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Abstract
Cold heavy oil production with sand (CHOPS) is a relatively low-cost primary production method
that has been used to produce heavy oil from reservoirs since the 1990s. CHOPS is defined by the
mobilization and production of reservoir sand, resulting in the development of highly porous and
permeable voids (“wormholes”), which serve as conduits that facilitate heavy oil flow within the
reservoir. CHOPS can produce recovery factors of up to 20%, compared to 5% for cold heavy oil
production without sand. Despite the increased recovery achieved using CHOPS, 80% of the oil
remaining in place is an attractive target for recovery using post-CHOPS enhanced recovery
methods. Effective implementation of post-CHOPS techniques requires a better understanding of
the reservoir, such as the geometry of wormholes created during CHOPS. Despite extensive field,
numerical and laboratory (physical modeling) research of sand production, the factors that control
wormhole geometry are still poorly understood. This thesis describes the design, construction, and
commissioning of an experimental apparatus that is being used to model wormhole development.

The experimental apparatus was designed to circulate fluid radially through a 15 cm thick
cylindrically shaped sand pack into a fully perforated wellbore placed at the center of the sand
pack. Circulation of fluid was completed through a series of tanks, valves, pipes, and a pump which
was operated remotely through a computer network system. A removable porous plug was placed
in the wellbore within the sand pack to control the production of sand particles, hence the apparatus
allowed fluid flow either with or without sand production at different stages of each experiment.
The entire assembly was designed to withstand the harsh hypergravity environment and to be
operated completely remotely. A total of five commissioning tests and three experiments were
completed with the apparatus. Key results of commissioning tests and a detailed analysis of the
experiments are presented within this thesis. The analysis of results highlight the influence of
gravitation and seepage forces in the development of void geometry within the sand pack and
compare some aspects of the experimental results to simulation results obtained using the
axisymmetric option of RocScience’s finite element code RS2. The experimental results are also
compared to simulation results to show enhancements made to the experimental apparatus
compared to previous centrifuge experiments; a notable example being the use of a gravel-filled

ii

annulus at the outermost (radial) boundary of the sand pack, which allowed the apparatus to better
approximate true radial flow conditions.

At the end of each experiment the apparatus was disassembled and the sand pack was analyzed. In
all three experiments a cavity formed around the wellbore and took the shape of an inverted
frustum. In two of the experiments multiple elongated channels extended outward from the top of
the cavity linearly towards the inner boundary of the experimental container. As such, the results
demonstrate the effectiveness of the new experimental apparatus to physically model two different
types of cavity geometries during CHOPS operations. Recommendations are given for future
improvements to be made in follow-up research; for example, to prevent premature plugging of
the flow system, hence enabling longer-term sand production and the development of larger
cavities.
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1 Introduction
1.1 Problem Statement
Technology continues to change how oil is produced in Western Canada`s heavy oil industry.
Early production methods of heavy oil involved the control of sand production via mesh, screens,
and gravel packs. Although there was some success in using these methods, the high viscosity of
oil (some cases higher than 10000 cp) resulted in low flow rates that rendered many wells
uneconomic to produce with conventional non-thermal methods (Han et al., 2007). Due to the high
heat loss to over and under burdens, thermal methods were not successful in economically
improving production rates in most scenarios. It was later discovered that by allowing sand
production into the wellbore, the oil production rate and overall recovery factor of the reservoir
could increase. An advancement in pumping technology in the late 1980`s allowed this theory to
be commercially tested via the progressive cavity pump (PCP) (Han et al., 2007). This
breakthrough in technology allowed heavy oil production recovery to increase from 5%-8% up to
15-20% (Dusseault, 2007; Han et al., 2007). Many of the wells that were deemed uneconomic
prior to this method were now able to produce at economical rates with PCPs. This method is
commonly known as Cold Heavy Oil Produced with Sand or CHOPS.

The general mechanism that defines CHOPS is the mobilization and production of sand that has
failed during oil production. The production of failed sand from the reservoir generates two
questions: (1) What is the geometry of the failed zone? (2) How can we use the geometry of the
failed sand zone to improve oil production further? Many theories have been postulated, and
experiments have demonstrated several different sand production mechanisms under laboratory
conditions. However, it is difficult to confirm any of the theories in field applications. The most
popular geometries observed in a lab setting that has gained industry support are: (a) long piping
networks or wormholes, and (b) a large cavity around the borehole.

However, the details

pertaining to these geometries (e.g., what controls or constrains each geometry, and what might
cause one or the other to be predominant in a given reservoir) remain poorly understood.
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Field tests, numerical modeling, and laboratory testing are all methods that have been used to
investigate CHOPS. Field testing is the most direct method to investigate CHOPS; however, it is
not effective due to a lack of appropriate monitoring technology and the inability to directly control
in-situ experiments. Laboratory testing could be the most effective method to investigate CHOPS
because laboratory tests can be controlled and altered for different fluid saturations, reservoir
properties, and other sensitivity parameters. Unlike field testing, laboratory testing has the
advantage of being able to vary these parameters systematically to investigate the influence they
will have on the results. Laboratory tests also have the benefit of producing results that can be used
to inform and constrain numerical modeling to predict sand production and void geometry.
Significant challenges facing laboratory testing are the difference in scale (size) between lab and
field conditions, and the inability to account for material property heterogeneity and anisotropy.
Most previous work has also failed to integrate the control of horizontal stress into experimental
work and centrifuge modeling. For these reasons, a physical model will be designed and
commissioned to be used in a geotechnical centrifuge in this research to study CHOPS further, so
as to overcome some of these challenges.

1.2 Objective, Scope, and Methodology
The objective of this research project was to design and commission a physical model and develop
a testing procedure to study the physics of sand production during the CHOPS process in a
geotechnical centrifuge. This project is the first step in a broader research program that has the
objective of better understanding CHOPS via physical modeling.
The parameters that were investigated and selected within this project to design and test the
physical model are:


Apparatus dimensions



Fluid circulation equipment (valves, pumps, pipes, etc…)



Reservoir materials



Laboratory procedure (e.g., saturation method, sand pack construction, etc..)

Completion of a comprehensive experimental program involving an array of tests run under
varying conditions was beyond the scope of this project. The equipment designed in this project
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will be used for such an array of tests to be conducted as a follow-up project by another graduate
student.

A literature review of modeling sand production with numerical simulators and laboratory tests
was completed during the early stages of this project, the outcome of which was the selection of
geotechnical centrifuge modeling to model sand production. A subsequent literature review was
completed pertaining to geotechnical centrifuge modeling, specifically on instrumentation and
peripheral equipment that has been used successfully in enhanced gravity environments. The
results of this literature review were then used to inform the design of a physical model and to
purchase equipment that can function properly when exposed to hypergravity (up to 25g; i.e., 25
times the earth’s gravity). Multiple components were then assembled and trialed for test runs at
25g accelerations. Once each component was trialed in the enhanced gravity environment, the
complete experiment was assembled and trialed on a benchtop to ensure all components worked
in combination, as a complete system. After successful benchtop testing, the assembled experiment
was installed onto the geotechnical centrifuge platform. Seven commissioning tests were required
to achieve successful experimental results. During experimental commissioning, experimental
procedures were written to standardize the experimental process. A complete experimental design
review, description of experiments and procedures are included within this thesis.

1.3 Organization of thesis
Chapter 2 gives a brief overview of heavy oil reservoirs in Canada and explains the concept of
cold heavy oil production with sand (CHOPS). Relevant literature pertaining to the field, numerical
and laboratory testing are discussed through this chapter with a focus on sand production modeling
in a geotechnical centrifuge. The advantages and limitations of centrifuge modeling are also
summarized.

Chapter 3 discusses the experimental design for sand production modeling used in the
Geotechnical Centrifuge Experimental Research Facility (GeoCERF) at the University of
Alberta. Design information for each component is explained in detail in terms of dimensions,
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function, and rationale for selection. The equipment used to create the sand pack in this
experiment is also discussed in Chapter 3.

Chapter 4 provides information on the sand used in this experiment to represent a heavy oil
reservoir. Basic laboratory tests were completed and a list of the selected sands physical
properties are included in Chapter 4.

Chapter 5 provides an overview of numerical simulation work that was completed to develop a
better understanding of the experimental model. This section provides details of the parameters
utilized in the simulation model and simulation results pertaining to mechanical and fluid flow
characteristics.

Chapter 6 provides an overview of the experimental procedures. This includes both the setup
and in-test procedures that are followed to complete an experiment. This section also provides
information on data recording locations and post-test analysis methods.

Chapter 7 shows both the experimental results and an in-depth discussion of the experimental
results. An analysis of both the experimental operation results and post-test results are displayed
within this chapter.

Chapter 8 summarizes the key conclusions obtained throughout the thesis and provides
recommendations and suggestions for future work pertaining to this research.
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2 Literature Review
2.1 Introduction to CHOPS in Canada
A majority of the oil in western Canada is found within poorly-cemented sandstone reservoirs at
depths ranging from 350 to 600m within the Cretaceous-age Mannville Group (Reeves, 1982). The
reservoirs of interest to this research are located within the Western Canadian Sedimentary Basin
and straddle the Alberta-Saskatchewan border. This region is often referred to as the heavy oil belt.
The location of the heavy oil belt with respect to major cities in Alberta and Saskatchewan is
shown in Figure 2.1. The wells in this region are produced with primary, secondary, and enhanced
recovery techniques depending on operator preferences, economic factors, and reservoir
parameters. The Mannville Group is subdivided into nine major stratigraphic units, all of which
contain heavy oil deposits through at least some parts of the heavy oil belt. These units are
identified in Figure 2.2, and consist of shoreline sandstone complexes, fluvial and valley-fill
sandstones, and finer-grained clastics deposited in lagoonal environments (Orr et al., 1977).
Typical reservoir properties for reservoirs found within this region are listed in Table 2.1.

The primary production of heavy oil involves the failure and mobilization of sand within the
reservoir into the wellbore. By deliberately producing sand within the reservoir, the growth of
highly permeable networks is enabled. As the networks grow within the reservoir, they provide
conduits for the oil to flow, resulting in increased production rates. Methods of sand exclusion
(e.g., downhole screens, meshes, or liners) which are common in other production scenarios are
not used in CHOPS production wells. Rather the sand, oil, water, and gas are produced via a
progressive cavity pump and stored at surface in storage tanks. The oil is then cleaned prior to
being transported to upgrading facilities by pipeline or by truck.
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Figure 2.1: Location of the heavy oil belt in western Canada. Major cities in Alberta and
Saskatchewan are shown as circles with green cross-hatching (Dusseault, 2002)
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Figure 2.2: Mannville correlation section showing spontaneous potential (SP) and electric
resistivity (R) logs for wells southeast of the city of Lloydminster (after Orr et al., 1977)

6

Table 2.1: Typical heavy oil reservoir properties in the Canadian heavy oil belt
Property

Value

Depth, m (Huang et al., 1997)

420-600

The thickness of the sand body, m (Dusseault, 3-15
2002)
Porosity, % (Huang et al., 1997)

30-34

Permeability, darcy (Huang et al., 1997)

1-5

Temperature, °C (Huang et al., 1997)
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The heavy oil found within the heavy oil belt is defined by its viscosity and density at in-situ
conditions. According to the USGS, heavy oil is defined by having a gas-free viscosity of 10010,000 cp or a density of 943 kg/m3 to 1,000 kg/m3 at 15.6 °C and atmospheric pressure conditions
(Penner et al., 1982). The high viscosity assists in providing energy to the reservoirs in the form
of compressional energy, a result of the viscous oil impeding gas bubble nucleation and gas bubble
growth (Dusseault, 2002). The gas bubbles remain “trapped” within the oil and do not form a
continuous gas phase; the resulting state is known as foamy oil (Han et al., 2007). Since the gas
does not form a continuous phase within the reservoir, gas bubbles are able to flow into pore throats
with oil and create large pressure gradients that can result in the failure of sand within the reservoir.
The failed sand is then mobilized with the oil and produced within the wellbore, which results in
highly permeable networks that ultimately result in higher oil production. It has been observed that
the oil can remain in this foamy state for many years, providing a continuous energy source
throughout most of the reservoir life (Han et al., 2007). Foamy oil is considered to be one of the
key driving mechanisms of CHOPS since it provides a form of solution gas drive to the reservoir.

Though foamy oil is a key driving mechanism for CHOPS, other sources of energy also enhance
primary heavy oil production. Since CHOPS involves deliberate production of reservoir sand from
the reservoir, it is evident that voids will form within the reservoir. This results in a reservoir stress
state change and, ultimately, a vertical downward shift of overlying rock above the voids
(Dusseault, 2002). This shift in overlying rock provides the reservoir with gravitational energy that
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can result in incremental production. Previous research completed at C-CORE (a research facility
in St. Johns, Newfoundland) attempted to quantify the incremental production due to gravitational
forces. This work will be discussed further into this thesis.

Although CHOPS has dominated as the primary oil production technique in thin, heavy oil
reservoirs within western Canada due to its natural driving mechanisms, most reservoirs will only
produce up to 20% of the oil in place (Han et al., 2007). This means 80% or greater of the oil in
place remains within the reservoir after primary production. To enhance the production of the
remaining heavy oil, a greater understanding of the reservoir state post CHOPS is needed. For this
reason, previous laboratory and fieldwork have investigated CHOPS to gain a better understanding
of the reservoir. Some of this previous work will be discussed in the following sections.

2.2 Field tests to investigate CHOPS
The simplest method to understand the production of sand and the void geometries within the
reservoir would be to directly monitor and measure physical properties in-situ during production.
These parameters could include changes in sand density around the wellbore, sand density changes
within the reservoir, and pressure changes within the voids during sand and oil production.
However, measurement these properties within the reservoir and mapping of void networks at the
pore scale is not feasible with technology currently available. Regardless, some field investigations
of sand production have enabled important inferences about void geometries within heavy oil
reservoirs.

Squires (1993) injected tracers into wells and produced the tracers in neighboring producing wells.
The flow velocities of the produced tracers were measured to be 7 m/ minute, which indicates the
existence of sand free networks within the reservoir. Talnishnikh et al. (2015) also conducted a
field test, in which millimeter-sized GPS sensors were injected into a heavy oil reservoir to assess
the geometries of wormholes. The results were inconclusive; however, the research yielded some
optimism that a sand grain-sized sensor could be designed in the near future for field testing.
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2.3 Mathematical and numerical models for CHOPS production
Various numerical and mathematical approaches to modeling sand production have been
implemented. Tremblay (2009) modeled wormholes as multilateral wells in a commercial
reservoir simulator. Shokri and Babadagli (2013) used a diffusion-limited-aggregation algorithm
to generate fractal patterns. This method treats the wormholes as a network rather than an
individual pipe. Istchenko and Gates (2014) built a dynamic wellbore model that mimics the
growth of a wormhole using dynamic wellbore growth. Xiao and Zhao (2017) analyzed the
wormhole region using rate-time flow data and type curves. Although all these methods have
proven to be effective in modeling wormhole behavior, they are somewhat prescriptive in terms
of wormhole geometries.

2.4 Laboratory models for CHOPS production
For laboratory results to be credible, the design of an experiment should accurately replicate most,
if not all, of the conditions of a heavy oil reservoir. A review of relevant literature has led to the
observation that flow regime, stress conditions, and fluid properties have a significant influence
on test results. For example, some prescribed stress conditions and flow regimes might favor a
wormhole geometry over a cavity; however, the prescribed conditions might not be representative
of a heavy oil reservoir. These properties and others will be discussed throughout this section of
the literature review.

Several laboratory tests have demonstrated the development of wormholes under conditions that
are representative of primary heavy oil production in many (but not all) ways. For example,
Tremblay et al. (2003) filled a cylindrical, horizontal cell with sand and live heavy oil. The cell
had a perforation at one end. Initial stresses were created by compacting the sand within the cell,
and the sand pack was saturated with filtered and de-watered live, pressurizing heavy oil. Their
experimental apparatus is shown in Figure 2.3. The pressure was decreased at the perforation to
investigate the movement of sand and oil through the perforation into samplers. This procedure
resulted in a wormhole geometry within the sand matrix. Their results showed that tensile failure
bands formed both around the wormhole perimeter and at the tip. They also showed that a
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significant pressure gradient was needed to dislodge the sand grains from the matrix (within the
failed zone) and transport the sand through the wormhole that was created. Tremblay et al. (2003)
concluded that wormhole growth is a direct result of sand failure which occurs at the tip of the
wormhole rather than the perimeter and that growth will preferentially occur at the tip because the
velocity of the fluid and the pressure gradient is much higher than at the perimeter. This allows for
sand grains from the zone of tensile failure to be dislodged from the matrix and carried into the
wellbore. These observations underscore the importance of different flow regimes (Figure 2.4).
Tremblay et al.`s experiment under-represents radial flow by prescribing boundary conditions that
favor linear flow along the axial direction of the cell. Overall this condition seems to prescribe the
wormhole shape.

Perforation

Figure 2.3: Cross-section of Tremblay`s experimental set up used to study the effects of live oil
flow through a perforation on sand production (after Tremblay et al., 2003).
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Figure 2.4: Top view of two generic cylindrical cells: (a) a cylindrical cell with radial flow into a
wellbore, (b) a cylindrical cell with linear flow into a perforation

Wong (2003) used natural oil sand cores saturated with live heavy oil. These experiments were
similar to Tremblay et al. (2003), except the cell used was a triaxial cell, and the cell (being oriented
vertically) was perforated at its base. Wong found that when the pressure at the perforation was
reduced below the fluid saturation (bubble point) pressure, sand production initiated. The initiation
of sand production below the bubble point was attributed to steep pressure gradients resulting from
gas ex-solution, steep gradients that created zones of tensile failure (as described in Geilikman &
Dusseault, 1999). The resulting sand production created a void that had the geometry of a
wormhole. However, similar to the work of Tremblay et al. (1998 and 2003), the testing apparatus
geometry only allowed for linear flow. Though the mechanisms observed at the wormhole tips
could be a good representation of in-situ mechanisms, none of the afore-noted experiments
explored sand production associated with radial flow, which could occur (and in some cases be
dominant) in-situ.

Oldakowski and Sawatzky (2018) built a custom “true” triaxial (a.k.a. polyaxial) cell to model
CHOPS. The study included a series of nine different tests and two cell configurations, all with
varying stress or flow conditions. Top view cross-sections of the cell(s) with dimensions are shown
in Figure 2.5 (a) and (b).
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(a)

(b)
Figure 2.5: Top view cross-section of triaxial cell design for CHOPS research by Oldakowski and
Sawatzky (2018). (a) Configuration 1, with production well at the center of cell; and (b)
configuration 2, with production well in cell corner
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Both of the configurations included five bladders, four located on the edges of the sand pack to
create horizontal stresses, and one located on the top to create vertical stress. The difference in the
two cells is that the first configuration (first six tests) included a vertical wellbore pipe with two
perforations located at the center of the cell and the second configuration (final three tests) relocated the wellbore pipe to the edge of the cell so the distance of fluid flow could be maximized.
The first five tests used a sand pack saturated with silicone oil, and the final four tests used a sand
pack saturated with heavy oil. The results indicated that wormholes tend to grow in the direction
of the minimum horizontal stress unless the horizontal stress is overcome by a fluid flux. In the
case of high fluid flux, wormholes tend to grow in the direction of the largest fluid flux. The results
seem to have similar traits as Tremblay et al. (2003) and Wong (2003) in that a sufficient pressure
gradient is needed for sand failure to initiate and continue. However, the results show no preference
in the vertical position of wormhole initiation and growth beyond the fact that they simply originate
from perforations in the wellbore. The results also do not address the effects of varying fluid
saturations, which could be important in scenarios where water saturation increases during the
producing life of a well.

Vaziri et al. (2000) conducted a series of experiments in a geotechnical centrifuge to analyze the
production of sand in a scaled representation of a reservoir. Their experiments used canola oil as
the sole pore fluid; it was not designed specifically for heavy oil research, though much of the
model’s behavior is relevant to heavy oil. A cross-section of their experimental apparatus is shown
in Figure 2.6. The model structure was a cylindrical container with a wellbore located at the center
of the model. The pore fluid was able to flow from the edge of the container, through the sand and
into the wellbore. Two wellbores, both with a diameter of 21.14mm, were used in separate
experiments, the first having three slits with a 3mm aperture and 5mm arc length located near the
bottom of the sand pack. The second wellbore consisted of evenly spaced, round (3 mm diameter)
perforations along the length of the wellbore from the top to the base of the sand pack. In both
cases, the sand pack height was 100 mm from the lowest perforation or slit. Figure 2.7 shows the
various wellbore completions used in Vaziri’s work.
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The cylindrical geometry of the cell allowed for radial flow into the wellbore in an enhanced
gravity field. A steel plate was placed above the sand pack to act as an overburden during the flight
(rotation) of the centrifuge. Because of the nature of centrifuge modeling, Vaziri et al. (2000) were
able to simulate a large reservoir volume in their scaled experiment.

Figure 2.6: Cross-section drawing of Vaziri’s experimental setup that was used in a geotechnical
centrifuge to study sand production in oil reservoirs (after Vaziri et al., 2000).
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Figure 2.7: Wellbore completions used in Vaziri’s experiments, (a) 3 mm diameter by 5 mm arc
length slits, (b) fully perforated wellbore case (Vaziri et al., 2003).

Vaziri observed a stable conical cavity in all of his experimental results; however, he found that in
the test with slits only located at the base of the reservoir, an erosional channel had also formed at
the edge of the cavity. A representation of the lower slit results is shown in Figure 2.8. Vaziri noted
that if the perforations were placed at the base of the reservoir, a larger cavity would form, hence
resulting in a larger volume of produced sand. He mentioned that the incremental sand that was
produced resulted in subsidence below the caprock (represented by the steel plate) and, in turn,
created highly permeable flow channels below the caprock. In the case of complete perforations
along the wellbore, a smaller cavity was created, thus not allowing sufficient sand production to
cause subsidence and create an erosional channel. Although Vaziri observed the development of
wormholes (erosional channels) in his experiments, they were unique since they did not form near
the “perforation” (i.e., slit) as found in other work (Diaz et al., 2008, 2010, 2012; Tremblay, 1998,
2003; Wong, 2003). The wormholes observed by Vaziri et al. (2000) occurred at the edge of a
conical cavity directly below the rigid steel plate due to subsidence. The orientation of the
wormhole most likely grew in the direction where the fluid velocity would have been highest (the
higher fluid velocity could have been attributed to errors during experimental setup such as local
density changes in the sand). Vaziri et al. (2000) noted that the failure of the produced sand was
seepage-induced in their experimental work.
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Figure 2.8: Diagram of Vaziri et al.’s (2000) results showing the formation of a cavity around a
wellbore and a large erosion channel (wormhole). (a) Top view of results, and (b) cross-sectional
view of results (not drawn to scale).

Choi (2011) built an experiment similar to Vaziri’s to investigate sand production in uncemented
formations. The objectives of his work were to understand the evolution of the sand cavity that
forms within the sand and the impact that it could have on sand production. A cross-section of the
cylindrical cell used in Choi’s work is shown in Figure 2.9.
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Figure 2.9: Cross-sectional drawing of Choi (2011)'s experimental setup. Boundary conditions and
dimensions are similar to the experimental setup completed by Vaziri et al. (2000).

