building up a completed velocity
field for the physical model.

Figure 8 shows the measured velocity field in an area of
14 mm × 10 mm for flow converging at the top of a disc in
a straight channel, showing the individual vectors plotted at
the centre of each IA.

Each physical model takes ∼48 h to complete and results
in a data set which typically contains 80,000 measured ve-
locities all referenced to precise locations and with attached
meta-data describing the quality of each measurement. The
need for computational efficiency in the analysis means that
detailed examination of potentially irregular measurements
during the analysis is not possible. Instead they are tagged
and dealt with during post-measurement filtering, when po-
tentially erroneous vectors are excluded from the data set.

4.5 Measurement quality and accuracy

Various controlling steps have been implemented to ensure
the quality of the data sets produced using this technique.
These include the development of a checking procedure
which assesses the clarity of the sub-areas in each model
prior to processing and extensive sensitivity testing of the
measurement algorithms during development.

4.5.1 Image quality

Measurement accuracy is reliant on image quality and all
models are affected to some degree by areas that cannot be
measured due to poor contrast between the marker particles
and the fluid. The factors which contribute to this include the
following:

• Impurities on the surface of the transparent plates. The
clarity of the plates, whether made of glass or Perspex, is
crucial. Back illumination highlights any scratches, dust
or residual sealant and the resultant glare obscures the
flow marker particles when imaged.

• Residual resin. The variable quality of the models pro-
duced by the stereolithographers has been a problem. A
recent change of resin and technique has resulted in hard-
ened deposits of resin in the interstices between model
sections which must be scraped or, in extreme cases, cut
out.
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Fig. 8 Measured sub-area of a model, approximately 14 mm ×10 mm. Each vector corresponds to a single measurement in an interrogation
area. Areas without vectors are where clarity affected velocity measurement resulting in tagged values which were excluded following analysis

• Illumination and backscatter. Diffraction around the
edges of the resin particles can obscure areas of the field
of view. Even where the plates and the interstices be-
tween resin sections are completely clean, the config-
uration of certain sections diffract the incident light to
obscure the flow marker particles.

To ensure measurement quality all interrogation areas
within each model are examined and assigned a degraded
IA removal threshold (DIRT) value according to the fraction
of each image that is contaminated. The basis of determin-
ing the DIRT is that opaque areas reflect the incident light in
the same manner as the flow seed and thus appear white in
the image (a greyscale maximum of 255). By assessing the
fraction of the void space in each IA with a high greyscale
value out of a worst-case where the entire area is obscured,
problem-areas are excluded from analysis.

A 1024 × 1024 pixel image of the entire 8 mm sub-area
is first captured. The equivalent section of the binary image
map is then extracted and re-scaled to allow direct compari-
son with the image. This section acts as a mask array, where
the solid area has a null value and the void space a unit value,
and is used to eliminate the solid part of the image from
calculations by obtaining the product of the image and the
mask. This sets all pixels in the solid fraction of the image
to zero. For each defined interrogation area within this sub-
area the clarity of the image is now assessed.

The total void area, the number of pixels in the void
space (nv) and the total light in this void area, the sum of
all pixels (

∑
P), are then computed. Where the entire area is

obscured, and appears white, the light level would be 255.nv.

The opaque fraction, or DIRT, for the area is obtained by
∑

P

255.nv

and is stored with each velocity measurement. During mea-
surement all IA with >75% DIRT are ignored and, when
evaluating the data set following analysis, the DIRT value is
used as a guide to eliminating erroneous measurements.

4.5.2 Sensitivity of the measurement algorithms

In addition to determining image quality for the measure-
ment of each model, we also examined the accuracy of the
cross-correlation technique in determining the averaged ve-
locity within a defined area. The algorithm was extensively
tested using synthetic data during development to ensure for
a given displacement of particles and different levels of noise
that the returned vector was identical to that input, and care-
ful measurements of noise tolerance were made and these
used to limit the measurement process.

Once the system was fully operational a further test was
undertaken to examine the robustness of the algorithm in the
working experimental system. This involved comparing the
automated measurements returned by the cross-correlation
algorithm for different locations and velocities in the flow-
cell with measurements taken by hand from a live video of
flow in the same areas. For the manual measurements, a live
video image of a field of view was activated. The flow rate
at the HPLC pump was set and allowed to equilibrate and
the movement of the marker particles observed in real time.
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Fig. 9 Comparison of the automated measurements obtained from cross-correlation with those digitised manually in the image pairs for different
velocities. Data are plotted on a log–log graph to show the lower velocities more clearly. Error bars are the standard deviation of the measurement
in linear space

Lines were marked on the screen at 1 cm intervals normal to
the direction of flow. A program was then activated which
timed precisely the interval between successive key inputs.
Marker particles were tracked and recorded as they crossed
each line, storing the time taken for a particle to move the set
distance between lines. Successive measurements, tracking
multiple particles in an area ∼1 mm wide, were taken and
from the slope of a graph of time against distance, the ve-
locity was determined. Simultaneously automated measure-
ments were acquired using cross-correlation. The average
and standard deviation of both sets of measurements were
then calculated. This analysis was completed over a wide
range of flow rates and the automated and measured veloc-
ities compared (see Fig. 9) Error bars on the log-log plot
of the measured velocities are the standard deviations of the
measurements in linear space. This exercise was the real test
of the quality of the experimental system and demonstrates
excellent agreement over almost three orders of magnitude,
confirming the robustness and accuracy of the technique.