The experimental setup included a sand layer that is located below a thin clear polycarbonate sheet
that represents a rigid caprock. The clear caprock was one of the biggest differences compared to
Vaziri’s work since it allowed the researchers to monitor the growth of the cavity in real-time with
a video camera. Below the sand layer was an inflatable bladder and disk that applied stress on the
sand layer, to represent overburden stress. The pressure within the inflatable bladder used during
all the tests was 34.5 kPa. Water was injected at the edge of the sand layer at a constant rate of 4.9
L/min for seven of the tests; an eighth test was completed in which the flow rate was increased
after six minutes to 9.46 L/min to observe the re-initiating of sand production. The inflowing
pressure of the fluid and the mass of produced sand was measured for each experiment. Ultimately,
this experimental setup was similar to Vaziri’s in that it simulated a sand pack below a rigid
caprock. The biggest difference is that this experiment was not completed in a geotechnical
centrifuge.
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Similar to Vaziri’s work Choi (2011) found that both a cavity and a surface flow channel developed
in all eight experiments. Choi also found that by tilting his experimental apparatus at 7° and 15°
(Two of the experiments at 7° and two of the experiments tilted at 15°) a surface erosional channel
grew in the direction of the slope towards the uppermost part of the reservoir. This observation
indicates that gravity could play a significant role in the direction that sand is produced. Figure
2.10 (a) shows a top view of the experimental results from one test, and Figure 2.10 (b) shows the
orientation of the surface flow channel with respect to the direction of slope applied to the
experiment.

(a)

(b)

Figure 2.10: Plan view of results from sand production experiments conducted by Choi (2011). A
cavity developed in his experiments and a wormhole that grew in the direction of slope:(a) top
view of experimental results; (b) diagram of top view results showing the direction of the slope
with respect to flow channel growth

It is evident from the literature reviewed that tensile failure was more prevalent in the initiation of
sand production in laboratory tests; however, compressive shear failure also enabled sand
production in some research such as the work completed by Oldakowski and Sawatzky (2018).
The latter work was unique in the use of a specially designed triaxial box that creates horizontal
stress anisotropy (σ 𝐻𝑚𝑎𝑥≠ σ𝐻𝑚𝑖𝑛 ) via fluid bladders. Vaziri`s work is particularly interesting since
various void geometries were detected at sizes representable of field scale (when accounting for
centrifuge scaling factors). This method of modeling CHOPS at a field-scale could be
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advantageous, as it could provide useful information regarding the geometry of the produced sand
zone that a smaller perforation model would not be able to capture. The smaller model would only
provide information near the wellbore; beyond that, the model boundaries would limit further
analysis. For this reason, centrifuge modeling was chosen to analyze CHOPS for this research.

2.5 Geotechnical Centrifuge Modeling
Centrifuge modeling is a laboratory technique used in Geotechnics. Chapter 4 of Madabhushi
(2014) states that the basis of centrifuge modeling involves the testing of a 1/N scale model in an
enhanced gravitational field relative to the earth’s gravity. This definition simply states that the
dimensions of the model are 1/N, where N represents a scaling factor. This scaling factor is also
used to derive other parameters such as fluid velocity, time, and stresses. Some of these scaling
factors are listed in Table 2.2. Essentially, by performing a test in a geotechnical centrifuge, a
large-scale problem can be modeled by using a scaled prototype (Murff, 1996).

Table 2.2: Geotechnical centrifuge scale factors (Garnier et al., 2007; Madabhushi, 2014)
Parameter

Scaling Law (model/prototype)

Units

Length

1/N

m

Area

1/N2

m2

Volume

1/N3

m3

Stress

1

Nm-2

Strain

1

-

Force

1/N2

N

Displacement

1/N

m

Velocity

1

m-1

Seepage Velocity

N

ms-1

Time (consolidation)

1/N2

s

Time (dynamic)

1/N

s

Acceleration (g)

N

ms-2
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2.6 Challenges of Centrifuge Modeling
As a result of scaling factors, a centrifuge has the advantage of being able to model accurate stressstrain behavior within the reservoir sand that would be observed during a dynamic event; in the
case of this research, oil production (Madabhushi, 2014). As pointed out by Bolton and Lau (1988),
this advantage also results in a limitation; i.e., the sand grains used to make the modeled reservoir
cannot simply be scaled down in size similar to the model dimensions. To exemplify this, the
produced sand in a typical western Canadian heavy oil reservoir has grains in the range of 100250 µm (Tremblay, 2003). This means that fine silt (with a grain diameter of 4-10 µm) would be
used in the model if sand was to be modeled at 25g. If silt were used to represent reservoir sands,
the stress-strain relationship would be different from the reservoir sands (Madabhushi, 2014).
However, Kutter (1992) suggests that by using actual grain sizes at saturations and densities
representative of reservoir conditions, intergranular forces will remain the same in the centrifuge
model (i.e., laboratory model) and prototype (i.e., reservoir). Madabhushi (2014) also suggested
that, as long as the dimensions of insertions (e.g., wellbore) in the model are large enough relative
to grain size, actual reservoir grain sizes can be used in the centrifuge model.

Another difficulty in centrifugal modeling is the ability to maintain a constant scaling factor
throughout the entire experiment. For example, if we wanted to select a scaling factor of 25 (N=25)
for our experiment, the selected scaling factor would only be true for a select number of points
within the experiment. To illustrate this, we can refer to Figure 2.11. In Figure 2.11, a cylindrical
object that represents the experiment is spun around a 1.70 m rotational axis. Three points with
cartesian coordinates are shown in Figure 2.11 for reference. Note that the Z-axis is shown in the
horizontal plane since the experiment is horizontal during experimental conditions.
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Figure 2.11: Object rotating around an axis of rotation to illustrate the variation in gravitational
forces on an object.

As the object rotates around the axis of rotation, Point 2 experiences an enhanced gravitational
field that is a function of the rotation speed. This enhancement is characterized by the scaling
factor (N). Depending on the scale factor selected, a given rotational speed can be calculated using
the centrifuge rotational velocity equation, as follows:
𝜃=√

𝑁𝑔

(2.1)

𝑟

Where:
𝜃
r
N
g

Rotational Speed (rad/sec)
Radius (m)
Scaling Factor
Gravitational Constant (9.81 m/s 2)

If a scaling factor of 25 was selected for point 2 labeled in Figure 2.11, we could calculate the
corresponding centrifugal speed using Equation 2.1. The calculated speed would be equal to
12.01 rad/s or 114.60 RPM. A similar calculation can be completed with the centrifuge scaling
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factor equation shown in Equation 2.2 to calculate the corresponding scaling factor for points
within the object that differ from point 2.

𝑁=

√𝑥 2+𝑧2
𝑔

∗ 𝜃2

(2.2)

Where:
𝜃
x,z
N
g

Rotational Speed (rad/sec)
Gridpoint coordinates (m)
Scaling Factor
Gravitational Constant (9.81 m/s 2)

For example, by utilizing Equation 2.2 to calculate the centrifugal acceleration at point three when
the centrifuge is spun at 114.60 RPM we get a scaling factor of 27.15 or an increase of
approximately 8.6%. Hence, if we utilize point 2 as the scaling factor location (25g at point 2) to
calculate vertical stress at point 3 within the model and compare the vertical stress profile to the
prototype stresses where gravity is constant at 1g, we will see that the vertical stress at point 3 will
experience an over-stress condition due to the increase in gravity (27.15g at point 3). Similarly, if
we utilize point 3 as the scaling factor location (repeat the above calculations with N=25 at point
2), we will see that point 1 will experience an under-stress condition when compared to the
prototype. This condition is due to the fact that the increase in vertical stress with depth is linear
within the prototype and non-linear within the centrifuge model due to the changes in gravity. The
effect of the change in gravitational field cannot be avoided in centrifuge experiments, but rather
minimized. Taylor (1995) recommends that the scaling factor should be selected at a point that is
equal to one-third of the model depth to minimize the stress profile error (i.e., ±3%), assuming
both correspondences in stress between both model and prototype and two-thirds of the soil depth
(Lemoine, 2000).
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Chapter 6 of Madabhushi (2014) derives an equation based on the effect of gravitational changes
both vertically and radially within the model compared to the prototype. The Equation to quantify
the error vertically due to over-stress and under-stress within the model is shown in Equations 2.3
and 2.4.
∈𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 = (𝐻/6𝑟𝑒 ) ∗ 100

(2.3)

Where:
H Model height (m)
𝑟𝑒 Effective centrifuge radius (m)
∈𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 Error due to under and over stress in the model (%)

𝐻

𝑟𝑒 = 𝑟𝑡 + ( )

(2.4)

3

Where:
𝑟𝑡 Centrifuge radius to top of model (m)
Hence, the error due to over and under-stress conditions within the model can be quantified for the
above example where H = 0.15 m and rt =1.70 m. After plugging in the variables and solving, re
is equal to 1.75 m and ∈𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 is equal to 1.43 %. Similarly, the total error due to the radial
distribution of gravity can be quantified by following a calculation outlined in Chapter 6 of
Madabhushi (2014). The calculation is completed by referring to Figure 2.12 and following
Equations 2.5, 2.6 and 2.7.
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Axis of Rotation

Distance from Axis to top of model r t

Model Height

Half Model Width
Figure 2.12: Radial error quantification as outlined in Chapter 6 of Madabhushi (2014)

𝑊

tan (𝜗) =

(2.5)

2(𝑟𝑡+𝐻)

Where:
W model width (m)
rt distance from centrifuge rotational axis to top of model (m)
H model height (m)
𝜗 Rotational angle in Figure 2.12 (°)
cos(𝜗) =

𝐻

(2.6)

𝑥

Where:
x distance x in Figure 2.12 (m)

𝑥−𝐻

∈ 𝑟𝑎𝑑𝑖𝑎𝑙 = (

𝐻

) ∗ 100

(2.7)

Where:
∈𝑟𝑎𝑑𝑖𝑎𝑙 Radial error (%)
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The radial error of the above example can also be quantified. First, we can assume that the object
in Figure 2.11 has a width of 0.55m and the same dimensions that were previously listed. These
variables can be plugged into Equations 2.5, 2.6 and 2.7 to get a radial error of 1.10%. Hence, it
can be seen that the error due to vertical and radial changes in gravity when compared to a
prototype is small for an object with a height of 0.15m rotating at a distance of 1.7m from the
centrifuge platform.
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3 Experimental Design
3.1 Introduction
The experimental design explained in this thesis was used to model a fully perforated wellbore
through the centre of an uncemented sand pack that is overlain by a stiff stratum. Figure 3.1 shows
a radial cross-section of this axisymmetric reservoir model. The model geometry and testing
method explained in this section enabled an investigation of sand production at a wellbore scale
rather than at a perforation scale. As such, this model is capable of providing insights about the
geometry of permeable networks resulting from sand production at a scale greater than what is
typically analyzed in laboratory tests.

x
y
Figure 3.1: Radial cross-section of an axisymmetric heavy oil reservoir. The clean reservoir is
overlain by a stiff stratum, both of which possess cylindrical geometry when wrapped around the
axis of symmetry (i.e., the wellbore).
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The model designed in this work shares similar boundary conditions as the ones used in Vaziri et
al.’s work. That is, the fluid flows from the perimeter of a sand pack radially to a perforated
wellbore located in the center of the sand pack. These boundary conditions were noted to initiate
the development of a cavity below a caprock as well as erosional channels. These results are unlike
many of the perforation models that only observe erosional channels or wormholes (Vaziri et al.,
2003). Similar to Vaziri's work, the physical model developed in this research was used in a
geotechnical centrifuge so that pore pressure and stress gradients could be enhanced within the
sand pack during the experiment.

The use of geotechnical centrifuge modeling for this experiment required a detailed and unique
design. The design was constrained by the centrifuge platform in terms of dimensions and remote
operation considerations. More specifically, the dimensions of the experiment were constrained
by the platform size, and by the fact, it was necessary to operate the entire experiment remotely
from a control room due to the nature of centrifuge modeling (i.e., equipment rotating at high
speeds during the entire experiment).

Cross-sectional and plan views of the experimental setup are shown in Figure 3.2 and Figure 3.3,
respectively. The apparatus consists of a cylindrical container that houses a thick layer of oilsaturated sand (referred to as the sand pack), adjacent media, a wellbore, and other equipment
needed for the experiment. The equipment is loaded onto the platform of the University of
Alberta’s 2 m beam centrifuge (Geotechnical Centrifuge Experimental Research Facility at the
University of Alberta, also known as Geo-CERF ) and spun at 111 RPM (to achieve N = 25). Upon
reaching the desired rotary speed, the fluid head is lowered in the wellbore, to achieve a head
difference between the sand pack and the wellbore. This is done with a porous plug located within
the wellbore to prevent sand production. Upon reaching a steady-state flow of oil, the wellbore’s
porous plug is removed, allowing sand production to initiate. The experiment is then monitored
until sand production stops. Further description of the experimental design and setup are given in
this chapter. Procedures for setting up and running an experiment are covered in Chapter 6 of this
thesis.
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Figure 3.2: Cross-sectional view of the experimental apparatus drawn to scale. The orange arrow
labeled “H” shows the difference in head level in the testing system that supplies canola oil to
the sand pack and the head level within the wellbore. Drawn to scale.
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Figure 3.3: Plan view of the experimental apparatus showing the placement of components on the
centrifuge platform. Drawn to scale.

Since there was no prior work done at Geo-CERF that utilized the control of fluid flow under
centrifugal acceleration or involved the production of sand, many of the components needed to be
trialed under hypergravity, these included the container, pump, solenoid valves, and load cells.

3.2 Experimental Structure
The experimental design consists of a multi-component fluid circulation system, the components
of which are affixed at various locations on the solid structure of the apparatus (see fluid tanks
T-100, T-200, and T-300 in Figure 3.3). The solid structure is made up of a cylindrical container,
base plate, container lid, lower reservoir plate, overburden plate, soil mesh, wellbore, and an
actuator. A schematic that shows the placement of the components that make up the structure of
the apparatus is shown in Figure 3.4.
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Figure 3.4: Placement of structural components within or attached to the cylindrical experimental
container

3.2.1 Container, Baseplate and Lid
A custom container was designed and manufactured for this experiment to utilize the maximum
available space on the centrifuge loading platform. The space available had a square footprint of
0.630 m by 0.630 m and a height up to 1 m. The maximum weight of the experiment also had to
be within the 500 kg loading limit of the centrifuge to ensure safe operation during the experiment.
With these factors in mind, a cylindrical container was designed and manufactured from mild steel.
A cross-section showing the container dimensions is shown in Figure 3.5 (a), and the manufactured
container assembled with baseplate and lid is shown in Figure 3.5 (b). As seen in Figure 3.5 (a),
the cylindrical container has an inner diameter of 0.558 m and a height of 0.526 m. The entire
inside of the container was honed smooth to ensure the container could be sealed from within (i.e.,
in a similar fashion to a plunger). Two flanges were welded, one on the top and another on the
bottom of the container so that a base plate and lid could be fitted on the container. A total of 20
holes were drilled and threaded through the side of the container to enable the mounting of
instrumentation and fluid flow system components. More information regarding the use of the
ports is provided in subsequent sections of this thesis. The masses of the cylindrical container and
the base plate are 75 kg and 83 kg, respectively.
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(a)

(b)

Figure 3.5: (a) Cross-section of the cylindrical experimental container showing dimensions, and
(b) isometric drawing of the experimental container. Drawn to scale.

3.2.2 Reservoir base plate, overburden plate, and mesh
The sand pack within the container is confined by a lower reservoir plate located below the sand,
an overburden plate above the sand, and an optional mesh that wraps around the perimeter of the
sand pack. The plate located below the sand is cylindrical and is sealed to the container wall via
an o-ring. A circular opening was drilled in the center of the plate and is fitted with an o-ring. This
o-ring-fitted opening allows the wellbore pipe to slide through the plate and prevents fluid from
seeping uncontrollably below the lower reservoir plate. A supporting structure consisting of
aluminum pillars is placed below the lower reservoir plate to prevent vertical movement of the
lower reservoir plate.

Above the sand zone is a 0.5 m diameter cylindrical overburden plate with a mass of 20 kg made
of steel. The overburden plate has two functions; first, it provides vertical stress to the experimental
sand pack, and secondly, the plate acts as an impermeable overburden (“caprock”) above the sand
pack (“reservoir”). The steel plate provides vertical stress to the sand by applying an additional
mass above the sand. The force as a result of this mass is enhanced within the centrifuge
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environment by a factor of N times (scaling factor). The overburden plate is not constrained in the
vertical direction; hence the plate can move up and down freely during the experiment.

A cylindrical shell made of mesh and geotextile material confines the edge of the sand pack. Figure
3.6 shows the mesh system set up in the experiment container. The purpose of the mesh is to
separate the porous gravel located at the edge of the container and the sand body reservoir. The
cylindrical mesh was made from a 0.5 mm thick lincane perforated (5 mm and 3 mm perforations
staggered in diagonal rows) aluminum sheet and held together with 12.7 mm wide aluminum strips
and pop rivets. This mesh design provided a rigid interface between the sand and gravel interface
and support to hold geotextile fabric. The geotextile that is located around the mesh prevents sand
particles from entering the gravel and gravel from entering the sand pack. The height and the
combined thickness of the mesh and geotextile material configuration are 0.16 m and 0.005 m,
respectively.

Figure 3.6: Photographs showing: (a) how the separation ring (steel mesh) and geotextile fabric
are connected via metal clips, and (b) the placement of the separation ring within the C-CHOPS
tub. Note that the geotextile fabric is placed behind (i.e., outside of) the separation ring.
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3.2.3 Wellbore
A 0.021 m OD x 0.016 m ID x 0.4 m length steel pipe was selected as the wellbore in this
experiment. This pipe diameter was selected to replicate the wellbore size utilized in Vaziri et al.,
(2003). Six rows of perforations were drilled along a 0.13 m portion of the pipe to resemble the
perforations in a heavy oil well. Each row contains a total of six 5 mm perforations phased at
60 degrees. The distance between each row is shown in Figure 3.7 (a). Figure 3.7 (b) shows the
well-assembled on both the lower reservoir plate and sand trap. 0.01 m below the bottom row of
perforations and above the top row of perforations is exposed to the sand pack. The remaining
0.25 m of the pipe is unperforated and located either below or above the sand pack.

(a)
(b)
Figure 3.7: (a) wellbore pipe showing the length between each perforation row, and (b) lower
reservoir plate resting on top of sandtrap with wellbore installed in the middle of the lower
reservoir plate.

3.2.4 Wellbore-plug and actuator
The wellbore-plug and actuator system consist of five major components: (1) actuator frame, (2)
40-1 jack, (3) wellbore-plug assembly, (4) linear string gauge, and (5) DC motor. These
components, except the string gauge, are shown and labeled in Figure 3.8. The components are
all integrated into a single system that allows the wellbore-plug to be removed from the wellbore
by remote operation during the experiment. The system operates as follows: The DC motor is
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powered by +12 V DC; the positive voltage allows the motor to spin clockwise. A custom coupler
was fitted to the end of the DC motor that couples the jack and motor together. The clockwise
spinning input of the DC motor spins the jack output rod counterclockwise. Counterclockwise
rotation of the jack output spins a threaded bar that is perpendicular to the motor rotation; the
threading on the bar is mated to the threading of a free moving plate. Since both the plate and bar
are threaded, any rotation in the bar will “unthread” the free moving plate, hence moving the plate
in the vertical direction. Vertical movement of the plate allows the wellbore-plug also to move
vertically since the plate and wellbore-plug are attached together. This entire system is then
secured to the container lid and controlled remotely from within the centrifuge control room.

Moving Plate

DC motor

Wellbore-plug
40-1 Jack

40 -1 Jack

(a)
(b)
(c)
Figure 3.8: (a) Wellbore actuator system assembled and laying down to show the system
components, (b) a version of the wellbore-plug system that is installed to the actuator system, and
(c) wellbore actuator system installed on top of the experimental container. The 12VDC motor is
connected to the 40-1 jack
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Material Jetting 3D printing technology was used to manufacture the wellbore-plug. The use of
3D printing allowed quick manufacturing of different wellbore-plug geometries. The speed,
precision, and variation of geometry would have been unattainable if traditional manufacturing
methods were used to create the wellbore-plug. The wellbore-plug geometry that was selected is
shown in Figure 3.9. The wellbore-plug is a 0.15 m long, 3D printed shell with three large slits .
The inside of the wellbore-plug is filled with #00 steel wool. Steel wool within a perforated casing
was selected due to its high fluid permeability and ability to restrict various sand particle sizes into
the wellbore. The 3D printed shell was coated with a lubricant to reduce friction within the
wellbore and allow the actuator system to remove the wellbore-plug with reduced friction. The
entire wellbore-plug is secured to a threaded rod via bolts on each end of the wellbore-plug, and
the threaded rod was secured to the actuator to allow vertical movement via the DC motor during
the experiment.

Steel Rod

Porous Disk

Plug Top
Steel Wool

Plug Bottom

Figure 3.9: Image of the 3D printed wellbore-plug. The wellbore-plug is filled with steel wool and
secured to a metal rod via hex nuts on top and bottom of the wellbore-plug. Porous disks are placed
at the bottom of the wellbore-plug to allow downward flow parallel to the rod.

3.3 Fluid Circulation System
The fluid circulation system provides a continuous source of fluid to the experiment by
recirculating oil through a series of fluid reservoirs (tanks). A pump, sand trap, head leveling
system, tanks, valves, and piping make up the majority of the fluid circulation system. A flowchart
that provides an overview of the fluid circulation system is shown in Figure 3.10. Tanks are labeled
as T-100, T-200, and T-300. Figure 3.11 shows an isometric view and a cross-sectional view of
the experimental apparatus with red arrows showing the flow path.
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Figure 3.10: Process flow diagram of oil through the fluid circulation system.
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Figure 3.11: Cross-sectional view of the experimental apparatus illustrating the fluid flow path
from tank T-300 into tank T-100.Tank T-200 and the pumping system are not shown in this figure
as they are behind T-100 and the experimental container in this cross-sectional plane.

The fluid system uses pressure head differences and gravity to drive flow from each tank, with the
exception of the flow from tank T-200 to T-300, which utilizes mechanical energy. The system
begins at tank T-300, which holds fluid at the highest elevation within the system, hence giving it
the most potential energy in the system. When SV-3 (Solenoid valve 3) is open, fluid from tank T300 is released into the experimental container. The fluid within the container is held at a constant
liquid level which is labeled as Fluid Level 1. If the fluid fills above this level, it is released into
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tank T-200 through an overflow port; if the fluid falls below this level, a pore pressure sensor
reading will indicate a low level and notify the operator to release additional fluid from tank T300 into the container. The fluid can then flow around the outer edge of the steel plate that is placed
above the sand (the plate is shown in green above the sand pack). Gravel is placed at the edge of
the container (in the annulus between the outer surface of the mesh and the inner surface of the
container) and above the overburden, plate to ensure that fluid can be easily distributed along the
edge of the sand pack. From the edge of the sand, the fluid can flow radially through the sand and
into the wellbore via the perforations. Both the sand and fluid can then flow into a sand trapping
mechanism located below the sand pack. This sand trap separates the sand and the oil; i.e., the
sand is retained in the sand trap, and the oil is able to flow freely out of the sand trap through a
port on the top.

If SV-1 is open, the fluid within the sand trap can flow into tank T-100. The pipe connecting the
sand trap and T-100 can be moved in the vertical direction by operating a DC motor, which allows
the operator to change the fluid level at this point. The fluid level at this point is labeled as Fluid
Level 2 and is lower than Fluid level 1 in Figure 3.11; however, if Fluid Level 1 is equal to Fluid
Level 2, then no flow from the sand trap into tank T-100 will occur. Rather the experiment will
experience no-flow conditions. The difference in Fluid Level 1 and Fluid Level 2 indicated in
Figure 3.11 is the head difference that ultimately drives fluid flow through the sand pack.
Therefore, by adjusting the height of Fluid Level 2, the experimental flow rate can be adjusted. To
monitor this flowrate change, the change in liquid level in T-100 is monitored via a pore pressure
sensor and camera during the experiment. Once tank T-100 is filled, SV-2 can be opened, and the
fluid can be drained into tank T-200 where it can then be pumped back to the highest elevation
into tank T-300. Once the fluid reaches tank T-300, the fluid circulation can begin again.

3.3.1 Sand Trap Design
The purpose of the sand trap is to separate the sand from the oil slurry, retain and measure the mass
of sand being separated and allow the oil to flow freely through the sand trap so that it can be
recirculated. Figure 3.12 shows the fully assembled sand trap.

38

Fluid Outflow
ports

Lower Reservoir
Plate Supporting
Structure

Wellbore Coupler

Lower Reservoir
Plate Supporting
Structure

Figure 3.12: Fully assembled sand trap. The top of the sand trap shows a coupler to install the
wellbore to the sand trap, two outflow ports, and three supporting structures for the lower reservoir
plate support.

Figure 3.12 shows the top of the fully assembled sand trap. Three ports are drilled into the top of
the sand trap to allow fluid to flow in and out of the sand trap. The port located at the center of the
circular surface allows fluid and sand to flow into the sand trap. Two O-rings are used to provide
a seal around the wellbore-sandtrap coupler to prevent fluid from releasing outside of the sand trap
as a result of a poor connection between the wellbore and sand trap. Two holes were drilled on the
top of the sand trap and connected via copper piping for fluid outflow from the sand trap. The fluid
is routed from the copper tubing to the outside of the experimental container via additional piping.

The inside of the sand trap contains three submergible 300N Novatech load cells that hold an
aluminum dish. The aluminum dish has a bowl-like shape with a perforated bottom. The inside of
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the dish is covered in filter paper and a porous stone that is secured with a 3D printed holder. The
load cells and aluminum dish provide the mechanism to weigh sand that flows into the sand trap.
The perforated holes below the filter paper allow fluid to flow through the aluminum dish and
retain sand. The aluminum pan and load cells are shown in Figure 3.13 (a) and (b). Both the
aluminum pan and load cells are assembled to the base of the sand trap in Figure 3.14. Not shown
in Figure 3.13 is a pore pressure sensor that is also installed in the sand trap’s base plate and used
to monitor pressure within the sand trap.

3D Printed Holder

Filter Paper

(a)
(b)
Figure 3.13: (a) Sand trap dish, (b) one of three load cells installed within the sand trap to measure
sand load during the experiment
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Sand Trap Base Plate
Figure 3.14: Partially assembled sand trap showing the placement of the load cells and dish within
the sand trap.

3.4.1.1 Sand Trap Wiring
Since the sand trap was purpose-built for this research, the load cells needed to be wired and
calibrated for use in this experiment. The wiring involved soldering the load cell wires to a ten-pin
Kemlon connector and routing six signal wires, two power wires, and a shield wire to the centrifuge
high bandwidth memory (HBM). The wiring diagrams for the input and output of the Kemlon
connector are shown in Figure 3.15 and Figure 3.16. The wires connect to the HBM via three pushto-connect, eight-pin connectors. The wiring for each connector is identical, with the exception
that one connector also contains the positive and negative supply wires and the shield wire. A
wiring diagram for this connector is shown in Figure 3.17.
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Figure 3.15: Wiring diagram for Kemlon wire connector input to the sand trap

Figure 3.16: Wiring diagram for output of Kemlon wire connector to the sand trap

Figure 3.17: Eight pin push to connect wiring adapter to connect sandtrap loadcells to HBM
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3.3.2 Tank and Valves
Three sections of vinyl piping and custom aluminum end caps make up tanks T-100, T-200, and
T-300. The three tanks are shown in Figure 3.18. The tanks are connected via vinyl tubing, and
tank inflow/outflow is controlled with solenoid valves. The three tanks are fitted with pore pressure
sensors that are located approximately 1 cm off the bottom of the tank to monitor the fluid pressure
within each tank. Piping and instrumentation diagrams for these three tanks are included in
Appendix A.

(a)
(b)
Figure 3.18: (a) Tanks T-100 and T-200 installed on an aluminum platform and attached via vinyl
piping, (b) Tank T-300 filled with oil. Tank T-300 is installed on top of the experimental container,
and Tanks 100 and 200 are mounted adjacent to the base of the container.

The tanks are connected via copper tubing, vinyl tubing, and solenoid valves. The valves are ASCO
Red-Hat direct-acting, normally-closed solenoid valves. Figure 3.19 shows a photograph of one
of these values, with specifications listed on the valve body. Each valve is connected to a
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V AC power source; the operator can control the valves from within the centrifuge control room
via a mechanical switch.
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Figure 3.19: One of three Red-Hat direct-acting solenoid valves used in the fluid circulation
system.

3.3.3 Fluid Pumping
A review of literature relevant to centrifuge fluid flow experiments was completed to shortlist fluid
pumps that have been successfully used in the centrifuge environment. A centrifugal pump made
by Xylem Flow Jet was utilized to control water flow in an experiment at the University of Dundee
(Vitali et al., 2018). Although this pump survived the centrifugal environment, it was not selected
on the basis that centrifugal pumps tend to shear viscous fluids, such as oil that would be used as
the circulating fluid in this experiment. This shearing could result in low, uncontrolled flow rates
during the experiment. The most commonly-used pumps found in the literature were syringe
pumps; however, of the papers reviewed, none listed pump suppliers, or they noted that they were
custom-built syringe pumps. The most promising of the literature reviewed was a paper published
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at MIT that described the use of a Masterflex peristaltic pump that was controlled via the
Masterflex pump controller during a centrifuge experiment (Sangkaran, 1996). Both the syringe
pump and peristaltic pump were further investigated. Both pumps were preferred over other types
of pumps for the following reasons:
1) Both are positive displacement pumps, meaning that the control of fluid flow is a function
of the displacement of the fluid;
2) Both pumps are able to mobilize viscous fluid easily;
3) Both pumps can be easily controlled via pump controllers; and
4) Both types of pumps had been previously utilized successfully for centrifuge experiments.

After a review of the available pump options, it was decided that a custom-built pumping system
that utilized a Masterflex peristaltic pump head would be used for this experiment. The pump head
selected for the system was a Masterflex polycarbonate standard pump head that allowed flowrates
of 0.057 ml/min up to 1700 ml/min and fluid pressures up to 275 kPa. The clear pump head allows
visual monitoring during the experiment to ensure the pump is operating via a camera. The pump
head was secured to a motor via a custom-built adapter built of solid aluminum and a shaft pin.
The motor that was selected to drive the pump head had previously been used in other experiments
at GeoCERF in the centrifuge (Wu, 2015). The motor was a Parker BE233DJ-NPSN that has a
rated torque of 1.33 Nm at a speed of 3741 rpm. The motor was controlled via a Parker AR-08CE
Control box. The control box was mounted on the centrifuge and connected to the onboard
computer. Figure 3.20 (a) and (b) show the information label for the motor and the fully assembled
pump with tubing, respectively.
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Custom Pump Adapter

Peristaltic Pump
(a)
(b)
Figure 3.20: (a) Parker motor model number and operating information, (b) Parker motor attached
to the peristaltic pump via the custom-manufactured aluminum adapter.

The pump was controlled via an application called ACR-View, which is a software application
that was designed to deliver information to Parker controllers so that motors can operate based on
commands. ACR-View utilizes a proprietary programming language called Arc basic to send
commands to the Parker motor. To control the motor and ultimately control the pump, the author
wrote a script in Arc basic so that the pump could be easily operated by the user. This script, shown
in Figure 3.21, works as follows: First, the program asks the user for the desired flowrate; the
program utilizes the flow rate to calculate the rotational speed required by the motor to achieve the
flowrate. The rotational speed is then sent to the motor via the controller, which in turn begins to
spin the motor shaft. The motor shaft continues to spin until the user either inputs a new flowrate
or stops the motor completely. Since it was out of the scope to create a graphical user interface
(GUI), the code only operates within the command prompt in ACR-View. A procedure that
outlines motor operation via ACR View is attached in Appendix B.
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Figure 3.21: ACR View script that is loaded to the Parker motor controller and used to control the
Parker motor remotely.
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3.3.4 Head leveling system
The head leveling system is used to change the head level of the outflowing fluid (i.e., the fluid
that has flowed into the wellbore, through the sand trap, then through the head leveler en route to
tank T-100). As mentioned in section 3.3, the head difference between the experimental container
and outflow into tank T-100 enables natural gravity-driven fluid flow within the experiment. The
head leveling system consists of a 12 V DC stepper motor, motor controller, spool, cable, and
piping. The change in the outflow liquid level is controlled via the stepper motor and controller
system, and the motor is initiated by a user to spin either clockwise or counterclockwise.
Depending on the direction, a cable is wound up or released from a spool that is attached to the
motor. The cable is attached to a metal pipe, which, in turn, moves with the wire as the motor shaft
spins. Figure 3.22 (a) shows the stepper motor and controller that was used in the head leveler
assembly. Figure 3.22 (b) shows the fully assembled head leveler system on the experimental
container. Figure 3.22 (c) shows the piping system attached to the cable above tank T-100. Also
shown in Figure 3.22 (c) is a measuring tape that is monitored using an HD camera that was
installed to monitor the head leveler movement (camera is not shown in Figure 3.22 (c)). A manual
that provides steps to operate the head leveling motor using specific motor commands is given in
Appendix C.

s ni p

Spool

Controller
Motor

Pipe
Cable

Motor

T-100

(a)
(b)
(c)
Figure 3.22: (a) 12 V DC motor and controller assembly, (b) head leveler system installed on
experimental container, (c) piping elbow attached to the cable and inserted into tank T-100.
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3.4 Sand Pluviation System
The construction and replication of uniform sand packs are critical to the success of this type of
laboratory experiment. To ensure that the sand pack could be replicated consistently over the
course of multiple tests, a sand pluviation device was designed, built, and commissioned.
Literature review revealed that sand pluviators can take various forms and can operate in very
different ways; however, they all share the common goal of creating a uniform sand specimen. All
pluviation devices can be grouped into two categories, stationary and traversing. Stationary
pluviators remain in a single spot and can require the operator to control the sand outflow location.
Traversing pluviators are built with a set of rails that allow the operator to control the flow via the
rail system manually or using a motor system.

A stationary pluviator was designed for this work. The design is similar to the pluviator designed
in Hossain & Ansary (2018). The pluviator consists of a hopper, blind valve, choke, flexible pipe,
and perforated plates. The entire system is attached to a chain hoist so that the height of the system
can be adjusted. Figure 3.23 shows a schematic of the pluviation system with labeled components.

Figure 3.23: Schematic diagram showing the components that make up the stationary sand
pluviator.

49

The sand hopper is a large conical container with the capacity to hold up to 60 kg of sand. The
bottom of the hopper consists of a 5.2 cm steel pipe with a custom blind valve. The blind valve
can start or stop the sand flow from the hopper. A brass disk with a 6 mm perforation was secured
within a section of the steel pipe below the blind valve for sand flowrate control from the hopper.
Two cam lock fittings connect the steel and flexible pipes below the blind valve. Below the flexible
tube is a 32 cm length of cylindrical solid vinyl tubing that holds three perforated disks. Two
different configurations of disks were machined; one set of three disks contained thirty 5 mm
perforations, and the other set of three disks contained seventeen 10 mm perforations. When
installed in the vinyl tubing, the disks are offset from each other to ensure that perforations do not
align, and a 1cm brass spacer separates the disks. A guide is installed on the edge of the cylindrical
tubing to measure the drop height of the sand and ensure that a constant fall height is maintained
during operation. Figure 3.24, Figure 3.25, and Figure 3.26 show the assembled components of
the pluviation system.

Blind Open

Blind Closed

Choke 6mm
Perforation
Cam Lock Fitting

(a)
(b)
(c)
Figure 3.24: Pluviation system components: (a) Blind valve in the closed position, (b) blind valve
in the open position, and (c) a 6 mm choke disk placed inside of the sand hopper outflow pipe
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5 mm
Guide Rod

10 mm

Perforated Disks
& Spacers
Figure 3.25: Pluviation system components: (a) Solid vinyl tubing with three perforated disks
separated by brass rings and an aluminum rod strapped to the tubing as a guide for sand drop
height, and (b) two perforated disks showing the two variations in disk perforation pattern. The
top disk shows the 5 mm perforation pattern, and the bottom disk shows the 10 mm perforation
pattern.
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Figure 3.26: Fully assembled sand pluviation system suspended from the ground via a chain hoist.
The pluviator outflow is located within a proctor mold in this case.

3.4.1 Sand Pluviator Commissioning
Various parameters affect the density of sand during pluviation, such as drop height, the opening
width of sieves (perforated plates), mass flow rate, particle uniformity, and particle characteristics
(Hossain & Ansary, 2018). Since it is crucial to construct uniform sand samples for this
experiment, a series of pluviation commissioning tests were carried out to determine the measured
density for two disk configurations at varying heights. Each configuration consists of nearidentical setups. The flowrate choke and sand are identical; however, the perforated outflow disks
differ in each setup. The first setup consists of three of the 5 mm perforation disks, each separated
by a 1cm brass disk, and the second setup consists of three 10 mm perforation disks, each separated
by a 1 cm brass disk.

52

Once the system was assembled, the following steps were followed:
1) Pour a 20 kg bag of F-95 silica sand into the hopper.
2) Place a mold with known volume and weight below the outflow of the pluviation system.
3) Adjust drop height of system to 10 cm. (Drop height is defined as the distance from the last
perforated plate to the bottom of the mold.)
4) Open blind valve to allow sand to outflow from hopper.
5) Fill sand in 2 cm layers within the mold. Once the sand reached a height of 2 cm while
maintaining sand outflow, adjust the height of the pluviation system to maintain a drop
height of 10 cm. Once a layer of sand has been created, the drop height is measured from
the top of the sand layer to the lowest perforated disk.
6) Allow the sand to overfill mold by 1-2 cm.
7) Close blind valve to stop sand from exiting the hopper
8) Use a straight edge to level the top of the filled mold.
9) Weigh the filled mold on a scale.
10) Calculate sand density via equation 3.1.

𝑆𝑎𝑛𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (

𝑘𝑔
𝑚3

)=

𝑚1 −𝑚0

(3.1)

𝑉𝑚𝑜𝑙𝑑

Where:
𝑚1 mass of mold filled with sand, in kg
𝑚0 mass of mold without sand, in kg
Vmold Volume of mold that sand occupies, in m3
11) Repeat steps 2-10 for drop heights of 20, 30, 40, and 50 cm.
A detailed procedure for sand pluviation commissioning is attached in Appendix D. The resulting
density data points and sand flowrate for each experiment test were plotted and are included in
Figure 3.27.
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Figure 3.27: Variation of sand density as drop heigh changes for the 5mm and 10mm disk
configurations.

Figure 3.27 shows the pluviation results at five drop heights for the described disk configurations.
The results for both configurations show that as drop height increases, the dry density of the sand
also increases. The results also show that the larger perforations in the disks result in a higher
density and flowrate of sand. In conclusion, if the same sand is used, then a drop height and plate
configuration from the commissioning tests can be set up to obtain a desired experimental sand
density. If different sand is utilized or any modifications are made to the pluviation system, a new
series of calibration tests should be completed.
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4 Sand and Fluid Selection
4.1 Sand Selection
The purpose of the sand in used this experiment was to represent a heavy oil reservoir; therefore,
sand that has some characteristics of a heavy oil reservoir was desired for the creation of the sand
pack. However, heavy oil reservoirs can be heterogeneous in terms of grain sizes, mineralogy, and
bedding structures. As such, there is no specific sand that could universally represent all heavy oil
reservoirs.

Grain sizes tend to be in the 100-250 µm range in western Canadian heavy-oil reservoirs (Tremblay
at al., 1999). Therefore it was deemed reasonable to utilize sand that with a median grain size (D50)
in the 100-250 µm range in this experiment. Two methods of obtaining sand were considered:
(1) utilizing produced sand from actual heavy oil wells, and (2) purchasing clean sand. Some
preliminary laboratory work was completed with produced sand (Appendix E), but such sand was
ultimately eliminated from consideration for this work. One issue with produced sand is the fact
that it may come from preferred layers; hence it might not be representative of grain sizes for the
entire reservoir. Also, it would be challenging to obtain an abundant source of clean produced sand
for an experimental program.

For simplicity, synthetic sand was chosen for this experiment. The synthetic sand is a natural grain
F-95 silica sand from the US Silica company. As described in the next section, a series of tests
were conducted to characterize parameters such as grain size distribution, grain uniformity
coefficient, grain curvature coefficient, minimum dry density, and maximum dry density.

4.2 Sand Characterization
The sand was dropped through a series of sieves, weighed, and plotted to create a grain size
distribution curve, with the results shown in Figure 4.1. The grain size coefficients, as well as the
D50 for the silica sand, are included in Table 4.1. The D50 of the sand is 163 µm, which falls within
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the range reported by Tremblay et al. (1999). Also, the sand selected for this experiment is simila r
to the produced sand that was characterized by Meza Diaz et al. (2012).

Figure 4.1: Grain size distribution of US SILICA F-95 sand.

Table 4.1: Grain coefficient of uniformity and curvature calculations.

𝐶𝑢 =
𝐶𝑣 =

𝐷60
𝐷10

=

2
𝐷30

𝐷60 𝐷10

0.182
0.086

=

= 2.11
0.1302

0.182∗0.086

=1.07

𝐶𝑢 Coefficient of Uniformity
𝐶𝑣 Coefficient of Curvature
𝐷10 Diameter corresponding to 10% finer in the particle size distribution = 0.086 mm
𝐷30 Diameter corresponding to 30% finer in the particle size distribution = 0.130 mm
𝐷60 Diameter corresponding to 60% finer in the particle size distribution = 0.182 mm
𝐷50 Diameter corresponding to 50% finer in the particle size distribution = 0.163 mm

56

Tests were completed to characterize the minimum and maximum dry densities of the sand using
standard methods. The minimum dry density was measured using ASTM D4254-16 Method A using a funnel pouring device or a hand scoop to place the material in a mold. The maximum dry
density was measured using ASTM D4253-16 Method 1A – Using oven-dried sand and an
electromagnetic, vertically vibrating table. Each test for minimum and maximum dry density
measurements was completed five times. An average was taken for the five tests and was reported
as the density. The measured minimum and maximum dry density of the synthetic sand are 1583
kg/m3 and 1860 kg/m3, respectively. Table 4.2 provides a compilation of the sand's physical
properties.

Table 4.2: Physical properties of F-95 sand.
Property

Value

Type

Fine sand

Mineral

Quartz

Color

White

Coefficient of uniformity

2.11

Coefficient of curvature

1.07

D50, um

163

Specific gravity

2.65

Minimum dry density, kg/m3

1583

Maximum dry density, kg/m3

1860

Two triaxial compression tests were completed by SNC Lavalin to measure the angle of internal
friction of the sand by following ASTM D4767. Two samples were prepared for testing, one with
a high density and one with a low density. In both tests, the samples were mounted in the triaxial
chamber with a 0% water content and confined at a pressure of 50 kPa. The valves in the system
remained closed in both tests to create undrained conditions. The strain rate applied to the samples
was 0.01 mm per minute. Internal friction angles for the two tests are shown in Table 4.3 for the
given conditions. Specimen images and failure envelopes are attached in Appendix F for both tests.
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Table 4.3: Measured internal friction angle of the sand specimen at a low and high sand density.
Initial Soil dry density
(Kg/m3)
1831
1693

Confining Stress
(kPa)
50
50

Void Ratio
0.45
0.57

Internal Friction
Angle
39.9 °
33.7 °

SNC Lavalin also completed two constant head flow tests on two samples, one sample with a high
density and the other with a lower density. Both tests were completed by following ASTM D2434.
In both tests, the samples were de-aired and fully saturated with tap water prior to beginning the
experiment. An average hydraulic gradient was calculated over the duration of both tests, as
described in ASTM D2434, and used to calculate the hydraulic conductivity of the sample. Table
4.4 includes the results of both tests. Appendix G consists of the testing reports for both tests.

Table 4.4: Measured hydraulic conductivity of the sand specimen at a low and high sand density.
Initial Soil dry density
(Kg/m3)

Average Hydraulic
Gradient

1598
1653

1.00
1.64

Cumulative
Flowrate/ time
(m3/s)
7.07E-7
7.67E-7

Hydraulic
Conductivity (m/s)
7.50E-5
4.60E-5

4.3 Fluid Selection and Characterization
Heavy oil reservoirs naturally contain three fluid phases; i.e., water, heavy viscous oil, and gas
entrained within the oil. The use of live heavy oil would provide the closest resemblance to a real
heavy oil reservoir, hence this possibility was initially investigated. However, a multi-phase fluid
system was ultimately deemed impractical for the following reasons: (1) The multi-phase system
would likely separate due to the hypergravity forces found in the centrifuge pit; and (2) if gas such
as methane was introduced into the system, the design would need to be altered to completely seal
the gas within the tub to prevent gas leakage into the centrifuge facility.

Single-phase produced heavy oil was also investigated; however, due to the high viscosity of a
single-phase heavy oil, it was not selected. The high viscosity of the produced heavy oil would
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require pressure gradients that could not be attained in the experimental apparatus to achieve
meaningful fluid flow rates.

As a result of the fluid investigation, food-grade canola oil was selected as the pore fluid for a
number of reasons: (1) It provided a level of viscosity that was greater than water and less than
heavy oil, ; (2) it could be purchased locally from various vendors and required minimal safety
measures for handling; and (3) it was also utilized in Vaziri's experiments, which provided a sense
of comfort knowing that canola oil could be utilized as the pore fluid and provide useful results.
Some properties of the selected canola oil are in Table 4.5.
Table 4.5: Physical properties of the selected oil
Oil Type

Colour

Food Grade
Canola Oil

Yellow

Dynamic Viscosity @
20°C (cp)
94
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Fluid Density (kg/m3)
920

5 Numerical Modeling
5.1 Model Description
Numerical simulation of the physical (centrifuge) model was conducted during the design and
early implementation stages of the experimental program, in support of design decisions and to
provide some context for interpreting the experimental results. The numerical simulations of the
experiment were completed using RocScience RS2. The first phase of modeling was conducted to
understand experimental conditions expected to exist before sand production (i.e., experimental
conditions before the removal of the plug from the perforations). There were two objectives for
this first phase of numerical modeling: (1) to help understand if any localized sections of the sand
pack were under yielding conditions before plug removal; and (2) to understand the impact of
gravel around the perimeter of the sand pack on flow. The objective of the second phase of
modeling was to understand the characteristics of fluid flow within the sand pack after a high
permeably cavity is developed and to understand the increase in fluid flow into the wellbore as a
result of a developed cavity. An understanding of the increased fluid flow into the fluid circulation
system assisted in the flowrate sizing of the pumping equipment utilized in the fluid circulation
system.

An axisymmetric linear elastic model with dimensions matching the experimental sand-pack was
developed using RS2 to model both steady-state fluid flow and stress at the experimental
conditions existing after the application of a drawdown pressure but before sand production has
occurred. A cross-section of the simulation model is shown in Figure 5.1. The numerical model
includes six perforations along the left edge which represent perforations in the wellbore .
Mechanical boundary conditions along the left edge of the model were set as follows: A normal
traction equal to the wellbore fluid pressure was prescribed on the surface of each perforation,
while the intervening edge segments (which represent wellbore casing) were pinned (i.e., no
displacements allowed). The right and bottom edge of the model were pinned to simulate the rigid
boundaries of the experimental container. The top of the model was also pinned. Though this does
not correspond to the experimental boundary condition (i.e., freely moving steel plate above the
sand pack), a pinned boundary, in combination with the gravity-based in-situ stress (field stress)
option described below, correctly emulated the vertical stress at the top of the sand-pack due to
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the weight of the steel plate and overlying oil and gravel. To simulate steady-state fluid flow within
the model, a total fluid head boundary condition of 0.02 m was applied at each perforation, and
0.31 m was applied at the top-right edge of the model. This represented the maximum head
difference that is attainable in the experimental work and corresponds to the head difference used
in the experimental results shown in Section 7 (i.e., the head leveler in its lowest position).