4.6 Filtering the output

The completed analysis produces an output data file con-
taining on the order of 80,000 velocity measurements. Each
measurement is referenced to the centre of the IA and has at-
tributed to it information on the clarity of the IA and whether
the vector was tagged as potentially erroneous. A fraction of
incorrect measurements is inevitable in all data sets due to
the automation of the measurement process and the impos-
sibility of ensuring all IA are in optimum condition for mea-
surement. The fraction is dependent on the quality and the
clarity of the model.

While the estimation of a DIRT value for each IA prior
to analysis is effective in excluding contaminated areas from
analysis, it is not infallible and as such it is necessary at the
conclusion of the measurement process to evaluate the out-
put velocity field and filter erroneous vectors to maximise
the quality of the output data sets.

Filtering initially involves identifying all tagged values
in the data set and evaluating them through comparison with
the computed mean and standard deviation of the x- and y-
components of velocity for all neighbouring measurements.
If the measurement exceeds one standard deviation of the
mean for either component then it is excluded from the data
set. This has been tested and is effective in eliminating the
majority of outliers but fails where there is a cluster of in-
correct measurements, as would occur when a large area of
the field of view is obscured and in narrow interstices where
there are few or no immediately adjacent measurements. Af-
ter consideration of various methods and assessment of each,
the most effective method for eliminating these values has
proven to be by visual inspection. Remaining outliers are
clearly identifiable in the vector displays by both colour and
orientation and a program was produced to plot the vector
field for a small area and to allow, using cursor control, er-
roneous values to be selected and removed by hand. This is
not time consuming as the preceding assessment removed
the majority and outliers are easily identified.

5 Experimental results

To date we have measured the velocity fields in a range
of geometries. Each velocity field is produced by plotting
the vectors, centred on each interrogation area and scaled
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Fig. 10 a Map of velocity for a dual porosity resin model, shown in Fig. 1(a) and b an enlarged sub-area (red box on left) showing the vectors,
with magnitude according to the colour scale

according to colour and length, on the digital image of the
medium. There is no interpolation of the data, as this can im-
ply measurements were taken in areas that could not be anal-
ysed. The white areas in each velocity field, therefore, cor-
respond to areas for which there are no associated measure-
ments. The absence of a measurement is indicative either of
an area where a high DIRT fraction precludes measurement,
where a measurement was taken and discarded during filter-
ing or because the velocity in the area was too low for the
range of separation times used, returning a value of zero.

Here, to maintain consistency and as it demonstrates the
nature of the measured data as well as some limitations of
the system, the velocity field for one of the models (Fig.
1(a)), produced using stereolithography is described briefly.

The completed velocity field for the model is shown in
Fig. 10(a) and an enlarged section of the model showing the
detail in a sub-area of the vector field is shown in Fig. 10(b).
The measurement resolution with this technique allows the
interaction between matrix and fracture flow to be clearly
observed and recorded and such complex flow patterns pro-
vide a difficult test for numerical modelling schemes, test-
ing the extent to which they are able to reproduce complex
boundary conditions. The channelisation of the flow pattern
is apparent as well as the intricacies of fluid interaction at
pore junctions.

Direct comparison of these data with the predicted ve-
locities at the same points using a numerical model allow
a comprehensive and thorough investigation of the numer-
ical scheme that has not to date been possible. The results
of comparison between measurement and a modified lattice
Boltzmann scheme can be found in [8].

6 Conclusions

Improvements in digital imaging technology, combined with
falling camera and processor costs, have seen particle image
velocimetry applied to problems outside of the engineering
applications for which it was originally developed. This pa-
per describes a geophysical application of this measurement
technique to the investigation of fluid movement in geolog-
ical materials, where a machine vision system has been de-
veloped to quantify fully velocity fields in 2D complex mod-
els of rock. The system, which integrates machine controls
with measurement algorithms in a single software applica-
tion to fully analyse a 2D rock model in a complete and auto-
mated process, provides, for the first time, a complete picture
of flow in a complex geometry that can be directly applied to
test and improve numerical models. The technique has been
extensively tested and validated and we are confident in the
accuracy of the output velocity fields.

The system was developed in response to the lack of de-
tailed empirical data for fluid flow in realistically complex
geometries, which limited the level at which model valida-
tion could be undertaken. Thorough assessment of existing
numerical models is of fundamental importance if numeri-
cal modelling is to contribute to exploring possibilities for
upscaling, particularly as a realistic representation of rock
structure requires the incorporation of complexity. These
data sets consist of up to 80,000 points across the void space
of each medium, each with an associated velocity in mm
s−1. For any specified geometry fluid velocity can be sim-
ulated at an identical point in the numerical geometry and
directly compared with measurement.
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The system has much potential for further work in ob-
serving and measuring fluid flow. It is planned to combine,
in future work, the particle image velocimetry approach with
tracer experiments to explore the relationship between the
material geometry, the velocity field and the movement of
tracers in the sub-surface. The system is being retained as a
research facility for interdisciplinary and inter-institutional
use.
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