To simulate the centrifuge environment, both the unit weight of fluid and soil were multiplied by
25 to simulate a gravity environment that is 25 times greater than earth. This allowed the simulation
to calculate the vertical hydraulic and stress gradients that are created in the centrifuge
environment. Both the vertical and radial variation in gravity that is explained in section 2.6 was
not incorporated in the model since these errors were calculated to be 1.40% and 1.15%
respectively. Also, the over-under stress error for the model when compared to the prototype was
calculated as +/- 3%. Hence, since these errors are small, it was appropriate to multiply the values
by 25 and assume a constant gravity field in this case. Mechanical and hydraulic parameters, as
well as some experimental conditions that are utilized in the model, are listed in Table 5.1.

To understand the effects of gravel on the outer edge of the sand pack, a second numerical model
was built, with properties and conditions identical to the base-case model described above, with
the exception of the right edge of the model (i.e., the outer extremity of the sand pack). In this
modified model a thin (10 cm thick) zone of high-permeability material was placed at the right
edge of the sand pack, in order to emulate an annular zone of gravel that was used in one of the
experiments. Though the hydraulic conductivity of the gravel was not measured, its grains were
several times larger than the sand hence is was deemed reasonable (and conservative) to estimate
that the hydraulic conductivity was two orders of magnitude larger than the sand. Since this model
was not utilized for stress modeling, all other parameters for the gravel were assumed identical to
the parameters utilized for the sand pack. The model also included flux sections in the top and
bottom half of the model near the perforations to passively determine fluid flux in the bottom and
top halves of the model. The flux sections were added in both simulation models (i.e., this modified
model with gravel on the edge, and the base-case model without gravel).
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In the second phase of numerical modeling, the modified model that is utilized to simulate fluid
flow with gravel around the perimeter of the sand pack was modified to model fluid flow for a
scenario with a developed cavity (i.e., conditions that were assumed to exist after sand production,
based on observations from Vaziri’s work). The cavity was modeled as a cone located at the top
of the sand pack by altering the top left boundaries of the model, the alterations resulted in a conical
cavity centered around the wellbore with a 10 cm radius with its apex located 6 cm below the top
of the sand pack. This model was only utilized for steady-state fluid flow simulation, no
mechanical modeling was completed with this model. The model that includes a cavity is shown
in Figure 5.2.
Table 5.1 Parameters and conditions utilized in RS2 to model centrifuge experiment
Simulation Parameter or Condition

Value

Initial Element Loading

Field Stress and Body Force

Fluid Flow Conditions

Steady-State

Material Type

Elastic

Soil Type

Sand

Field Stress Type

Gravity

Height of soil above model, m

0.105

Unit weight of soil above model, kN/m3

453

Effective Stress Ratio (Hz/V), Unitless (Equation 5.1)

0.36

Soil Unit Weight, kN/m3 (Calculated)

453

Poisson’s Ratio, Unitless (Simoes da Silva et al. (2014))

0.25

Young’s Modulus, kPa (Laboratory Testing)

18000

Peak Tensile Strength, kPa (Assumption)

0

Peak Cohesion, kPa (Assumption)

0

Peak Friction Angle, ° (Laboratory Testing)

40

Porosity, % (Laboratory Testing)

35

Hydraulic Conductivity Sand, m/s (Laboratory Testing)

4.60e-05

Hydraulic Conductivity Gravel, m/s (Assumed)

4.60e-03
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𝜎ℎ = 𝑘 𝑜 𝜎𝑣′ + 𝑢

(5.1)

Where:
𝜎ℎ Horizontal stress, kPa
𝑘 𝑜 Coefficient of at-rest earth pressure
𝜎𝑣′ Effective vertical stress, kPa
𝑢 Pore pressure

Figure 5.1: Axisymmetric RS2 Simulation model (phase one). Mechanical boundary conditions
(normal tractions) at the perforations shown in red; hydraulic boundary conditions (total head)
shown in blue.
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Cavity

Figure 5.2: Axisymmetric RS2 Simulation model with cavity (phase two)

5.2 Simulation Results and Discussion
5.1.1 Phase One: Flow and Mechanical modeling Without Cavity
The simulation outputs utilized for this analysis are strength factor, total stresses, pore pressures,
and total head. Figure 5.3 shows a cross-section of strength factors over the entire simulated model.
The strength factor is a ratio of the shear stress of the material at failure divided by the material’s
shear stress (see RocScience (2019) for details); hence, strength factors ≥ 1 indicate that shear
failure is not predicted, strength factors between 0 and less than 1 indicate shear failure, and
strength factor ≤ 0 indicates tensile failure. The strength factor results show that most of the
simulated model contains a strength factor between 1 and 3, with the exception of zones around
each perforation. Strength factors between -1 and 1 are located around the perforated zones, as
shown in Figure 5.4. for one of the six perforations. Plots of total stresses, pore pressures, and
strength factor along a radial line from the center of a perforation to a distance of 0.1 m are plotted
in Figure 5.5.
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Strength Factor ≤ 1

Figure 5.3: RS2 simulation results showing the distribution of strength factor over the simulated
cross-section. Arrows point at localized zones where strength factor is less than or equal to 1.

Line Query

0.1 m

Center of Perforation

Figure 5.4 RS2 simulation results showing the distribution of strength factor around one of six
perforations. The red line (“Line of Query”) shows the radial line used as the x-axis for the
parameters plotted in Figure 5.8.
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Figure 5.5: RS2 simulation results (strength factor, sigma 1, sigma 3, sigma z, and pore pressure)
plotted against radial distance.

The simulation results show that localized zones of both tensile and shear failure exist around each
perforation for the maximum drawdown scenario that was modeled. Figure 5.5 shows that the pore
pressures near the perforations are greater than Sigma 3, which results in a state of tensile failure.
Sigma 3, as well as pore pressures, increase along the x-axis towards the container boundary. Since
sigma 3 increases at a larger rate than the pore pressure, the sand goes from a tensile failed state,
into a shear failed state and into a non-failed state within the first 0.01 m from the perforation
center. The pore pressures and stresses begin to stabilize at their far-field (in-situ) values at
distances beyond 0.08 m from the perforation center.
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The simulation results suggest that prior to plug removal, localized zones of both tensile and shear
failure exist around each perforation. Hence, upon plug removal, sand from these failed zones
would be produced into perforations along with the flowing fluid without the need for larger
pressure gradients. Thus, these simulations support the expectation that the physical model,
operating at maximum head difference, should be able to able to fulfil its objective; i.e., oil
production with sand. (Note: No attempt was made to model transient cavity or wormhole
development after the initiation of sand production, as this is a complex, coupled and non-linear
process. The intent of this numerical modeling was to confirm that sand production would initiate,
which in turn would enable the physical modeling to assess cavity or wormhole development..)

Results showing total head distribution for both simulated models are shown in Figure 5.6 and
Figure 5.7. These cross-sections also show flow vectors and flow lines derived via the RungeKutta calculation built-into RS2. The results show that in both models, the total head decreases
from the top right corner and into the perforations as a result of the prescribed head boundary
conditions. In both simulated results, the decrease in the total head between the top right corner
and perforations are identical; however, they differ in terms of rate. In Figure 5.6. Approximately
0.02 m of the total head is lost due to the sand permeability at the outer boundary of the sand pack.
This value is 0 m in the simulated model with the higher permeability around the sand pack
perimeter. These simulation results show that the addition of gravel along the edge of the sand
pack reduces the loss in the total fluid head when flowing around the steel plate.

The results also show the radial distance from the perforations that radial flow becomes dominant
within the sand pack. In the simulation results, radial flow is indicated by flow vectors and lines
that are parallel to the top and bottom edges of the sand pack. In the model without gravel, this
location is at 0.14 m from the center of the wellbore; when gravel is added, this number increases
to 0.23 m. This result suggests that the addition of gravel at the perimeter of the sand pack increases
the area of radial flow for fluid. Of course, this area only exists up until a zone near the perforations,
where the fluid flow becomes spherical prior to entering the perforation.
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0.14m

Figure 5.6: RS2 simulation results showing the distribution of total head over the simulated crosssection without gavel along the sand pack perimeter. Flow vectors and lines are shown to highlight
flow paths in the sand pack.

Material Interface

0.23m

Figure 5.7: RS2 simulation results showing the distribution of total head over the simulated crosssection with gavel along the sand pack perimeter (to the right of the material interface). Flow
vectors and lines are shown to highlight flow paths in the sand pack.
To better understand the effect of the gravel on fluid flow at the edge of the sand pack, magnified
views of the total head along the outer edge of the sand pack are shown in Figure 5.8 and Figure
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5.9. Both figures show magnified flow vectors at the right edge of the model; Figure 5.9 also shows
the material interface between the outer zone of relatively high conductivity (i.e., gravel) and the
lower hydraulic conductivity sand pack. A comparison of the flow vectors shows that at the outer
edge of the sand pack, the gravel increases the fluid’s ability to flow downward at the outer edge
of the sand pack. The vectors also show that less radial distance is required for the fluid to flow
parallel to the top and bottom of the sand pack when compared to the model without gravel around
the perimeter. These results suggest that by increasing the hydraulic conductivity at the sand pack
perimeter, we reduce the area required to flow parallel to the top and bottom of the sand pack.
Thus, when gravel is utilized along the sand pack perimeter, we require less sand area to achieve
radial flow conditions.

Figure 5.8: RS2 simulation results showing the distribution of total head along the perimeter of
the sand pack without gavel along the sand pack perimeter. Flow vectors are shown to highlight
flow paths in the sand pack.
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Material Interface

Figure 5.9: RS2 simulation results showing the distribution of total head along the perimeter of
the sand pack with gavel along the sand pack perimeter. Flow vectors are shown to highlight
flow paths in the sand pack.

For comparison purposes, the fluid flux between the bottom and top halves of the sand pack were
assessed in RS2 for both models. The flux was calculated parallel to the wellbore and adjacent to
the perforations. For the model without gravel at the boundary, the simulation showed a flux of
8.281e-08 m3/s/rad and 8.260e-08 m3/s/rad for the top and bottom flux respectively for a total flux
of 1.65e-07 m3/s/rad . This gives a calculated difference of 0.25% between top and bottom half
flux. With the addition of gravel the flowrates were calculated to be 1.111e-07 m3/s/rad and 1.127e07 m3/s/rad for the top and bottom flux respectively for a total flux of 2.24e-07 m3/s/rad. This gives
a calculated difference of 1.44% between top and bottom half flux. Hence, the results suggest the
addition of gravel increases the fluid flux in the lower half of the sand pack. By comparing the
total fluxes in both models the simulation results also suggest that the addition of gravel increases
the fluid flux into the wellbore by 36 %.
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5.1.2 Phase Two: Flow Modeling with Cavity
Simulation results that show the total head distribution and flow vectors when a cavity has formed
are shown in Figure 5.10. When compared to the flow vectors shown in Figure 5.7, it is evident
that the development of a highly permeable cavity alters the fluid flow path within the sand pack.
As a result of the cavity, the fluid tends to flow upward into the highly permeable zones rather
than horizontally into the perforations. The change in fluid flow is likely due to the enlarged zone
of low-pressure head within the cavity, which creates a lower energy zone for fluid to flow into.
Once the fluid enters the cavity zone, the flow vectors are parallel to the top and bottom edged of
the sand pack.

The numerical model also found the fluid flux into the cavity zone to be 4.659 e-07 m3/s/rad
(measured from the top of the sand pack along the wellbore to a depth of 6 cm). The calculated
fluid flux for the remanding 9cm thickness of sand is 6.102 e-08 m3/s/rad. Hence, when the two
rates are compared, the fluid flux into the cavity is over one order of magnitude larger than the
fluid flux into the perforations below the cavity. The simulation results show that once a cavity
has developed, the rate of fluid flowing adjacent to the cavity in the top portion of the sand pack
is greater than the fluid rates in the region below the cavity.
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Cavity
Flow vectors diverging
upwards towards cavity

Figure 5.10: RS2 simulation results showing the distribution of total head over the simulated crosssection with gravel along the sand pack perimeter and a developed highly permeable cavity. Flow
vectors and lines are shown to highlight flow paths in the sand pack.

5.3 Simulation Results Summary
Both stress and fluid flow were modeled in RS2 with the objectives of understanding if any
yielding conditions in the centrifuge experiment existed within the sand pack prior to sand
production, the effect of gravel along the sand pack perimeter to fluid flow, and the impact that a
developed cavity has on flow diversion. The simulation results show localized shear and tensile
failure zones around the perforations. These results show that prior to sand production, yielded
zones around the perforations can be mobilized into the perforations using pressure gradients
achievable with the designed physical model.

The impacts of gravel at the perimeter of the sand pack were assessed by comparing results from
two simulation models, one with gravel and the other without. Simulation results showed that the
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gravel increased the area of radial flow, reduced the total head loss of fluid movement around the
perimeter of the steel plate, improved vertical flow at the edge of the sand pack, and increased the
flux towards the bottom half of the sand pack. Overall, the addition of gravel along the edge of the
sand pack seems to improve the flow of fluid and better emulate in-situ radial flow trajectories
when compared to the model without gravel.

Simulation results also show that after a highly permeable conical cavity has formed around the
wellbore; fluid tends to diverge into the highly permeable area. This was shown by analyzing the
change in flow path around the cavity and highlighting the upward flow vectors as well as
calculating the fluid flux into the cavity and into the perforations that do not contain a cavity. The
results showed that the fluid flux is significantly greater in the top portion of the sand pack when
a highly permeable conical cavity has developed adjacent to the wellbore.
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6 Experimental Procedures and Conditions
6.1 Experiment Procedure
6.1.1 Sample Preparation
Sand pack preparation is completed with the use of the pluviation system described in Section 3.4.
To construct the sand pack, sand was dropped from a defined height (depending on required
density) into the experimental container. Since the outflow of the pluviation system is small when
compared to the container, the sand was poured in 1-3 cm layers to a total of 15.5 cm utilizing the
U-Turn method (Figure 6.1 (a) and (b)). This method allowed us to achieve a uniform density
within the sand pack with limited disturbance from the external environment.

(a)

(b)

Figure 6.1: (a) Diagram showing the U-Turn method that was used to create the sand pack. The
red lines show layer 1, and they are overlain by the blue lines (layer 2) once layer one is complete.
(b) Photograph showing the surface of the sand pack during sand pluviation. Layer one is shown
by the hill and trough sections identified by the red arrows, and layer two is identified by the blue
arrows.
Once the sand pack was created, the top layer of the sand was vacuumed and leveled flat to a
reservoir height of 0.15 m; this method of leveling limited the chance of having a variation in
density at the top of the sand pack. F-95 silica sand that had been dyed blue using food colouring
is then poured above the sand pack to create quadrants at the top of the sand pack (Figure 6.2).
The blue sand provided a simple method of assisting with data interpretation post-test.
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Figure 6.2: Photo of the sand surface showing three blue rings and the sand surface divided into
four quadrants for data interpretation. The number of dots in the outer ring indicates the quadrant
number.

Silicone sealant was dispensed around the top edge of the experimental container before securing
the lid. Once the silicone cured, a vacuum pump is connected to the experiment to remove any air
within the sand pack. The vacuum pressure is applied slowly, and the vacuum pressure within the
container is given time to stabilize. Once the pressure stabilized within the container, canola oil
with a viscosity of 94 cp and a density of 920 kg/m3 was introduced into the system to flood the
sand pack. The sand pack is then flooded with the intention of achieving an oil saturation of 100%.
A detailed procedure that outlines the sand pack preparation and saturation is given in
Appendix H.
6.1.2 Hypergravity Flow Test
The experimental container is then transported via crane and loaded and secured onto the
geotechnical centrifuge. Tanks, actuators, cameras, motors, and piping are then connected to the
experiment and secured to the centrifuge platform, and the porous plug is positioned in the
wellbore (to allow the flow of oil, but prevent the flow of sand). The centrifuge is then spun at 111
rpm to achieve an acceleration of 25 times within the sand pack
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Pressure readings from within the sand trap and sand pack are monitored until all pressure readings
are constant and do not fluctuate before starting the experiment. The experiment is split into two
stages. First, fluid flow is initiated within the sand pack by opening the valve between the sand
trap and tank T-100, lowering the head leveler (to generate a drawdown pressure within the
wellbore), and using the pumping system to return canola oil to tank T-300. The circulation of oil
through the reservoir and piping system is monitored closely, specifically fluid outflow from the
sand trap into tank T-100. The flow of oil is monitored until steady-state flow is achieved (i.e., the
flowrate that is leaving the sand trap is constant); this stage is completed without any sand
production (i.e., with the wellbore-plug positioned such that covers the perforations). The initiation
and monitoring of fluid flow without sand production is completed for various reasons; first, the
flow rate measured without sand production creates a baseline for fluid flow through the sand pack.
This flowrate value can then be utilized with the pressure data to calculate the sand pack
permeability. Second, the initiation of fluid flow requires the operation and adjustment of the head
leveler and other equipment on the experiment. This provides an opportunity to ensure that the
equipment was operating properly. If the equipment had failed, it was possible to stop the
experiment and complete repairs without constructing a new sand pack (with the exception of
equipment failures within the sand trap which required a complete dismantling of the experiment).

Once the fluid flow rate is constant, the head leveler is raised until a no-flow condition exists (i.e.,
head in the wellbore = head in the sand pack). Then the wellbore-plug is displaced upwards, clear
of the perforations, hence enabling the flow of sand into the wellbore once suitable conditions are
achieved. The head leveler is then lowered to create a head difference (drawdown pressure)
between the container fluid level (i.e., sand pack) and head leveler outflow (i.e., wellbore). Both
sand production and fluid flowrate are monitored via reservoir fluid level changes and load cell
responses in-tank T-100 and the sand trap, respectively.

Once both stages are complete, the geotechnical centrifuge is stopped, and the apparatus is
disassembled from the platform. The sand pack is then excavated, and an analysis of the results is
completed.
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6.2 Monitoring and Control of Boundary Conditions
As mentioned in Chapter 3, the experimental design models a fully perforated wellbore within a
cylindrical uncemented reservoir that is overlain by a stiff stratum. This geometry facilitates the
radial flow of fluid during the experiment. Fluid flow rates vary from each experiment as they are
a function of the vertical and horizontal permeability of the constructed sand pack. However, the
fluid head difference that drives constant fluid flow in stage 1 of both experiments is equal to 14.5
cm (measured difference at 1g between the head leveler and fluid surface within the container).

The 20 kg cylindrical steel plate with overlying loose gravel is used to resemble a stiff overburden.
At experimental speeds, the overburden applies total vertical stress of approximately 55 kPa at the
top of the sand pack. Vertical displacement of the steel plate during an experiment is monitored
via a laser to assess if downward displacement (indicating an increase in sand pack density) occurs.

6.3 Sensors and Instrumentation
Figure 6.3 identifies the locations of the six TE connectivity EPRB-1 miniature pressure
transducers that were installed in the experimental apparatus. The fluid levels in tanks T-100, T200, and T-300 were monitored via three of these pressure transducers (i.e., one in each tank).
Most importantly, these pressures were used to avoid overfilling of the tanks. This was completed
by calculating the fluid pressure with a full tank, and ensuring that the measured fluid pressure
remained below the full-tank pressure throughout the experiment. Additionally, for tank T-100,
the fluid levels (interpreted from pressures) measured at successive times were used to calculate
the flow rate. More specifically, the change in fluid level was divided by the time between
measurements and multiplied by the cross-sectional area of tank T-100 to obtain a volumetric
flowrate into T-100 (Equation 6.1). The flowrate was then corrected for produced sand in the sand
trap that displaced fluid into T-100 by subtracting the produced sand rate. This flowrate calculation
was completed after the experiment was completed.
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Head Leveler

Figure 6.3: Process flow diagram of oil through the fluid circulation system with brown rectangles
to show the location of pressure measurements within the fluid circulation system.
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𝑡2−𝑡1

∗

1

6.1

𝜌𝑞𝑢𝑎𝑟𝑡𝑧

Where:
QO Flowrate (cm3/s)
h1 Fluid level at time 1 (cm)
h2 Fluid level at time 2 (cm)
m1 Cumulative mass at time 1 (g)
m2 Cumulative mass at time 2 (g)
t1 Time 1 (s)
t2 Time 2 (s)
AT-100 T-100 cross sectional area (31.4 cm2)
𝜌𝑞𝑢𝑎𝑟𝑡𝑧 2.65 g/cm3
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The cumulative produced sand mass is measured via three, 300N load cells within the sand trap.
The total load (Ftotal) that is measured by the load cells is the sum of three load components, the
sand dish (Fsand dish), any oil that is above the sand dish (Foil), and produced sand (Fproduced

sand)

as

outlined in Equation 6.2 for and time within the experiment. In order to measure the mass of
produced sand, both the oil and sand dish forces need to be removed from the load cell total force
measurement. A measurement of the combined force of the fluid column and sand dish was
measured in commissioning test 5 that was conducted to analyze the load cells within the
centrifuge environment. The results are given in Appendix I and noted in Chapter 7. Test 5 results
showed that the total force measured on the three load cells is 223N (Fsand dish+ Foil = 223N) when
only fluid and the sand dish are present. If Equation 6.2 is rearranged with known values for Ftotal,
Fsand dish , and Foil , Fproduced

sand

can be calculated. The apparent mass of produced sand can then be

calculated by dividing the force due to produced sand (Fproduced sand) by the scale factor (N) and the
gravitational constant 9.81 m/s2 to get an apparent mass of produced sand in kg. The mass is an
apparent mass since it is measured within a fluid; this calculation is outlined in Equation 6.3. The
actual mass of produced sand can then be calculated via Archimedes principle and accounting for
buoyancy effects; this calculation is outlined in Equation 6.4. By rearranging Equation 6.4 and
inserting known density values for both the sand and oil, mproduced sand can be calculated.
𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑠𝑎𝑛𝑑 𝑑𝑖𝑠ℎ + 𝐹𝑜𝑖𝑙 + 𝐹𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑠𝑎𝑛𝑑
Where:
Ftotal Sum of the total load on each load cell (N)
Fsand Dish Load resulting from the mass of the sand dish (N)
Foil Load resulting from the mass of the oil on the sand dish (N)
FProduced Sand Load resulting from the mass of the produced sand (N)
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(6.2)

𝑚𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑠𝑎𝑛𝑑 = 𝐹𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑠𝑎𝑛𝑑

(6.3)

𝑔∗𝑁

Where:
m apparent

produced sand

Apparent mass of sand produced into the sand dish (g)

g Gravitational constant (9.81 m/s2)
N Centrifuge Scaling factor at the load cell

𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑠𝑎𝑛𝑑

𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑆𝑎𝑛𝑑 − 𝑚 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑠𝑎𝑛𝑑 = 𝜌𝑜𝑖𝑙 (

𝜌𝑠𝑎𝑛𝑑

)

(6.4)

Where:
m apparent

produced sand

Apparent mass of sand produced into sand dish (kg)

m produced sand Mass of sand produced into sand dish (kg)
ρoil Density of oil (920 kg/m3)
ρsand Density of sand grains (2650 kg/m3)

At the end of each experiment, the sand within the sand dish was removed, cleaned, dried, and
weighed. Based on a comparison of measured post-test sand mass and load cell measurements, a
correction factor was determined. Use of this correction factor enabled the use of load cell readings
recorded during an experiment to generate a continuous plot of corrected sand mass versus time
for the experiment. Further discussion for the reasoning of adjusting sand mass is found in section
7.2.

Pressure transducers were installed on the container to measure fluid pressure at the edge of the
sand pack in two locations as shown in Figure 6.4. One pressure transducer was installed near the
top of the sand pack and the other near the center of the sand pack on the outer edge of the
cylindrical container. Measurements at these two locations made it possible to calculate the vertical
pressure gradient at the edge of the container. In addition to vertical pressure gradient monitoring ,
the pressure transducers near the top of the sand pack also provided a method to measure the fluid
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head above the sand and ensure that a constant fluid head remained above the sand pack throughout
the experiment.

Figure 6.4: Axisymmetric cross-section of the sand pack showing the pressure measurement
locations (indicated in blue) along the inner edge of the container.

Three camera systems were also used to monitor the experiment during spinning. The first camera
provided a view of the top of the apparatus, which enabled the detection of early indications of
leakage. The second camera was pointed towards the head leveler, which made it possible to verify
the accuracy of the head leveler position as determined using the stepper motor. The third camera
was used to view tank T-300 and the wellbore-plug actuator, which allowed the operator to monitor
the wellbore-plug movement and the T-300 fluid level in real-time. In addition, a string gauge was
installed on the wellbore plug actuator to have an accurate measurement of the wellbore-plug
position during plug removal.
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6.4 Post Test Measurements
Once the experiment is completed, the centrifuge is stopped, and the apparatus is dismantled from
the platform. Drain valves are then opened on the apparatus to allow the oil to drain from the sand
reservoir into a container for approximately 24 hours or until no oil flows out of the drain valves.
Once the apparatus has drained, the apparatus is moved from the centrifuge via a crane into the
laboratory. The container lid, gravel above the sand pack, and 20kg plate can then be removed to
expose the sand pack surface. Photographs of the sand surface are taken and any distortions in the
sand surface are noted. If any voids are visible on the sand pack surface, a measurement of the
voids is taken via a ruler and documented. Subsequently, careful excavation of the sand was
undertaken to investigate the production of sand from within the sand pack. This was completed
by utilizing a steel trowel and dissecting the sand pack vertically into four quadrants (wedges).
The sand was removed carefully from each quadrant from the top of the sand pack to the base of
the sand pack in smaller wedges from within each quadrant, and removed from the container. As
sand was removed, any notable features such as voids from within the sand pack were documented
for further analysis.
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7 Experimental Results and Discussion
A total of five commissioning tests and three experiments were completed to help develop and
refine the experimental design. Key results and associated design modifications for the five
commissioning tests are summarized in Table 7.1. Beyond this summary table, this chapter focuses
on the results obtained for experiments 1, 2, and 3. The experimental design used in experiments
1, 2, and 3 corresponds to the information presented in Chapter 3, with a few notable exceptions
(which are presented in the following paragraph).

Experiments 1, 2, and 3 differ from one another in terms of sand pack preparation and boundary
conditions. For experiment 1, the sand was poured at a lower density than experiments 2 and 3
(1643 kg/m3 versus 1805 kg/m3). In experiments 1 and 2, the perimeter of the sand pack was not
confined by mesh and gravel. Rather, the sand pack was extended to the container boundary in
experiments 1 and 2 in order to follow more closely with the procedure used in previous centrifuge based research (e.g., Vaziri et al., 2000). In experiment 3, the perimeter of the sand pack was
confined by both a mesh and gravel as explained in section 3.2.2. Another notable difference
between experiments 1, 2, and 3 is the wellbore perforations. In experiments 1 and 2, the top two
rows of perforations were closed to reduce the volume of sand flowing into the wellbore. This
decision was based on one of the five commissioning tests in which sand overfilled the sand trap
dish. In experiment 3, all perforations were left open, as shown in section 3.2.3.
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Table 7.1: Highlight of Results and Modifications for Commissioning Tests 1 to 5
Commissioning

Experimental Results

Modifications After Experiment

Test
1

2

3

4

5

 No fluid flow in the sand pack  Increase fluid head in the container by
changing outflow pipe height
 Valve switch failed
 Remove the relay system and use 120
V mechanical centrifuge switches to
control valves
 Little fluid circulation in the
 Install Camera to observe Pump, Tsand pack.
300, and head leveler.
 No method to monitor
 3D Print new wellbore-plug (new
movement in 20 kg steel plate
design)
 Install laser to monitor vertical changes
in steel plate
 Wellbore-plug actuator broke  Design a new wellbore actuator (jack
when trying to remove the
system)
wellbore-plug
 Install string gauge to track actuator
movement.
 The sand load was difficult to  Drill holes in sand trap dish to allow
interpret from load cell
fluid flow through the sand trap dish
measurements
 The test was completed to
 No design changes.
understand better the effects
of pressure changes on load
cell readings
 The wellbore-plug was not
removed from the wellbore

7.1 Experiment Results
Figure 7.1 to 7.4 show instrumentation measurements recorded during experiment 1. Figure 7.1
shows fluid pressures recorded in the sand trap, and at the outer edges of the sand pack. The
pressure measurements at the outer edge of the sand pack remain relatively constant compared to
the pressure changes within the sand trap. This is a result of maintaining a consistent fluid level
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above the sand pack. Based on the difference in the height of these two pressure measurements
and accounting for the density of the canola oil and the gravitational acceleration of the centrifuge,
the hydrostatic pressure difference between these two pressures should be 18 kPa, compared to an
actual difference of 16 kPa. The similarity in both the calculated and measured fluid pressures
show that the effect of a frictional pressure drop is minor at hydrostatic conditions. At 160 minutes,
the pressures at both the bottom and top sensors drop after wellbore-plug removal due to a large
flow of fluid and sand from the sand pack into the wellbore. This drop in pressure lasts
approximately 8 minutes before the pressures rebound to values recorded prior to the drop, after
which they remain stable. The pressure measurements at the top and bottom edge of the sand pack
prior to the drop-in fluid pressure are 33 kPa and 61 kPa, respectively. The pressure measurement
within the sand trap is taken at the base of the sand trap, which is 29 cm below the top of the sand
pack. As such, at hydrostatic conditions, the sand trap pressure should be 65 kPa greater than the
pressure at the top of the sand pack. Under hydrostatic conditions, the pressure recorded in the
sand trap should be 33 + 65 = 98 kPa. This is in good agreement with experimental observations,
which showed a fluid pressure of 94 kPa in the sand trap when no-flow conditions were prescribed
(i.e., the leveling arm connecting the sand trap to Tank T-100 was set at a level equal to the fluid
level in the container). When the head leveler is lowered (with valve SV-1 open), the pressure
within the sand trap is reduced below 94 kPa. In such a case, flow into Tank T-100 (via the wellbore
and sand trap) should occur, assuming the system is not plugged with sand. This is the case for the
entirety of experiment 1.

Figure 7.2 shows the pressures recorded in tanks T-100, T-200, and T-300 during the experiment.
Fluid pressure in each tank increases or decreases as the fluid level in the tank changes. These
changes can be useful for tracking the overall circulation of fluid during the experiment. For
example, the near-linear increase in T-100 pressure from 77 to 101 minutes indicates that steadystate flow was occurring from the sand-pack into the well while valve SV-1 was open (with the
porous wellbore-plug in place, and the leveler arm at its lowest height). The rapid drop in T-100
pressure and the associated rise in T-200 pressure occurring at 101 minutes is an indicator that
valve SV-2 was opened, allowing tank T-100 to empty into tank T-200. The subsequent reduction
in pressure T-200 is an indicator that the peristaltic pump was in operation, hence removing fluid
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from T-200 and pumping it into T-300. In fact, through the course of experiment 1, valve positions
were changed, pump rates varied, actuators moved, and head leveler position altered at various
times. These changes were completed on the fly to control the experiment (e.g., to manipulate flow
rate) and ensure that tanks T-100, T-200, and T-300 did not overfill during centrifuge flight. All
of these changes were recorded and are documented in Table 7.2.

Figure 7.3 shows the cumulative sand mass and fluid flow rate during the experiment. Sand mass
was determined based on the sum of the forces recorded by all three load cells (as described in
section 6.3) and adjusting the load cell measured sand mass to be equal to the measured sand mass
that was taken during experimental disassembly. Further discussion and reasoning to this method
to calculate cumulative sand mass is explained in section 7.2.1. The flow rate was calculated as
described in section 6.3, using a linear fit to the slope of the T-100 pressure versus time plot for
intervals where the steady-state flow is deemed to have occurred and subtracting fluid flow that
that resulted from fluid being displaced by sand within the sand trap. Notable in this plot is the fact
that wellbore-plug removal began at 148 minutes, followed by a rapid increase in fluid flow and
the initiation of sand production

(immediately after the wellbore-plug was removed from the

perforations). The wellbore plug fully cleared the four open rows of perforations at 153 minutes
(the vertical travel rate in the wellbore plug is approximately 2 cm/min).

Figure 7.4, shows the summation of total load recorded for three load cells (Ftotal), the calculated
total mass that was recorded on the load cells and the load cell measured sand mass
(𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑠𝑎𝑛𝑑 ) as explained in section 6.3. The plot also shows the cumulative produced sand
that was calculated based on load cell response and the measured sand mass that was documented
after experimental disassembly.

As noted in Table 7.2, the head leveler was set at various levels through the balance of the
experiment (to 392 minutes), all of these levels lower than the head level in the container, in order
to provide a driving force for fluid flow. The fact that negligible flow rates were observed suggests
that the wellbore, sand trap, and/or the head lever were plugged with sand.
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Figure 7.1: Pressure measurements within the experimental container during experiment 1

Figure 7.2: Tank fluid pressures during experiment 1
Sand Produced = 814 g

Figure 7.3: Fluid flow rate and cumulative sand mass during experiment 1
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Sand Produced = 814 g
Load Cell Sand Produced = 729 g

Figure 7.4: Cumulative sand mass and load cell readings during experiment 1
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Table 7.2: Experiment 1 inflight data capture
Time (m)
0
5.5
77

101
101
102
123
124
148

153
165
172
198
230

263

300
332
362
392

Note:
Centrifuge at experimental speed 111 RPM
The peristaltic pump started at 250 ml/m.
SV-3 open
SV-1 open- fluid flow from the sand trap into T-100.
Head leveler in lowest position:  H= 145 mm
Constant flowrate: 11 ml/min
SV-1 closed (no flow through sand pack)
SV-2 open (empty T-100)
Head leveler moved to the highest position ( H=0mm)
SV-2 closed
SV-1 open  0 - 1 ml/m flow observed into T-100
Wellbore-plug removed from perforations. flow and sand production observed
instantaneously after wellbore-plug removal without changing head leveler
position
Head leveler moved down to create a head difference of 10mm Flow 73ml/m
 77ml/m
SV-2 open (empty T-100)
SV-2 closed
Head leveler moved down to create an additional head difference of 10mm 
H = 20mm  No flow observed
Head leveler moved down to create an additional head difference of 10mm 
H = 30mm
No flow observed
Head leveler moved down to create an additional head difference of 10mm 
H = 40mm
No flow observed
Head leveler moved down to create an additional head difference of 30mm 
H = 70 mm No flow observed
Head leveler moved down to create an additional head difference of 30mm 
H = 100mm No flow observed
Head leveler moved down to create an additional head difference of 30mm 
H = 130mm No flow observed
Peristaltic pump set to 0 ml/m.
SV-1 closed
SV-3 closed
Centrifuge stopped. experiment complete
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Figure 7.5 and Figure 7.6 show the top surface of the sand pack after experiment 1 was
disassembled, and the oil had been gravity-drained. The surface of the sand shows a frustumshaped cavity and a single elongated channel extending from the top of the cavity to the edge of
the experimental container. The channel can be easily seen by observing the disturbance of the
blue sand rings on the sand surface. The channel removed the blue sand from the rings into the
conical cavity around the wellbore. Note that gravel from above and around the overburden plate
fell on top of the sand pack and is shown in Figure 7.5 near the container's edge. The gravel is a
result of experiment disassembly and not related to fluid flow or sand production that occurred
during the experiment.

An analysis of the cavity was completed to estimate the void volume around the wellbore. Angle
and length measurements of the cavity were taken to understand the cavity shape. After a careful
analysis, it was found that the top diameter of the cavity averages 16 cm with a maximum depth
of 4 cm near the wellbore (Figure 7.6). Assuming a conical shape and removing the wellbore
volume, the cavity was estimated to have a volume of 254 cm3. For a sand density of 1643 kg/m3,
this would account for a sand mass of 417 g.

Figure 7.5: Aerial view of the sand surface from experiment 1.
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Figure 7.6: Perspective view of a developed cavity around the wellbore from experiment 1.

Figure 7.7, Figure 7.8, Figure 7.9, and Figure 7.10 show instrumentation measurements recorded
during experiment 2. Figure 7.7 shows pressures recorded in the sand trap, and at the outer edges
of the sand pack. The pressure measurements at the outer edge of the sand pack remain relatively
constant compared to the pressure changes within the sand trap. This is a result of maintaining a
consistent fluid level above the sand pack. Based on the difference in the height of these two
pressure measurements and accounting for the density of the canola oil and the gravitation al
acceleration of the centrifuge, the hydrostatic pressure difference between these two pressures
should be 18 kPa, compared to an actual difference of 17.5 kPa. The similarity in both the
calculated and measured fluid pressures show that the effect of a frictional pressure drop is
negligible at hydrostatic conditions. At 43 minutes, the pressures at both the bottom and top sensors
drop after wellbore-plug removal due to a large flow of fluid and sand from the sand pack into the
wellbore. This drop in pressure lasts approximately 10 minutes before the pressures rebound to
values recorded prior to the drop, after which they remain stable. The pressure measurements at
the top and bottom edge of the sand pack prior to the drop-in fluid pressure are 33 kPa and 51 kPa,
respectively. The pressure measurement within the sand trap is taken at the base of the sand trap,
which is 29 cm below the top of the sand pack. Under hydrostatic conditions, the sand trap pressure
should be 65 kPa greater than the pressure at the top of the sand pack. As such, under hydrostatic
conditions, the pressure recorded in the sand trap should be 33 + 65 = 98 kPa. This is in reasonable
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agreement with experimental observations, which showed a fluid pressure of 89 kPa in the sand
trap when no-flow conditions were prescribed (i.e., the leveling arm connecting the sand trap to
Tank T-100 was set at a level equal to the fluid level in the container). When the head leveler is
lowered (with valve SV-1 open), the pressure within the sand trap is reduced below 89 kPa. In
such a case, flow into Tank T-100 (via the wellbore and sand trap) should occur, assuming the
system is not plugged with sand. This is the case for the entirety of experiment 2.

Figure 7.8 shows the pressures recorded in tanks T-100, T-200, and T-300 during the experiment.
Fluid pressure in each tank increases or decreases as the fluid level in the tank changes. These
changes can be useful for tracking the overall circulation of fluid during the experiment. Through
the course of experiment 2, valve positions were changed, pump rates varied, actuators moved,
and head leveler position altered at various times. These changes were completed on the fly to
control the experiment (e.g., manipulate flow rate) and ensure that tanks T-100, T-200, and T-300
did not overfill during centrifuge flight. All of these changes were recorded and are documented
in Table 7.3.

Figure 7.9 shows the cumulative sand mass and fluid flow rate during the experiment. Sand mass
was determined based on the sum of the forces recorded by all three load cells (as described in
section 6.3) and adjusting the load cell measured sand mass to be equal to the measured sand mass
that was taken during experimental disassembly. Further discussion and reasoning to this method
to calculate cumulative sand mass is explained in section 7.2.1. The flow rate was calculated as
described in section 6.3, using a linear fit to the slope of the T-100 pressure versus time plot for
intervals where the steady-state flow is deemed to have occurred and subtracting fluid flow that
that resulted from fluid being displaced by sand within the sand trap. Notable in this plot is the fact
that the wellbore-plug began to be removed at 33 minutes, followed by a rapid increase in fluid
flow and the initiation of sand production (immediately after the wellbore-plug is removed from
the perforations). The wellbore plug fully cleared the four open rows of perforations at 38 minutes.
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Figure 7.10, shows the summation of total load recorded for three load cells (Ftotal), the calculated
total mass that was recorded on the load cells and the load cell measured sand mass
(𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑠𝑎𝑛𝑑 ) as explained in section 6.3. The plot also shows the cumulative produced sand
that was calculated based on load cell response and the measured sand mass that was documented
after experimental disassembly.

As noted in Table 7.3, the head leveler was set at various levels through the balance of the
experiment (to 100 minutes), all of these levels lower than the head level in the container, in order
to provide a driving force for fluid flow. The fact that negligible flow rates were observed suggests
that the wellbore, sand trap, and/or the head lever were plugged with sand.

93

Figure 7.7: Pressure measurements within the experimental container during experiment 2

Figure 7.8: Tank fluid pressures during experiment 2

Sand Produced = 1400 g

Figure 7.9: Fluid flow rate and cumulative sand mass during experiment 2
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Sand Produced = 1400 g
Load Cell Sand Produced = 1262 g

Figure 7.10: Cumulative sand mass and load cell readings during experiment 2
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Table 7.3: Experiment 2 inflight data capture
Time (m)
0
4
19

27
31
33

43
44
48
48
52
58
62
65
66
71
75
79
82
84
87
89
95
98

Note:
Centrifuge at experimental speed 111 RPM
Pump at 300 ml/m
SV-3 open
SV-1 open- fluid flow from the sand trap into T-100.
Head leveler in lowest position: h= 145 mm
Constant flowrate: 6.5 ml/min
SV-2 open (empty T-100)
SV-1 closed (no flow through sand pack)
Wellbore-plug removed from perforations.
SV-1 open
A flow rate of 39 ml/m
Head leveler in lowest position: h= 145 mm
SV-2 open (empty T-100 and Fill T-200)
SV-2 closed
Head leveler moved up: h = 0. Sand Trap pressure does not re-stabilize at 89
kPa.
Head leveler moved down to lowest position: h = 145mm
No flow was observed. Pressure in sand trap decreases below 60 kPa
Pump at 0 ml/m. T-200 filling
Head leveler moved up: h = 0
Pump at 300 ml/m
Head leveler moved down: h = 145mm
No flow was observed
Head leveler moved up: h = 0
Head leveler moved down: h = 20mm
No flow was observed
Head leveler moved down 20mm: h = 40mm
No flow was observed
Head leveler moved down 20mm: h = 60mm
No flow was observed
Head leveler moved down 20mm: h = 80mm
No flow was observed
Head leveler moved down: h = 100mm
No flow was observed
Head leveler moved up: h = 0
Head leveler moved down: h = 145mm
No flow was observed
Peristaltic pump set to 0 ml/m.
SV-1 closed
SV-3 closed
Centrifuge stopped. experiment complete
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Figure 7.11, Figure 7.12, and Figure 7.13 show the top surface of the sand pack after experiment
2 was disassembled, and the oil had been gravity-drained. The surface of the sand shows a frustumshaped cavity and multiple elongated channels extending from the top of the cavity towards the
edge of the experimental container.

An analysis of the cavity was completed to estimate the void volume around the wellbore. Angle
and length measurements of the cavity were taken to understand the cavity shape. After a careful
analysis, it was found that the top diameter of the cavity averages 22 cm with a maximum depth
of 4.5 cm near the wellbore (Figure 7.13). Assuming a conical shape and removing the wellbore
volume, the cavity was estimated to have a volume of 554 cm3. For a sand density of 1805 kg/m3,
this would account for a sand mass of 1000 g. More discussion of the significance of these
observations is given in section 7.2.

Figure 7.11: Aerial Photo of the sand surface from experiment 2
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Figure 7.12: Aerial view of a developed cavity and channels around the wellbore from experiment
2

Figure 7.13: Perspective view of the developed cavity and channels around the wellbore from
experiment 2
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Figure 7.14, Figure 7.15, Figure 7.16, and Figure 7.17 show instrumentation measurements
recorded during experiment 3. Figure 7.14 shows pressures recorded in the sand trap, and at the
outer edges of the sand pack. The pressure measurements at the outer edge of the sand pack remain
relatively constant compared to the pressure changes within the sand trap. This is a result of
maintaining a consistent fluid level above the sand pack. Based on the difference in the height of
these two pressure measurements and accounting for the density of the canola oil and the
gravitational acceleration of the centrifuge, the hydrostatic pressure difference between these two
pressures should be 18 kPa, compared to an actual difference of 19.5 kPa. The similarity in both
the calculated and measured fluid pressures show that the effect of a frictional pressure drop is
minor at hydrostatic conditions. Since the measured difference is larger, it could suggest that the
pressure transducer has some error within the measurement. However, this error seems to be small
and negligible. The pressure measurements at the top and bottom edge of the sand pack prior to
the drop-in fluid pressure are 32 kPa and 51 kPa, respectively. The pressure measurement within
the sand trap is taken at the base of the sand trap, which is 29 cm below the top of the sand pack.
As such, at hydrostatic conditions, the sand trap pressure should be 65 kPa greater than the pressure
at the top of the sand pack. Under hydrostatic conditions, the pressure recorded in the sand trap
should be 32 + 65 = 98 kPa. This is in reasonable agreement with experimental observations, which
showed a fluid pressure of 92 kPa in the sand trap when no-flow conditions were prescribed (i.e.,
the leveling arm connecting the sand trap to Tank T-100 was set at a level equal to the fluid level
in the container). When the head leveler is lowered (with valve SV-1 open), the pressure within
the sand trap is reduced below 92 kPa. In such a case, flow into Tank T-100 (via the wellbore and
sand trap) should occur, assuming the system is not plugged with sand. This is the case for the
entirety of experiment 3.

Figure 7.15 shows the pressures recorded in tanks T-100, T-200, and T-300 during the experiment.
Fluid pressure in each tank increases or decreases as the fluid level in the tank changes. These
changes can be useful for tracking the overall circulation of fluid during the experiment. Through
the course of experiment 2, valve positions were changed, pump rates varied, actuators moved,
and head leveler position altered at various times. These changes were completed on the fly to
control the experiment (e.g., manipulated flow rate) and ensure that tanks T-100, T-200, and T-

99

300 did not overfill during centrifuge flight. All of these changes were recorded and are
documented in Table 7.4

Figure 7.16 shows the cumulative sand mass and fluid flow rate during the experiment. Sand mass
was determined based on the sum of the forces recorded by all three load cells (as described in
section 6.3) and adjusting the load cell measured sand mass to be equal to an estimated sand mass.
The sand mass was estimated as a result of the preserved sand sample that was retrieved during
experiment disassembly being destroyed prior to recording a dried sand mass. The estimation was
made by comparing load cell sand measurements in experiments 1 and 2 to the weighed sand
masses, creating a ratio, and calculating a sand mass based on that ratio. Further discussion and
reasoning to this method of estimating the total cumulative sand mass and sand mass plot is
explained in section 7.2.1. The flow rate was calculated as described in section 6.3, using a linear
fit to the slope of the T-100 pressure versus time plot for intervals where the steady-state flow is
deemed to have occurred and subtracting fluid flow that that resulted from fluid being displaced
by sand within the sand trap and subtracting fluid flow that that resulted from fluid being displaced
by sand within the sand trap. Notable in this plot is the fact that the wellbore-plug began to be
removed at 28 minutes, followed by a rapid increase in fluid flow and the initiation of sand
production (immediately after the wellbore-plug is removed from the perforations). The wellbore
plug fully cleared the four open rows of perforations at 33 minutes. As noted in Table 7.4, the head
leveler was set at various levels through the balance of the experiment (to 135 minutes), all of
these levels lower than the head level in the container, in order to provide a driving force for fluid
flow. The fact that negligible flow rates were observed suggests that the wellbore, sand trap, and/or
the head lever were plugged with sand.

Figure 7.17, shows the summation of total load recorded for three load cells (Ftotal), the calculated
total mass that was recorded on the load cells and the load cell measured sand mass
(𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑠𝑎𝑛𝑑 ) as explained in section 6.3. The plot also shows the cumulative produced sand
that was calculated based on load cell response and the calculated sand mass that was estimated
based on results from experiment 1 and 2. The estimated sand mass is noted with an asterisk next
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to the number. Details of how this number was estimated are found within the discussion in section
7.2.1.

As noted in Table 7.4, the head leveler was set at various levels through the balance of the
experiment (to 100 minutes), all of these levels lower than the head level in the container, in order
to provide a driving force for fluid flow. The fact that negligible flow rates were observed suggests
that the wellbore, sand trap, and/or the head lever were plugged with sand.
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Figure 7.14: Pressure measurements within the experimental container during experiment 3

Figure 7.15: Tank fluid pressures during experiment 3

*Calculated Sand Produced = 1050 g

Figure 7.16: Fluid flow rate and cumulative sand mass during experiment 3
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*Calculated Sand Produced = 1050 g
Load Cell Sand Produced =945 g

Figure 7.17: Cumulative sand mass and load cell readings during experiment 3

Table 7.4: Experiment 3 inflight data capture
Time (m)
0
3
7
16
22
25
28

42
45
50
74
84
117
120

Note:
Centrifuge at experimental speed 111 RPM
The peristaltic pump started at 300 ml/m.
SV-3 open
SV-1 open- fluid flow from the sand trap into T-100.
Head leveler in lowest position: H= 145 mm
Constant flowrate: 15.7 ml/min
Head leveler moved to the highest position (H=0mm)
0 ml/m flow observed into T-100
Wellbore-plug removed from perforations. flow and sand production observed
instantaneously after wellbore-plug removal without changing head leveler
position
Flow rate: 23-35 ml/min
SV-2 open (empty T-100)
SV-2 closed
Head leveler in lowest position: H= 145 mm
Flowrate: 1 ml/min
Head leveler moved to the highest position (H=0mm)
Head leveler in lowest position: H= 145 mm
Flowrate: 1 ml/min
Head leveler moved to the highest position (H=0mm)
Peristaltic pump set to 0 ml/m.
SV-1 closed
SV-3 closed
Centrifuge stopped. experiment complete
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Figure 7.18, and Figure 7.19 show the top surface of the sand pack after experiment 3 was
disassembled, and the oil had been gravity-drained. The surface of the sand shows a frustumshaped cavity and no erosional channels. Note that gravel from above and around the overburden
plate fell on top of the sand pack and is shown in Figure 7.18 on the sand pack surface. The gravel
is a result of experiment disassembly and not related to fluid flow or sand production that occurred
during the experiment.

An analysis of the cavity was completed to estimate the void volume around the wellbore. Angle
and length measurements of the cavity were taken to understand the cavity shape. After a careful
analysis, it was found that the top diameter of the cavity averages 16.5 cm with a maximum depth
of 5 cm near the wellbore. Assuming a conical shape and removing the wellbore volume, the cavity
was estimated to have a volume of 338 cm3. For a sand density of 1805 kg/m3, this would account
for a sand mass of 611g.

Figure 7.18: Aerial Photo of the sand surface from experiment 3
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Figure 7.19: Aerial view of a developed cavity around the wellbore from experiment 3

Excavation of the experiments was completed post-test to inspect the internal structure of the sand
pack, more specifically, to investigate for voids or significant porosity changes that could have
developed during the experiment. In all experiments, no significant internal features were
observed.

A summary of key experiment results and conditions from experiments 1, 2 and 3 is given in Table
7.5. All experiments were run in two stages, as mentioned in section 7.1; i.e., one stage to monitor
fluid flow without sand production, and a second stage to monitor fluid flow with sand production.
During the first stage in all cases, a constant flow rate was achieved prior to removing the wellbore plug. However, during the second stage, sand production and a meaningful fluid flow rate lasted
only a few minutes. In the case of experiment 1, sand production and fluid flow essentially stopped
at 160 minutes, in experiment 2 sand production and fluid flow ended at roughly 55 minutes, and
in experiment 3 sand production and fluid flow ended at roughly 45 minutes. All subsequent
changes to the system, such as the head level changes logged in Table 7.2, Table 7.3, and Table
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7.4 represented efforts to re-initiate fluid flow and sand production. Given that these efforts failed,
the experiments were stopped after 400 minutes, 100 minutes, and 120 minutes respectively.

Table 7.5: Experiment 1, 2, and 3 highlights of results and experimental parameters
Parameter
Oil density, kg/m3
Sand relative density,
%
Porosity, %
Gravel mass above
steel plate, kg
Initial Flowrate (no
sand production),
ml/m
Peak flow rate (sand
production), ml/m
Cumulative produced
sand, g
Load cell cumulative
produced sand, g
Number of perforation
rows open
Cavity
Cavity side slope
angle, °
Cavity diameter, m
Cavity depth, m
Channel

Experiment 1
920
24

Experiment 2
920
83

Experiment 3
920
83

38
24

30
24

30
24

11

6.5

15.7

74

182

9

815

1400

1050*

729

1262

945

4

4

6

Yes
27

Yes
23

Yes
31

0.16
0.04
One large, at the top of
the sand pack

0.22
0.045
Multiple small, at the
top of the sand pack

0.165
0.05
No

* Calculated produced sand mass ; experimental error resulted in failure to measure sand mass . Method used to
calculate the sand mass is explained in section 7.2.1

7.2 Discussion
The main objective of this research project was to design and commission a physical model to be
used for future CHOPS research using a geotechnical centrifuge. Section 7.1 presents results for
three centrifuge experiments that followed 5 commissioning tests that were completed to refine
the apparatus. This section first discusses the results obtained in the load cell responses and the
method utilized to adjust sand mass interpreted from load cell measurements to measured (posttest) sand mass, then discusses the performance of the fluid circulation system, and finally
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discusses the results in terms of post-test visual observation of the sand pack. Some
recommendations will also be noted in this section to improve system functionality and record
better results in future research.

7.2.1 Sand Trap Analysis
Figure 7.4, Figure 7.10, and Figure 7.17 show the load cell responses and cumulative sand mass
plots for experiments 1, 2, and 3, respectively. As mentioned in section 7.1 the sand sample that
was retrieved in experiment 3 was destroyed prior to recording a sample mass. As a result, an
estimate was made using data from experiments 1 and 2. The ratios of weighed (post-test)
cumulative sand to cumulative sand mass interpreted from load cells were 0.895 and 0.900 for
experiments 1, and 2, respectively. The average of this ratio is approximately 0.90. Thus, the
cumulative sand mass measured determined from load cells (945 g) was divided by this ratio to
obtain an estimated cumulative sand mass of 1050 g.

The results show a difference of roughly 10% between the sand mass determined from load cells
and weighed (post-test) cumulative sand mass. The difference in cumulative sand masses was
analyzed by comparing the load cell responses to changes within the experimental apparatus. It
was found that the change in fluid pressure directly influences the force measurement at the load
cell. This is likely due to complex fluid flow paths and buoyancy effects within the sand trap. To
further understand the impact of fluid pressure changes on load cell measurements, a
commissioning test was carried out (commissioning test 5). The test consisted of the fully
assembled apparatus with sand and gravel spun at 111 rpm on the geotechnical centrifuge. The
pressure within the sand was held constant for various pressure steps over time intervals, during
each time interval the load cells were given time to stabilize to a constant load reading. (Details
and results of this test are attached in Appendix I). The results showed that regardless of fluid
pressure, the cumulative load cell reading would stabilize after approximately one hour at 223 N;
however, they would typically read greater values prior to stabilizing at 223 N. These results
showed that, although the load cells readings are directly impacted by fluid pressure changes, the
readings will eventually stabilize to a single value given that the fluid level and centrifugal speed
remain constant. This finding resulted in the ability to utilize the load cell readings as the
107

cumulative sand plot since load cells would read increases and decreases in cumulative sand
throughout the experiment and not have sufficient time to stabilize like commissioning test 5.

A workflow was developed to generate a continuous, calibrated curve of produced sand mass
during each experiment, which involved the load cell total force measurements for each test and
the dried sand mass measured post-test. This workflow is illustrated in Figure 7.20. The first step
in the process was to smooth the total force data (Ftotal) by applying a moving averaging function
over the entire data trend. This method preserved important trends while minimizing noise
resulting from pressure changes. The next step was to manipulate the data set as follows: (1) Ftotal
was reset to zero prior to plug removal. This created a baseline for total load measurements, such
that any value greater than the baseline after plug removal should be attributed to sand grains
accumulating on the load cells (via the dish in the sandtrap). (2) The load due to both the fluid and
mass of tare was subtracted from Ftotal (It was noted previously that this value was measured to be
223N, hence 223N was subtracted from Ftotal after the plug was removed to get Fsand.). Once these
steps were completed, the resulting dataset was a continuous record of Fsand over the duration of
the experiment, with the largest force (Fsand-max) being recorded at the end of the experiment. The
continuous record of Fsand was then normalized by diving each Fsand value by Fsand-max. Each
normalized data point (Fsand / Fsand-max) was then multiplied by the post-test, dried sand mass,
resulting in a calibrated plot of cumulative sand produced during an experiment; a plot which is
valuable for differentiating between gradual and steady sand production versus sand production
bursts.

Figure 7.20: Flowchart illustrating the workflow used to process load cell data such that a
continuous, calibrated curve of produced sand mass could be plotted for each experiment.
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7.2.2 Fluid Circulation System
A total of 5 tests were completed to commission the experimental apparatus up to the point that is
described in Chapter 3 of this thesis. Each test required a minimum of two weeks to set up, run,
and analyze. These two weeks do not include the time necessary to implement modifications
between experiments that were required (design, manufacture, and commissioning of new
components). Hence, the commissioning program alone spanned over nine months to modify the
apparatus and a total of seven months to design and manufacture the experimental structure
described in Chapter 3.

The biggest challenge in this experimental commissioning program was to circulate fluid remotely
in an enhanced gravity environment. The implementation of fluid circulation in this environment
is not a common practice; hence there was limited literature to provide guidance for the
construction and operation of such an experiment. This challenge was overcome by experimenting
with each component separately in this environment, then collectively as a complete fluid
circulation system without any sand or gravel in the container. This approach enabled the
commissioning of the fluid circulation system in a controlled manner without the need for a full
experimental setup. The result was a fully-functioning, remotely-controlled system that circulated
fluid at the end of the geotechnical centrifuge’s arm. This fluid circulation system testing was
completed before the five commissioning tests that are noted in the results section.

The next step in experimental commissioning was to repeat the fluid circulation test with a fully
saturated sand pack in the experimental container. As noted in section 7.1 a total of 5
commissioning tests, and 3 experiments were completed, all of which included a fully oil-saturated
sand pack. To analyze fluid circulation in experiments 1, 2, and 3, the pressure measurements in
tanks T-100, T-200, and T-300 were converted to fluid levels using Equation 7.1 and plotted. The
resulting plots are shown in Figure 7.21, Figure 7.22, and Figure 7.23.
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𝑃∗1000

ℎ=(

𝑔∗𝑁∗𝜌

) *100

(7.1)

where:
h
𝑃
𝜌
N
g

Fluid level above the pressure sensor (cm)
Fluid Pressure at pressure sensor (kPa)
Oil density (920 kg/m3)
Scaling Factor
Gravitational Constant (9.81 m/s 2)

1

2

3

4

5

Wellbore-plug removal

Figure 7.21: Calculated fluid level for tanks T-100, T-200, and T-300 during experiment 1. The
figure shows the point when the wellbore-plug was removed, and five time intervals that are
discussed in the text.

1

2

3

4

5

Wellbore-plug removal

Figure 7.22: Calculated fluid level for tanks T-100, T-200, and T-300 during experiment 2. The
figure shows the point when the wellbore-plug was removed, and five time intervals that are
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discussed in the text.

1

2 3

4

5

Wellbore-plug removal

Figure 7.23: Calculated fluid level for tanks T-100, T-200, and T-300 during experiment 3. The
figure shows the point when the wellbore-plug was removed, and five time intervals that are
discussed in the text.

Increases and decreases in fluid levels within each tank are observed in all experiments. A fluid
level increase indicates that fluid is entering the tank, a fluid level decrease indicates fluid is
emptying from the tank, and a constant fluid level indicates no net change in fluid volume within
the tank (i.e., either no entry and no exit of fluid, or an inflow rate equal to the outflow rate). Red
shading is used in Figure 7.21, Figure 7.22, and Figure 7.23 to highlight time intervals during
which flow from the sand trap to tank T-100 was occurring.

7.2.2.1 Experiment 1: Fluid Circulation Discussion
For experiment 1, fluid circulation through the tanks was characterized by the increase and
decrease of tank fluid levels shown in Figure 7.21. Figure 7.21 is divided into five intervals, with
red shading used to highlight intervals of fluid movement through the sand trap into tank T-100.
In interval 1, the experiment is just beginning, and the porous well-bore plug was positioned within
the sand pack. The fluid level in tank T-300 reduced from 11 cm to 2 cm as the fluid drained into
the experimental container. In section 2, a flow rate of 11 ml/m was calculated between the sand
trap and tank T-100. The flowrate is a result of reducing the head in the wellbore (by lowering the
leveler arm), which resulted in a head difference of 14.5 cm between the experimental container
and T-100. By adjusting the sand trap pressure to be at the same depth as the sand pressure 1
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measurement, the pressure difference between the wellbore and the outer sand pack boundary is
22.75 kPa. This pressure difference between the outer edge and wellbore would have ultimately
been the driver for fluid flow into the wellbore.

Once a constant flowrate was observed, in interval 3, the head in the wellbore was increased by
raising the leveler arm until a head difference of 0 cm was achieved, thus creating a no-flow
scenario. No-flow conditions were confirmed by monitoring the tank fluid level visually via the
camera pointed at tank T-100 and the pressure transducer within tank T-100. Subsequently, the
wellbore-plug was removed by pulling it upwards out of the sand pack. It can be seen in interval
4 that fluid flow into T-100 occurred immediately, even without creating a significant pressure
differential between the wellbore and outer edge of the sand pack. In this short time, flowrates
peaked at 72 ml/m, and a significant volume of sand was produced in the sand trap (note the
increase in sand mass in Figure 7.3). It is important to note that the fluid level in tank T-100
reduced significantly within interval 4 prior to increasing again. This reduction in fluid level in
tank T-100 was a consequence of valve SV-2 being opened as a preventative measure to avoid
overfilling the tank. This drop-in fluid level aligns with an increase in fluid level in tank T-200
and T-300.

After peak rates were recorded and a total mass of 815 g of produced sand was calculated from the
sand trap load cells, flowrates quickly became negligible. It was speculated that the high flowrates
and volumes of produced sand immediately after wellbore-plug removal was a consequence of an
artificial pressure drop within the wellbore due to a “swabbing” effect. Wellbore-plug removal
could have resulted in a substantial volume of fluid needed to fill the volume within the wellbore
that was once occupied by the wellbore-plug.

As mentioned, the fluid rates into tank T-100 became minimal in interval 5. An attempt was made
to re-initiate fluid flow by gradually increasing the outflow fluid head difference. However, it can
be seen in Figure 7.21 that fluid flow did not increase significantly (i.e., it remained at a rate of
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roughly 1 ml/m into tank T-100). This result led to the interpretation that the system had become
plugged with sand between the wellbore and tank T-100.

7.2.2.2 Experiment 2: Fluid Circulation Discussion
For experiment 2, fluid circulation through the tanks was characterized by the increase and
decrease of tank fluid levels shown in Figure 7.22. Figure 7.22 is divided into five intervals, with
red shading used to highlight intervals of fluid movement through the sand trap into tank T-100.
In interval 1, the experiment was just beginning, and the porous well-bore plug was positioned
within the sand pack. The fluid level in tank T-300 reduced from 15 cm to 0 cm as the fluid drained
into the experimental container. In section 2, a flow rate of 6.42 ml/m was calculated between the
sand trap and tank T-100. The flowrate is a result of reducing the head in the wellbore (by lowering
the leveler's arm), which resulted in a head difference of 14.5 cm between the experimental
container and T-100. By adjusting the sand trap pressure to be at the same depth as the sand
pressure 1 measurement, the pressure difference between the wellbore and the outer sand pack
boundary is 19.5 kPa. This pressure difference between the outer edge and wellbore would have
ultimately been the driver for fluid flow into the wellbore.

Once a constant flowrate was observed, in interval 3, the head in the wellbore was increased by
raising the leveler arm until a head difference of 0 cm was achieved, thus creating a no-flow
scenario. No-flow conditions were confirmed by monitoring the tank fluid level visually via the
camera pointed at tank T-100 and the pressure transducer within tank T-100. Subsequently, the
wellbore-plug was pulled upwards out of the sand pack. It can be seen in interval 4 that fluid flow
into T-100 occurred immediately, even without creating a significant pressure differential between
the wellbore and outer edge of the sand pack. In this short time, flowrates peaked at 126 ml/m, and
a significant volume of sand was produced in the sand trap (note the increase in sand mass in
Figure 7.9). It is important to note that the fluid level in tank T-100 reduced significantly in interval
4 prior to increasing again. This reduction in fluid level in tank T-100 was a consequence of valve
SV-2 being opened as a preventative measure to avoid overfilling the tank. This drop-in fluid level
aligns with an increase in fluid level in tank T-200 and T-300.
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After peak rates were recorded and a total mass of 1400 g of produced sand was calculated from
the sand trap load cells, flowrates quickly reduced to no flow. Similar to Experiment 1, it was
speculated that the high flowrates and volumes of produced sand immediately after wellbore-plug
removal was a consequence of an artificial pressure drop within the wellbore due to a “swabbing”
effect. Wellbore-plug removal could have resulted in a substantial volume of fluid needed to fill
the volume within the wellbore that was once occupied by the wellbore-plug.

As mentioned, the fluid rates into tank T-100 became zero in interval 5. An attempt was made to
re-initiate fluid flow by gradually increasing the outflow fluid head difference. However, it can be
seen in Figure 7.22 that fluid flow did not occur. This result led to the interpretation that the system
had become plugged with sand between the wellbore and tank T-100.

7.2.2.3 Experiment 3: Fluid Circulation Discussion
For experiment 2, fluid circulation through the tanks was characterized by the increase and
decrease of tank fluid levels shown in Figure 7.23. Figure 7.23 is divided into five intervals, with
red shading used to highlight intervals of fluid movement through the sand trap into tank T-100.
In interval 1, the experiment was just beginning, and the porous well-bore plug was positioned
within the sand pack. The fluid level in tank T-300 reduced from 16 cm to 0 cm as the fluid drained
into the experimental container. In section 2, a flow rate of 15.7 ml/m was calculated between the
sand trap and tank T-100. The flowrate was a result of reducing the head in the wellbore (by
lowering the leveler's arm), which resulted in a head difference of 14.5 cm between the
experimental container and T-100. By adjusting the sand trap pressure to be at the same depth as
the sand pressure 1 measurement, the pressure difference between the wellbore and the outer sand
pack boundary was 22 kPa. This pressure difference between the outer edge and wellbore would
have ultimately been the driver for fluid flow into the wellbore.

Once a constant flowrate was observed, in interval 3, the head in the wellbore was increased by
raising the leveler arm until a head difference of 0 cm was achieved, thus creating a no-flow
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scenario. No-flow conditions were confirmed by monitoring the tank fluid level visually via the
camera pointed at tank T-100 and the pressure transducer within tank T-100. Subsequently, the
wellbore-plug was pulled upwards out of the sand pack. It can be seen in interval 4 that fluid flow
into T-100 occurred immediately, even without creating a significant pressure differential between
the wellbore and outer edge of the sand pack. In this short time, flowrates peaked at 9 ml/m, and a
significant volume of sand was produced in the sand trap (note the increase in sand mass in Figure
7.16).

After peak rates were recorded and a total mass of 615 g of produced sand was calculated from the
sand trap load cells, flowrates quickly reduced to zero. Similar to Experiment 1 and 2, it was
speculated that the high flowrates and volumes of produced sand immediately after wellbore-plug
removal was a consequence of an artificial pressure drop within the wellbore due to a “swabbing”
effect. Wellbore-plug removal could have resulted in a substantial volume of fluid needed to fill
the volume within the wellbore that was once occupied by the wellbore-plug.

As mentioned, the fluid rates into tank T-100 became minimal in Section 5. An attempt was made
to re-initiate fluid flow by gradually increasing the outflow fluid head difference. However, it can
be seen in Figure 7.23 that fluid flow did not increase significantly (i.e., it remained at a rate of
roughly 1 ml/m into tank T-100). This result led to the interpretation that the system had become
plugged with sand between the wellbore and tank T-100.

A notable observation in experiment 3 is that the fluid flowrate prior to sand production (the
wellbore plug was covering perforations) was measured to be 15.7 ml/m, whereas the flowrate in
experiment 2 was 6.5 ml/m. This is significant since the sand densities and pressure differentials
were similar in both experiments; the only notable difference was the addition of gravel and mesh
on the perimeter of the sand pack. This suggests that the addition of a highly permeable boundary
increases the volume of fluid through the sand pack. These results are consistent with simulation
results shown in Chapter 5, where the addition of gravel at the edge of the sand improved the fluid
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flux into the wellbore. Without gravel and mesh around the sand pack, the top edge of the sand
pack is the dominant conduit for fluid to enter the sand pack.

7.2.2.4 Challenges with the Fluid Circulation System
In experiments 1, 2, and 3, the results revealed two issues with the fluid circulation system. First,
in both experiments, sand production occurred prematurely during wellbore-plug removal from
the wellbore. It should be noted that the total time required to remove the wellbore-plug from the
lowest three rows of perforation is approximately 5 minutes; however, immediately after the
wellbore-plug was removed from the lowest two rows of perforations (about two minutes after
wellbore-plug removal begins) large volumes of sand and fluid flow were measured within the
sand trap and tank T-100, respectively. Sand mass was produced in the sand trap prior to a decrease
in the head leveler position. The occurrence of sand production prior to a change in head leveler
position suggests that the wellbore-plug removal reduced the total fluid head within the wellbore
unintentionally. The reduction in the total head could be due to the removal of the wellbore-plug
that once occupied volume within the wellbore, which in turn resulted in the fluid within the sand
pack flowing into the wellbore quickly. Since the wellbore-plug had been removed from the
perforations at this stage of the experiment, sand was able to flow into the wellbore, resulting in
an increase in load measured in the sand trap.

The second issue encountered with fluid circulation was the difficulty in re-initiating fluid flow
from the sand trap into tank T-100 after removal of the wellbore-plug. Even with changes in the
head leveler position, no significant flow could be reestablished between the sand trap and T-100.
Since fluid flow between the sand trap and T-100 was easily established before wellbore-plug
removal, it was evident that sand within the sand trap system was the only significant difference
between these two stages of the experiment. After a post-test review of the circulation system data,
it was concluded that the sand particles had built up and caused plugging between the sand trap
inflow (wellbore) and the sand trap outflow into T-100. A plausible reason for system plugging
could be due to the large surge of fluid flow in the sand trap, resulting in the sand filling the sand
trap dish, overfilling the dish, and accumulating within the wellbore. This reasoning is supported
by a visual inspection of the sand trap during experimental disassembly, where the sand was found
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to have overfilled the sand dish within the sand trap in experiments 1 and 2. Another observation
that was made is that the sand tended to have a cone shape with a wide base within the sand trap
that narrowed into the wellbore. These two observations support the reasoning that sand could
have plugged the pathway for sand and fluid to flow into the sand trap.

A few experimental changes could be made to avoid sand plugging, such as changing the geometry
and increasing the capacity of the sand trap dish. The geometry of the sand dish could be changed
from a conical shape to a cylindrical shape. The geometry change could increase the probability
of produced sand dispersing within the dish rather than accumulating at the sand trap inflow port
(i.e., wellbore). In other words, by changing the geometry of the dish, larger volumes of sand could
accumulate within the sand trap. By promoting sand dispersion and reducing the accumulation of
sand into a single point, the chances of system plugging due to concentrated collection in a single
location could be reduced. These changes were not made within this project due to time limitations;
however, it is recommended that future researchers investigate experimental modifications to
prevent sand plugging in future experiments.

An alternative solution to prevent sand plugging could be the alteration of the reservoir material.
The material utilized in this experiment was a cohesionless fine silica sand that would easily
mobilize into the wellbore. Rather than utilizing the loose sand, a 3D printed reservoir material
could be generated by utilizing a facility such as the University of Alberta’s GeoPrint laboratory.
The addition of this 3D material could better resemble a heavy oil reservoir and improve the
experimental results that are derived from the designed apparatus.

Although fluid flow between the sand trap and T-100 was not sustained through the duration of
the experiment, the circulation of fluid pre and post-wellbore-plug removal was successful within
the centrifuge environment for notable periods of time during the experiments. The fluid
circulation system was deemed to be effective based on its ability to control fluid flow during the
flight (via remote control) and monitor fluid levels; this had never been completed previously at
the Geo-CERF facility. However, follow-up research and modifications will be required to avoid
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plugging, such that fluid flow can be sustained between the sand trap and T-100 through the
duration of the experiment.

7.2.3 Post Test Results
The experiments performed and results shown in this work were not completed to analyze test
results in-depth. Instead, the intention was to provide an apparatus that could be utilized for further
research in a follow-up project. However, a brief discussion of experimental results is shown
within this section.

7.2.3.1 Experiment 1: Post Test Discussion
In experiment 1, the steady-state flow rate of oil through the sand pack was measured to be 11 ml/m
before wellbore-plug removal and peaked at 74 ml/m after the wellbore-plug was removed. Based
on these results, the flow rate was seven times greater with sand production compared to without
sand production. This is most likely due to an increase in permeability within the sand pack as a
result of the mobilization of sand particles, which flowed into the wellbore and into the sand trap.
The cumulative mass of sand produced within the sand pack was 815 g. Most of this sand was
produced within the first 20 minutes after removal of the wellbore-plug, after which it seems the
circulation system had become plugged with sand. As noted in section 7.1, a conical cavity and a
single channel extending radially outwards from the cavity was observed after test completion and
removal of the steel plate. These features are highlighted in Figure 7.24.
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Figure 7.24: Photograph of the top of the sand pack after experiment 1. Cavity and channel are
outlined in red. The numbers shown in each corner represent the quadrant marker.

It seems that both gravitational and seepage forces affected sand production during these
experiments. The cavity geometries observed after each test are consistent with expectations for
seepage-induced mobilization of sand. More specifically, with flow velocities being effectively
the same at all depths in the early stages of fluid flow, but effective stresses (hence intergranular
friction) being least at the top of the sand pack, it is reasonable to expect that sand grains mobilized
preferentially at the top of the sand pack. This is consistent with the development of a conical
cavity that was observed at the top of the sand pack in each test. Though it was not possible to
track the evolution of the cavity during the test, it is suggested that the cavity grew progressively
both radially and depth-wise during the test, with a constant slope angle dictated by the balance
between gravitational and frictional forces. As shown in Table 7.6, the theoretical value for this
slope (estimated for an infinite slope with a planar surface) is 24.5°. This compares favorably with
the value of 27° measured after each test. The fact that the observed value is slightly greater than
the theoretical value could be due to: (a) the fact that the actual slope surface is conical rather than
planar; (b) a degree of error in the friction angle (dry conditions) used in the calculation due to a
mismatch between the void ratio of the sand pack during the experiment versus the void ratio
during triaxial testing; and/or (c) complexity of gravitational forces in the hypergravity
environment used for these experiments.
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The observation of erosion channels at the outer edge of the cavity in some experiments is evidence
that seepage forces alone affected sand production at these edges. More specifically, as illustrated
in the simulation results presented in Chapter 5, cavity development resulted in increased flow
velocities toward the cavity, hence increasing the likelihood of sand mobilization. Similar to the
piping failure mechanism observed in geotechnical engineering, minor heterogeneities in the sand
pack (e.g., zones of high void ratio and permeability) became localized zones of preferential flow,
hence sand mobilization. From the information available, it is unclear whether these erosion
channels terminated because velocities (hence seepage forces) became less than intergranular
friction forces as radial length of the channels increased, or whether the channels would have
reached the outer boundary of the sand pack if it had been possible to sustain high oil production
rates for longer times during these experiments.

In hind-sight, it seems worth re-considering the practice of running these experiments with a
cohesionless sand that is likely capable of flowing into the wellbore perforations under the
influence of gravity alone. The data collected during the experiments conducted for this thesis
suggest that significant sand production may have occurred as the porous plug was being pulled
upwards out of the wellbore, before any drawdown pressure has been established (aside from the
transient swabbing effect due to plug removal). If this is truly the case, it makes it more difficult
to isolate and interpret the effects of seepage on sand production. Also, given that plug removal
was a gradual process requiring a few minutes, it is possible that sand production initially occurred
from the bottom of the sandpack, which likely had some impact on the afore-noted, seepage-related
sand production mechanisms occurring at the top of the sandpack. For future research, it is
recommended to use a sandpack with a degree of cohesive strength to mitigate purely gravity driven sand production, and rings of coloured sand emplaced at intermediate depths in the
sandpack in order to better track the point of origin of produced sand.
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Table 7.6: Estimation of submerged slope angle assuming slope of infinite length (after Lambe
and Whitman, 1969)
Parameter / Equation
N


sat

tan (𝜙′) =

𝑁 ∙ 𝛾′
tan (𝜙)
𝑁 ∙ 𝛾𝑠𝑎𝑡
𝛾′
=
tan (𝜙)
𝛾𝑠𝑎𝑡

10.54
𝜙′ = tan −1 (
tan(40°))
19.56
𝑡𝑎𝑛(𝜙′)
𝐹=
𝑡𝑎𝑛 (𝛼)
tan(24.5°)
)
𝛼 = tan −1 (
1

Comment

Value

Scaling factor
Buoyant specific weight of sand
Specific weight of saturated sand
Angle of friction measured under dry
conditions
Equation for calculating effective friction
angle (𝜙′) of wet (i.e., oil-saturated) sand.
Note that the value is independent of the
gravitational scaling factor

25
10.54 kN/m3
19.56 kN/m3

Effective friction angle of wet sand

24.5°

Equation for calculating factor of safety for
a submerged slope of infinite length

-

Slope angle at frictional equilibrium (F = 1)

24.5°

40°

-

As shown in Figure 7.24, the cavity grew similarly within each of the four quadrants; however,
the channel only developed in quadrant 2. This finding leads to speculation that the sand density
might have been lower at the edge of the cavity in the location of the channel. The reduced sand
density would result in less forces required for channel initiation, ultimately resulting in a seepage
induced channel development. However, since there was no method of monitoring the top of the
sand pack and the sand pack construction was built to minimize sand density changes this
explanation for channel location is speculative in nature.

7.2.3.2 Experiment 2: Post Test Discussion
In experiment 2, the steady-state flow rate of oil through the sand pack was measured to be
6.5 ml/m before wellbore-plug removal and peaked at 182 ml/m after the wellbore-plug was
removed. Based on these results, the flow rate was twenty-eight times greater with sand production
compared to without sand production. This is most likely due to an increase in permeability within
the sand pack as a result of the mobilization of sand particles, which flowed into the wellbore and
into the sand trap. The cumulative mass of sand produced within the sand pack was 1400 g. Most
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of this sand was produced within the first 15 minutes after removal of the wellbore-plug, after
which it seems the circulation system had become plugged with sand. As noted in section 7.1, a
conical cavity and a multiple channel extending radially outwards from the cavity was observed
after test completion and removal of the steel plate. These features are highlighted in Figure 7.25.
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Figure 7.25: Photograph of the top of the sand pack after experiment 2. Cavity and channels are
outlined in red.

As can be seen in Figure 7.25, a large cavity developed symmetrically around the wellbore (i.e.,
in all four quadrants of the sand pack). Like experiment 1, channel growth also occurred near the
top of the sand pack, directly below the steel plate, extending radially outwards from the edge of
the cavity, however, unlike the single-channel that developed in experiment 1, multiple small
channels developed in experiment 1. It is suggested that similar to experiment 1, the cavity had
formed before the channels as a result of both gravitational and seepage forces driving sand
particles towards the wellbore perforations. As seen in Figure 7.25, small elongated channels occur
in all four quadrants and extend towards the container boundary. Since channels developed in all
four quadrants, it is evident that fluid flow was radial and somewhat uniform in all directions. If
fluid flow had been re-initiated in the experiments, it is suggested that the larger channels might
122

have grown outward to the container boundary. If this had occurred, most fluid would have been
diverted into these channels, reducing the rate growth rate of smaller channels.

7.2.2.3 Experiment 3: Post Test Discussion
In experiment 3, the steady-state flow rate of oil through the sand pack was measured to be
15.7 ml/m before wellbore-plug removal and peaked at 9.0 ml/m after the wellbore-plug was
removed. Based on these results, the flow rate reduced by over one third with sand production
compared to without sand production. This is most likely due to premature mass sand influx into
the wellbore plugging the fluid circulation system, as mentioned in section 7.2.1. The cumulative
mass of sand produced within the sand pack was 615 g. Most of this sand was produced within the
first 15 minutes after removal of the wellbore-plug, after which it seems the circulation system had
become plugged with sand. As noted in section 7.1, a conical cavity observed after test completion
and removal of the steel plate. These features are highlighted in Figure 7.26.
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Figure 7.26: Photograph of the top of the sand pack after experiment 3. A cavity is outlined in
red. The numbers shown in each corner represent the quadrant marker.
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The main difference between experiments 2 and 3 is the addition of mesh and gravel around the
perimeter of the sand pack. As a result of this change, a cavity developed around the wellbore due
to similar mechanisms that are explained in section 7.2.2.1, but no erosion channels were observed.
Another notable difference in results is the reduction in fluid flow rates after plug removal and
cumulative sand production observed in experiment 3. It is speculated that the fluid circulation
system plugged prior to lowering the head leveling arm to increase flow rates. Thus, since fluid
did not flow at rates as large as experiment 2, gravitational forces would have had a larger impact
on sand production when compared to seepage forces. The reduction in seepage-induced sand
production could also explain why no channels developed around the cavity, since limited fluid
flowed into the wellbore.

7.2.4 Discussion Summary
An analysis of the load cell responses from the sand trap was completed for all experiments. The
analysis showed that pressure changes from within the sand trap impacted the load cell readings.
As a result of this impact, the load cells did not accurately measure load during pressure changes
within the sand trap; however, the load cells did stabilize once pressure within the sand trap
remained constant. This impact resulted in the inability to directly utilize the load cell readings to
measure the cumulative sand mass trend over the experimental time since pressure within the sand
trap changed throughout the experiment. To compensate for this, the load cell force trends were
smoothed, converted to fractions, and multiplied by the sand mass that was measured during
experimental disassembly. These cumulative mass trends along with the load cell readings were
shown in the results section.

In all three experiments, fluid circulation was maintained through the sand pack at constant rates
when the wellbore plug was covering the perforation. These rates ranged from 6.5 ml/m without
gravel or mesh on the perimeter of the sand pack to 15.7 ml/m when gravel and mesh were installed
on the sand pack perimeter. The improvement in flow rates within the sand pack when gravel is
utilized at the perimeter is consistent with the simulation results shown in Chapter 5. It was also
noted that in all three experiments that fluid flow between the sand trap and tank T-100
significantly reduced after a large influx of sand into the wellbore without a significant drawdown
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via the head leveler. It was speculated that this was a consequence of fluid swabbing within the
wellbore during wellbore removal, which could have reduced the total fluid head within the
wellbore and prematurely produced sand within the sand trap. Ultimately, this initiated a large
influx of sand within the wellbore that could have plugged the system and reduced flowrates into
tank T-100.

An analysis of post-test results was completed and compared to simulation results shown in
Chapter 5. The interpretation of results showed that a combination of both seepage and
gravitational forces created both the inverted frustum and channels in all three experiments.
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8 Conclusions and Recommendations
8.1 Conclusions
Cold heavy oil production with sand is a primary production technique that involves the aggressive
production of sand and oil via a progressive cavity pump. Produced sand that is removed from the
reservoir often creates large, highly permeable voids within the sand pack. These voids have been
observed in field and laboratory studies; however, the geometry of these voids within heavy oil
reservoirs is challenging to characterize due to their complexity in nature. Previous studies and
field observations have shown that these voids can extend tens of meters and interconnect
wellbores via channels referred to as wormholes. Some research has also shown that large volumes
of sand can be produced from areas within a few meters of the wellbore, resulting in large void
cavities around the wellbore. Regardless of the void geometry seen in laboratory tests, further
research is needed to understand the heavy oil reservoir state post sand production. A better
understanding of the void geometry of the reservoir could help implement better-enhanced
recovery techniques for future field developments.

The objective of this research project was to create an experiment that could be used to further
research sand production in heavy oil reservoirs and lead to a better understanding of the reservoir
post sand production. The apparatus that is described in this thesis utilized state of the art
geotechnical centrifuge technology at the University of Alberta. The work completed provides
details pertaining to the design of the various components that make up the experimental apparatus,
such as (1) experimental container, (2) structural elements to the experiment, (3) fluid circulation
system, and (4) sand pluviation device. Along with the design and manufacturing of each
component, the commissioning of each component in both non-hypergravity and hypergravity
environment was completed without sand. These experiments provided with insights into the
apparatus so that modifications could be made prior to introducing a fully saturated sand pack.

A total of five full commissioning tests and three experiments were completed to refine the
experimental design and create an experimental procedure
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In all three experiments, an inverted frustum shaped cavity around the wellbore was observed, and
two experiments (1 and 2) elongated channels were observed near the top of the sand pack. It was
interpreted that the cavity formed as a result of gravity and seepage-driven sand production and
channel growth was primarily a result of seepage forces due to the radial flow within the sand
pack.

In all three experiments, fluid flow rates without sand production between the sand trap and Tank
T-100 ranged from 6.5 ml/m -15.7 ml/m for each experiment. The largest flowrate without sand
production was measured on the experimental setup that contained gravel along the perimeter of
the sand pack (i.e., experiment 3). These results show that the addition of porous gravel along the
perimeter of the sand pack improves fluid flow. This finding is consistent with simulation results
presented in Chapter 5.

Experimental results also showed that a large influx of sand was produced into the wellbore shortly
after the wellbore plug was removed from the wellbore without an incremental pressure differential
for all experiments. This was interpreted as being a result of wellbore plug removal, which resulted
in a swabbing effect within the wellbore. This ultimately resulted in premature fluid and sand
production. As a result of this initial influx, the system was deemed to be plugged since little fluid
flowed out of the sand trap and into tank T-100 subsequently.

8.2 Recommendations
A follow-up project will be completed to investigate further testing results derived from the
apparatus described in this project. With future work in mind, there are a few recommendations to
be made based on learnings from this project:


The sand trap dish could be redesigned such that sand does not concentrate and fill within
the center of the dish. Although dish shape used was ideal to allow the sand to be evenly
distributed on the load cells, the evidence suggests that this shape limits the volume of sand
that can be produced during the experiment. As a result of the sand trap filling the sand
trap, the system became plugged 15-20 minutes after the wellbore-plug was removed from
the wellbore. It is recommended to change the shape of the dish from a conical shape into
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a cylindrical holding dish. This would allow for a larger volume of sand to be produced
within the sand trap, which would result in a longer sand production time.



The caprock used in the experiments described is made of solid steel. This rigid caprock
provides an excellent boundary and additional overburden stress over the sand pack;
however, unlike most geological caprocks, it is not flexible. A softer, impermeable material
could be used for the caprock to allow the overburden to subside as sand is produced and
removed from the experiment. For example, clay with a thin sheet of impermeable plastic
could be used to model the caprock behavior during the experiment. Clay has a low
hydraulic conductivity and is extremely flexible when compared to the steel plate used in
this project. Additional mass could be placed above clay to increase the experimental
vertical stress.



The integration of a method to control or create anisotropic horizontal stress within the
experiment was not completed due to time limitations. The design and implementation of
a system that is capable of horizontal anisotropic stress control would enable experiments
with anisotropic horizontal stresses. Two methods of were given some consideration in this
work and are suggested here for future investigation:
1. Pneumatic low-profile bellows: Low profiles bellows utilize pressured air to
expand outward. The expansion of the bellow exerts a force proportional to the
pressure within the bellow. To utilize air bellows to exert horizontal forces, a
specialized screen would need to be fitted to the bellows and around the sand pack.
One side of the air bellow would be secured to the internal surface of the
experimental container, and the other side would be secured to the screen. Two
bellows and screen plates could be used to have a fully anisotropic system
2. Variable overburden mass distribution: Two large masses could be placed on top
of the sand pack covering approximately one-third of the surface area on two
opposing edges. An additional mass would be placed to cover the center of the sand
pack; however, it would have a lower mass per unit area than the side masses. The
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two larger masses on the top sides of the sand pack would act as hills, and the
smaller mass in the center would act like a valley.


A cavity and a channels formed as a result of sand production. The void volume of the
conical cavity was estimated based on manual measurement obtained using a ruler;
however, photogrammetry methods are recommended for future research in order to more
accurately estimate the void volume and shape with minimal disturbance of the sand.



The experiments completed for this thesis used a homogeneous sand pack, which was
appropriate for early experiments intended to demonstrate functionality of the newly-built
testing apparatus; however, these experiments did not capture the heterogeneity expected
for an actual heavy oil reservoir. To better capture reservoir heterogeneity, it is
recommended that future experiments should be conducted using alternating layers of finer
and coarser sands and clays.
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Appendix A : Tank Systems Piping and Instrumentation Diagrams
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Appendix B : Peristaltic Pump Operation Manual
Created by: Michael Pereira ---- Updated May 1 st 2020
Setup Parker Motor for C-CHOPS Experiment

1) Open ACR-View 6 either on desktop or from the program list. Download and install
from Parker website if the software has not been installed.

2) New/Open project menu will pop up when ACR-View is launched. Open Existing Project
“ CHOPS T1”. Click Ok.

3) Connect the computer to the controller with an Ethernet cable. A communications port
will open. Ensure the Ethernet serial number on the controller is identical to the serial
number within the communications window. Click Connect.
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Once connected, the status pane will indicate that the controller has been successfully connected
to the PC.

4) Next, the drive needs to be enabled. To do this, look within the project workspace and
find tools > Jog/teach panel>(X) Axis 0. The screen should look similar to the figure
below. Click Enable until a green indicator shows that the drive is enabled.
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5) Next, Download the CHOPS project to the controller. This step needs to be completed
since the controller is used for other projects. To do this, hover over the top ribbon and
find the download to the controller icon. Click on this icon. Ensure the controller is
selected, and the four checkboxes are marked. Click Ok. This may take a few moments.
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6) Once the Project is downloaded to the controller, the program can be used. In the Project
Workspace pane search for program emulator. Click and open the program emulator.
Within the program emulator type “PROG0”. This will ensure that the emulator is
communicating with program 0 on the controller.
To run program 0 type “LRUN.” This command will run the program. The program will
then ask the user to enter a flowrate in ml/min. Enter the desired flowrate and hit enter.
NOTE 1: When entering a flowrate, no value will show in the emulator. If you enter an
incorrect value, do not backspace. Follow the next steps to correct the flowrate.
NOTE 2: Do not enter flowrates below 100ml/m. This could cause failure and
overheating within the motor and could result in failure of the entire laboratory test. To
ensure that the motor performs well utilize higher flowrates.
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7) Once the flowrate is entered, the software will ask the user if the correct value has been
entered. If the correct flowrate has been enter type “Y” and then hit enter. The software
will then prompt the user with the motor RPM that is being used for the entered flowrate.
The software will then ask the user for a new flowrate to change pump speed. If you
would like to stop the pump, enter a flowrate of 0. This will set the pump RPM to 0.
An example of what the software and input look like within the emulator is shown in the figure
below. The example utilizes a flow rate of 400 ml/min and calculates a motor speed of
168.77rpm.
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8) To exit the program at the end of the experiment, enter a flowrate of -1 when the software
asks if the correct value has been entered, type “Y” and click enter. This will exit the
software. If you would like to start the software again, type LRUN and restart this
manual.
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Program0 Code:
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Appendix C : Head leveler Operation Manual
Setup Anaheim Motor for C-CHOPS Experiment

1. Open LinCommand either on desktop or from the program list. Download and install
from anaheim website if the software has not been installed.

2. Select the appropriate controller system for the motor. The controller is
R256/silverpak17. Click Ok.

3. Connect to the controller. Select the appropriate COM# and click connect. Once the
connection is made, the connect button will turn into a disconnect button.
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4. Under the motor settings pane leave all default settings as is. Click “add settings to
queue”. Then click “Execute”.
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Note: By clicking execute, the default parameters will be programmed to the motor. This method
is used rather than programming parameters in advanced mode. However, if needed, the default
parameters can be overridden in advanced mode.
5. Click on the options menu and within the options menu select “Advanced mode ”. Within
advanced mode, code can be sent to the controller as a live feed.
Once again, select the correct communication settings and click “Connect” so that the
controller can be connected within the advanced mode. The settings that were
added before advanced mode are set as default parameters and do not need to be added
here unless you would like to override the default parameters such as acceleration or
velocity.

6. Enter the line of code in the box provided. Click send. An example of what the code
could look like is shown below. The code shown below moves the motor in a positive
direction for 4000000 for one loop.
/1GP4000000G1R

/ Start character for the command string
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G Begin repeat loop
P4000000 Move motor 4000000 steps
G1 End loop after one loop
R Run command string
Note: To turn the motor in the negative direction, “P” should be changed to a “D”. Refer to Lin
Command Manual for other code if needed (i.e., change velocity or acceleration).

Motor Steps vs. Vertical Distance Change:
Calibration was conducted with the head leveler to understand the difference in vertical distance
of the head leveler vs. motor steps. An equation was fitted to the data to approximate
the number of steps needed for a vertical distance change in the head leveling system.
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Appendix D : Sand Pluviator Operation Manual
Procedure for pluviation system calibration
1) General
This SOP provides guidelines to calibrate and set up the pluviation system prior to creating
a sand pack for geotechnical centrifuge tests.
2) General Safety Precautions
a. Silica dust from sand pouring – Wear gloves, safety glasses, and quarter mask
respirator. Refer to SDS found in the SDS folder in the GEOCERF laboratory
before handling sand.
b. Crane operation- Only qualified personnel can use the crane.
3) Summary
a. This SOP provides guidelines to calibrate and set up the sand pluviation system.
This procedure provides guidance to pour sand into a pre-measured Record the
sieve (s) used (i.e., pattern, sieve diameter, and the number of sieves)

and

calculated the poured relative density of the sand. This procedure should be
repeated several times with various drop heights and sieves. Once enough data has
been collected, a combination of drop height and sieves can be selected for use in
a centrifuge experiment.
4) Materials needed:
a. 5-20 Kg of US Silica F-95 sand
b. Pluviation System
c. Stopwatch
d. Digital scale
e. Straight edge
f. Proctor mould
5) Significance and Use
a. Sand density is a critical parameter in the failure and mobilization of sand particles
during the C-CHOPS experiment. Therefore, each sand pack must be prepared in
such a way that the sand packs are equal or similar each time when created.
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Preparing consistent sand packs will mitigate the effects of inconsistent sand
density on experimental results and enhance the effects that other parameters could
have on the C-CHOPS experiment.
6) Procedure
1) Clear an area in the laboratory that is accessible by crane traveling block.
2) Secure Sand hopper onto the traveling block by attaching the snatch to the chains that
are secured to the top of the sand hopper.
3) Mobilize the sand hopper with the crane system and centralize the hopper above the
cleared area. Ensure that the bottom of the hopper is approximately two meters above
the ground.
4) Install the female camlock that is attached below the sand hopper onto the male
camlock fitting that is attached to the sand hopper flexible pipe.
5) Install the threaded pipe fitting on the flexible pipe to the sieve assembly tube. Record
the sieve (s) used (i.e., pattern, sieve diameter, and the number of sieves).
Note: Sieve assembly must be assembled with desired sieves prior to installing a sieve
assembly tube onto the flexible tube.
6) Ensure that the blind valve is closed. A visual inspection can be completed by ensuring
the valve plate is covering the inside of the pipe.
7) Place assembled split modified proctor mould with known volume and weight below
the installed sieve assembly tube.
Note: Ensure the collar volume and weight are not included in the measurements.
8) Adjust hopper height by adjusting crane height. Ensure that the bottom of the last sieve
within the tube is at the desired drop height. Use the guide on the sieve tube and record
the drop height.
Note: Drop height is defined by the distance from the last sieve to the top of the base
of the mould or top of the poured sand. Since sand will fill the mould, it is critical that
the height is adjusted to maintain a constant drop height between the sieve and sand
layers.
9) Pour sand into the hopper. The volume of sand that is poured into the hopper should be
enough to overfill the mould four times.
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10) Open the blind valve and allow sand to pour from the hopper, through the pipe system,
and into the mould. Maintain constant drop height by adjusting the height of the sieve
assembly tube and ensuring the drop height guide is just touching or above the poured
sand. Continue to pour sand until sand spills and overflows from the mould.
11) Close the blind valve.
12) Remove the collar from the proctor mould by loosening the wing nuts and spinning the
collar counterclockwise.
13) Level the top of the sand by gently running a straight edge along the top mould edge.
Ensure the surface of the sand is level. Ensure that the mould is not moved during
leveling; any vibration in the mould will affect the sand density and ultimately affect
the measurement.
14) Carefully place the mould onto a scale. Record the mass.
15) Calculate the sand density utilizing Equation 1.
Equation 1: Density Calculation of Sand Pack

𝑆𝑎𝑛𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (

𝑘𝑔
𝑚3

)=

𝑚1 −𝑚0
𝑉𝑚𝑜𝑢𝑙𝑑

Where:
𝑚1 = mass of mould filled with sand in kg
𝑚 0 = mass of mould without sand in kg
Vmould = Volume of mould that sand occupies in m3
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16) Calculate the relative sand density utilizing Equation 2.
Equation 2: Relative Density Calculation of Sand Pack

1
1
−
𝜌𝑑 𝑚𝑖𝑛 𝜌𝑑
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
∗ 100
1
1
−
𝜌𝑑 𝑚𝑖𝑛
𝜌𝑑 𝑚𝑎𝑥
Where
𝜌𝑑 𝑚𝑖𝑛 = 1583 kg/m3 Minimum dry density of sand
𝜌𝑑 𝑚𝑎𝑥 = 1860 kg/m3 Maximum dry density of the sand
𝜌𝑑 = pored dry density of the sand pack (kg/m3)
17) Once relative density is calculated, empty, and clean the mould.
18) Place a digital scale below the sieve outflow.
19) Place the assembled mould ontop of scale and tare scale to zero.
20) This step should be performed with two operators. One operator will operate a
stopwatch, and one operator will control the pluviation system. With the stopwatch at
0s, have one operator allow sand to leave the hopper. Once sand begins to outflow from
the sieve, start the stopwatch. Allow the sand to either outflow for the 30s or fill the
mould, whichever comes first. Stop the watch at the end of thirty seconds. Record the
mass on the scale and the exact time. Utilize Equation 3 to calculate the sand flow rate.

Equation 3: Mass Flowrate

𝑀𝑎𝑠𝑠 𝐹𝑙𝑜𝑤𝑟𝑎𝑡𝑒 =

𝑚2
𝑡2 −𝑡1

Where:
𝑡1 = initial time when sand initially leaves sieve (s)
𝑡2 = time when sand fills mould (s)
m2 = mass of sand at 𝑡2 (Kg)
21) Empty sand from the mould and place empty mould below the pluviation system.
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22) Repeat step 19 – 20, three times. Average of the three mass flowrate values and assume
the average as the flowrate.
23) Clean the working area and disassemble pluviation system.
24) Document the measured relative density, drop heights, and sieve assembly into the data
collection sheet provided. Repeat the procedures with different drop heights for the
same sieve assembly. Once complete, change the sieve assembly and repeat the
procedure by adjusting drop heights. Perform the calibration by adjusting the drop
height a minimum of 5 times for the same sieve assembly.
25) Select the desired drop height and sieve assembly for the centrifuge experiment.

Table D.1: Step 7-15 Data Collection
Test
Number

Sieve
Assembly

Drop
Height
(m)

V mould
(m3)

m0 (Kg) m1 (Kg) Bulk
Density
(kg/m3)

Relative
Density

Table D.2: Step 18-21 Data Collection
Test
Number

Sieve
Assembly

Drop
Height (m)

T0 (s)
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T1 (s)

m2 (Kg)

Mass flow
rate
(Kg/s)

Table D.3: Step 22 Data Collection

Test
Number

Sieve
Assembly

Drop Height Bulk
(m)
Density
(kg/m3)
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Relative
Density

Mass
flowrate
(Kg/s)

Appendix E : Results From Synchrotron Scan Completed at CLS
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Appendix F : Results From Triaxial Tests Conducted by SNC Lavalin
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Appendix G : Results From Hydraulic Conductivity Tests Conducted by
SNC Lavalin
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Appendix H : Experimental Setup Procedure
Procedure for C-CHOPS sand pouring & saturation
1) General
This SOP provides guidelines to pour and saturate sand and gravel within the C-CHOPS
container
Reference Documents
a. Standard Operating Procedure For Pluviation System Calibration
2) General Safety Precautions
a. Silica dust from sand pouring – Wear gloves, safety glasses, and quarter mask
respirator. Refer to SDS found in the SDS folder in the GEOCERF laboratory
before handling sand.
b. Crane operation- Only qualified personal can use the crane.
c. Canola oil spills – Ensure the spill kit is ready to deploy if needed to avoid slips
and falls.
3) Summary
a. This SOP provides guidelines to set up the C-CHOPS container for sand pouring.
It also provides a procedure to pour sand and gravel into the container and saturate
the entire system with canola oil. Equations and methods to calculate the poured
sand density are also given within this procedure. Actual sand density
measurements should be made utilizing calibration cups before performing this
procedure.
4) Materials needed:
a. 8 Kg of pebble gravel
b. 18 Kg of coarse gravel
c. 40 Kg of US Silica F-95 sand
d. 40 L of food-grade canola oil
e. Vacuum pump
f. 2 Needle valves
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5) Significance and Use
a. Sand density is a critical parameter in the failure and mobilization of sand particles
during the C-CHOPS experiment. Therefore, each sand reservoir must be prepared
in such a way that the sand reservoirs are equal or similar each time when created.
Making consistent sand reservoirs will mitigate the effects of inconsistent sand
density on experimental results and enhance the effects that other parameters could
have on the C-CHOPS experiment.
b. Proper saturation of the sand reservoir will eliminate errors during the experiment.
If the sample is inadequately saturated, then the results will not be representative of
the intended experimental conditions.
6) Procedure
1.0 Sand pluviation system – Setup sand pluviation system as per Standard Operating
Procedure For Pluviation System Calibration.
2.0 Prepare Inside of the C-CHOPS container for sand filling.
2.1 Install sand-gravel separation ring (steel mesh) and fit the outside of the ring
with geotextile fabric. Utilize clips to hold geotextile fabric to the ring. Refer to
Figure H.1 for an image of how this should look.

Note: Once the gravel is in the C-CHOPS container, the fabric will not move, and the clips can
be removed if wanted.
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Fabric
Clips

(a)

(b)

Figure H.1: shows (a) how the separation ring (steel mesh) and geotextile fabric are connected
via metal clips and (b) the placement of the separation ring within the C-CHOPS container. Note
that the geotextile fabric is placed behind (i.e., outside of) the separation ring.
2.2

Fill outer edge with pebble gravel. Since the mesh is flexible a distance of no more
than 2cm between the outer diameter of the mesh and container inner diameter must
be filled. This distance will ensure that the 20Kg plate that is placed above the sand
fits within the mesh ring. Refer to Figure H.2 for guidance.

(a)

(b)

Figure H.2: (a) 2 cm distance is measured from the inner diameter of the container to the outer
diameter of the separation ring, and (b) an aerial view of the ring (steel mesh) mesh once pebble
gravel has been poured around it.
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2.3 Use the rubber mallet to gently tap the separation ring downwards until it touches
the lower reservoir plate. This will ensure that there are no voids above the lower
reservoir plate that could affect testing results. Figure H.3 shows an appropriate
location to tap the ring with the mallet. Repeat this process at various points around
the ring. Do not use extreme force as it could break the ring.

Figure H.3: A mallet can be used to gently tap the top of the separation ring (steel mesh) to push
it downwards until its base is flush with the lower reservoir plate. The blue line illustrates the
direction that the ring moves in when tapped with the mallet.
2.4 Install the clear tubing and solenoid valve that accept sand trap outflow. Since the
solenoid valve is normally closed, it will act as a seal when the sand trap is filled.
Lift the clear tubing and solenoid valve to a position that overlies the sand trap, as
shown in Figure H.4.
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Figure H.4: The solenoid valve is located at the top of the figure, above the sand trap location,
and connected to it by clear tubing. This tubing will fill with oil when the sand trap is full of oil
and should remain full throughout the entire saturation procedure. If no oil is visible in the
tubing, then this is an indication that oil has back flowed out the wellbore perforations and into
the sand.

2.5 Ensure all ports on the C-CHOPS container are plugged with fittings or valves,
and Teflon is used on the threading.
2.6 Cover wellbore perforations with plastic and tape to ensure that oil does not
cause backflow out of the perforations in the next step.
2.7 Begin filling the sand trap with oil from the top of the wellbore utilizing a
funnel. Fill the sand trap until oil fills the wellbore and fluid is visible in the
clear tubing mentioned in Figure 4 (sand trap outflow tubing). Approximately
5.5L of oil is needed to fill the sand trap. If the oil does not flow into outflow
tubing but does backflow from perforations, then remove the outflow tubing
from the solenoid valve to allow air to move out of the system. Continue filling
until outflow tubing begins to fill with oil. Once the tube is full of oil, re-connect
it to the solenoid valve.
2.8 Install wellbore plug into wellbore so that it covers all perforations. Installing
the wellbore plug will prevent sand from flowing into the wellbore during the
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sand filling phase. Ensure the wellbore is vertical by using a level, as shown in
Figure H.5.

Figure H.5: A level is placed against the wellbore to ensure that the wellbore is vertical. A
vertical wellbore is indicated when the air bubble in the lowest gauge is centered between the
two hash marks, as shown in the blue circle.
3.0

Setup C-CHOP container in an appropriate location for sand filling
3.1 Install 4 D-rings on C-CHOPS base plate
3.2 Install four short tow straps on each D-ring
3.3 Maneuver crane block until the block is near the center of the container and
approximately 0.5m above the top of the container.
3.4 Install the crane scale onto the hook. Turn on the crane scale.
3.5 Clip tow straps into crane lifting hook. Lower block if tow straps do not reach
crane hook.
3.6 Lift C-CHOPS slowly until tow straps are tight. Ensure all procedures are
followed to safely operate the crane.
3.7 Continue to lift C-CHOPS container until the entire system is 0.1 m above
ground
3.8 Record the weight of the entire system. This reading is known as m0.
3.9 Lower C-CHOPS container onto the ground. Remove tow straps from D-rings.
Mobilize the crane traveling block to a safe location away from the C-CHOPS
container.
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4.0

Fill the container with sand.
4.1 Lower hose end to the edge of the container. Secure sand pluviation system to
appropriate height.
4.2 Begin pouring the first layer of silica sand from the edge of the separation ring
(steel mesh). Fill utilizing the U-turn method. Refer to Figure 6.a for this
pattern. Pour only 2-3 cm in thickness to avoid large density changes due to
drop height (Figure H.6). Approximately 40 kg of silica sand is required to
create the sand reservoir.

Figure H.6: Diagram showing the U-Turn method that is used to create the sand reservoir. The
red lines show layer 1, and they are overlain by the blue lines (layer 2) once layer one is
complete.

4.3 Once the first layer is poured, begin pouring the second layer of sand. Repeat
the same pattern as layer one; however, start filling in a direction that is
perpendicular to the first layer. Figure H.7 is an example of how the sand will
look once a second layer is poured above a first layer. Note that the change in
pour directions and the U-turn method is used to pour the sand.
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Layer 2

Layer 1
Figure H.7: Sand is poured in layers within the C-CHOPS container. The red arrows in the lower
portion of the figure shows “ridges” of layer one being covered by transverse ridges of layer two
(blue arrows). An orange arrow in the top left of the figure shows a smooth “U-turn” used to
change direction during sand pouring.
4.4 Once desired height is filled, i.e., 16cm (~1cm over required height) remove
excess sand with a vacuum and straight edge in order to level the top
4.5 Record the mass of container + sand with the crane. The only additional mass
from the first measurement should be poured sand (ensure that no additional
equipment was added to the apparatus). Label this value as m1
4.6 Calculate the dry density of sand utilizing Equation 1
4.7 Calculate the relative density using Equation 2
Note: This relative density calculation is only used for guidance and comparison of
the relative density measured in calibration tests. This relative density is only used
for guidance since there is a degree of unknown error in the crane scale used to
measure the mass. Calibration tests completed before filling the container should be
used as experimental relative densities.
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Equation 1: Density Calculation of Sand Reservoir

𝜌𝑠𝑎𝑛𝑑𝑝𝑎𝑐𝑘 =

𝑚1 −𝑚0
𝑉𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟

Where:
𝑚1 = mass of container filled with sand in kg
𝑚 0 = mass of container without sand in kg
Vcontainer = Volume of container that sand occupies in m3
Equation 2: Relative Density Calculation of Sand Reservoir
1
𝜌𝑑 𝑚𝑖𝑛
1
−

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =

−

1
𝜌𝑑
1

∗ 100

𝜌𝑑 𝑚𝑖𝑛
𝜌𝑑 𝑚𝑎𝑥
Where
𝜌𝑑 𝑚𝑖𝑛 = 1583 kg/m3 Minimum dry density of sand
𝜌𝑑 𝑚𝑎𝑥 = 1860 kg/m3 Maximum dry density of the sand
𝜌𝑑 = Achieved dry density of the sand reservoir calculated in section 4.6
5.0

Install the 20kg plate above the sand. Use a level to ensure the 20kg plate is
horizontal, as shown in Figure H.8.

Figure H.8: A level is placed above the 20Kg steel plate to ensure that the surface of the
underlying sand is horizontal. The air bubble within the gauge shown in the blue circle should be
centered between the two hash marks.
182

6.0

Install two collars on the wellbore directly above the 20kg plate and below the CCHOPS saturation lid. These collars will ensure that there is no wellbore movement
during the oil saturation process. Figure H.9 shows the locations of these collars
with respect to the 20Kg Plate.

Collars

Figure H.9: Two collars are secured tightly to the wellbore. One collar is placed directly above
the 20kg steel plate, and the other is placed directly below the elevation where the saturation lid
will be positioned. The collars are used to ensure no vertical displacement of the wellbore due to
vacuum pressure during saturation.
7.0

Mark a single point on the wellbore as a reference point. Measure the distance from
the reference point to the top of the 20Kg plate. Record this distance as your initial
vertical height of sand. Any vertical displacement will result in a change in the
relative density of the sand (i.e., if the steel plate moves downward, the sand will
be denser due to a change in sand-reservoir height).

8.0

Saturate Sand
8.1 Install C-CHOP lid on the container. Create a temporary seal at the top of the
wellbore with liquid silicone and a rubber plug. Figure H.10 shows an example
of how the sealed wellbore should look once complete.
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Note: Curing time will vary depending on the type of silicone that is used. Allow
sufficient time for the silicone to cure.

Rubber
Plug

Red Silicone

Figure H.10: A rubber plug is threaded on the wellbore plug rod and sealed with red silicone to
prevent air from entering the system during the saturation process.
8.2 Remove two Swagelok plugs from the side of the C-CHOPs container; one plug
from the uppermost port and the second plug two ports down from the first.
Using Teflon on the threads, install a needle valve in each of these open ports,
and ensure that both needle valves are tightly closed. These needle valves can
be installed on any side of the container; however, their vertical positions must
be as described above (as shown in Figure H.11).
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Top of C-CHOPS
Air to Pump

Needle Valve
From Oil tank

Figure H.11: Two needle-valves are fitted to the side of the C-CHOPS container for saturation.
The valve near the top of the container is used to pump air out of the container and the lower
valve is used to introduce oil into the container.

8.3 Assemble the external tank and vacuum pump system for fluid saturation. The
system should consist of (a) one oil tank, (b) two needle valves (installed in step
8.2), (c)tubing and fittings, (d) pressure gauge, and (e) vacuum pump. A T-300
cell has been used previously for oil saturation. Figure H.12 shows both the tank
and the pump connected to a tube that is also connected to the needle valves on
the C-CHOPS container.
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Tank

Air From C-CHOPS

Oil Out to C-CHOPS

(a)

(b)

Figure H.12: (a) Tank T-300 filled with oil. One end of the tubing is connected near the bottom
of the tank, and the other end is then connected to the uppermost needle valve on the C-CHOPS
container. (b) The vacuum pump is connected to a tube that connects to the lowermost needle
valve on the C-CHOPS container, through which air will be removed from the container.

8.4 Fill the external tank with canola oil. Record the volume of oil inside the tank.
8.5 Open the needle valve that is connected to the vacuum pump and turn the
vacuum pump on for 10 seconds. Before turning off the vacuum pump, close
the top needle valve so that the air cannot enter the C-CHOPS container.
8.5.1

With the vacuum pump off and the container under a small amount
of vacuum, ensure that the container is not leaking by listening for
air entering the container and monitoring the pressure gauge on the
C-CHOP container.

8.5.2

If the container is leaking, repair the leak with silicone and repeat
step 8.5.

8.5.3

If the container is not leaking, monitor the pressure gauge, and allow
pressure to stabilize within the container.

8.5.4

Turn on the vacuum pump and open the needle valve for 5-10
seconds. Close the needle valve then turn off the pump. Monitor
pressure within the container and wait for it to stabilize. Also,
monitor the sand trap fluid level within the clear tube on the outside
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of the container (connected to the sand trap outflow port). If the
fluid level begins to drop in the sand trap (indicated by a fluid level
drop in the tube), this is an indication that too much vacuum has
been applied to the container, and pressure has not stabilized within
it. If fluid level begins to drop within the sand trap, open the top
needle valve (with the vacuum pump turned off) to allow air to enter
the container and increase the container pressure. Allow pressure to
stabilize before applying more vacuum.
8.5.5

Allow the container to stabilize under vacuum for two hours before
introducing oil to the system.
Note: Sudden application of a large vacuum pressure will cause oil
within the sand trap to flow through the perforations and into the
sand reservoir. The vacuum must be applied

slowly and

incrementally to avoid this.
8.6 Open the needle valve for the tubing that’s connected to the external tank, and
allow the oil to flow from the external tank into the sand reservoir. Full
saturation can take between 12-24 hours.
8.6.1

A fluid flow rate of 10-20 ml/m should be used to avoid piping
within the sand reservoir.

8.6.2

Monitor the fluid flow rate by utilizing the drop in fluid level in the
tank over a fixed period of time. Use Equation 3 to calculate fluid
flowrate if T-300 cell is used as the external tank for saturation.

Equation 3: Fluid Flowrate into C-CHOPS Container

𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 (𝑚𝑙/𝑚) =

𝐴 𝑡−300 ∗ (ℎ 0 − ℎ1 )
(𝑇1 −𝑇0 ) ∗ 60

Where
𝐴 𝑡−300 = Area (in plan view) of tank T-300 – (cm2)
ℎ 0 = fluid height in T-300 at 𝑇0 - (cm)
ℎ1 = fluid height in T-300 at 𝑇1 - (cm)
𝑇0 = Time at when ℎ 0 measured - (s)
𝑇1 = Time at when ℎ1 measured - (s)
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8.6.3

Allow one calculated sand-reservoir pore volume of oil to enter the
sand reservoir, plus an additional volume based on an estimated pore
volume of the edging gravel that fills the gap between the separation
ring and the inner surface of the container.

8.6.4

Continuously monitor pressure within the container to ensure that
no air is entering the system

8.7 Once the fluid has filled the C-CHOPS container, turn the vacuum pump off
and close the external tank valve.
8.8 Remove the lid from the top of C-CHOPS.
8.9 Remove the 20Kg plate and check to see is oil has reached the top of the sand
reservoir. If too much oil has been added, open the external tank needle valve,
and allow the oil to backflow into the external tank. If not enough oil has been
added to the sand reservoir, then return the system to vacuum and add additional
oil to the system. Figure H.13 shows how the top of the sand layer will look
once the entire sand reservoir is fully saturated.

Figure H.13: Once the steel plate is removed from above the sand oil should cover the top of the
sand. If oil has not reached the top of the sand layer then further saturation is required.
8.10

Once saturation of the sand reservoir is complete, close both needle valves

then disconnect and remove all equipment used for saturation. The needle
valves may remain attached to the C-CHOPS container as long as they are
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tightly closed. The pressure gauge used to monitor vacuum pressure should be
removed from the container and a plug should be used to replace it.
9.0 Manually pour blue sand in a circular pattern around the wellbore and create four
quadrants. The rings should be placed at 10, 15, and 20 cm radial distance from the
wellbore. To do this, first, create trace circles by tying a needle on a string and rotating
it around the sand reservoir (using the wellbore as a pivot point) and creating a small
indentation. Then trace the indented grooves with blue sand using a syringe or small
funnel. Figure H.14 shows how an indentation will look during sand pouring and the
syringe that is used to pour it. Figure H.15 shows the final result of the poured blue
sand, with four labeled quadrants above the sand.

Indent

Syringe
Opening

(a)

(b)

Figure H.14: (a) A needle is rotated around the wellbore to create indented circles on the top
surface of the sand reservoir, and (b) the circles are traced with a syringe that is filled with blue
sand.
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Figure H.15: Blue circles are traced at radial distances of 10cm, 15cm, and 20 cm from the
wellbore location, and four quadrants are drawn. The quadrants are labeled by a number of dots
in the outer ring, i.e., one dot represents quadrant number one.
10.0

Install the 20kg plate above the sand reservoir. Ensure that the laser reflector is

installed in the appropriate location, i.e., directly below the laser. To ensure that both
the laser and reflector align, both the experiment lid and 20kg plate should be aligned
before installing the 20kg plate. If the 20kg plate is not aligned properly when installed,
remove and repeat the process. (Rotation of the 20kg plate after emplacement could
result in damage to the blue rings).
11.0

Fill remaining void volume of the container with one 18kg bag of coarse gravel.

12.0

Fill the top of the container with approximately 8-10L of oil within the gravel. The

oil level should be at a level equal to the highest port on the C-CHOPS container, as
shown in Figure H.16.
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(a)

(b)

Figure H.16: (a) Gravel is placed above the 20kg steel plate and (b) oil if filled to the height of
the highest port on the C-CHOPS container.
13.0

Move the C-CHOPS container to the centrifuge platform. Prepare the platform for

centrifuge operation.
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Appendix I : Commission Test 5: Load cell stabilization experimental
results
Commission Test 5 review: November 22 nd 2019
Test Overview: The purpose of this test is to analyze load cell measurements with sand trap
pressure changes. The test involved the adjustment in head leveler positions to change the sand
trap pressure. Once the pressure was changed, the load cells were given time to stabilize. The
stabilized load cell reading was then collected and plotted against sand trap pressure. A figure
showing the impact of sand trap pressure is included in this report.
Stages: All staged are labeled on Figure 1 and Figure 2 and explained below.
1) Test is ramped up to experimental speed of 111 RPM. Pump is set at 250ml/min. V2 is
open.
a. Fluid circulated from T-300  Tub  T-200  T-300 via over flow and pump
connection.
b. Head leveler is in lowest position (largest drawdown), but no fluid can flow into T100 since V1 is closed.
c. Sand Trap pressure is P max = 94kPa (Max pressure in Sand Trap labeled on Figure
1)
2) Valve 1 is open. Fluid is allowed to move into T-100.
a. Head leveler is in lowest position.
b. Sand trap pressure is 68 kPa ( Pressure difference from P max sand trap is 26 kPa)
c. Flowrate is calculated at 28.3 ml/min
d. Note: Valve 3 is opened and closed to empty T-100 throughout test
3) Head leveler is moved up ~ 21.86mm (1,000,000 Steps)
a. Sand trap pressure is 72.3 kPa ( Pressure difference from P max sand trap is 21.7kPa)
b. Flowrate is calculated at 23.5 ml/min
4) Head leveler is moved up ~ 43.72mm (+21.86mm 1,000,000 Steps)
a. Sand trap pressure is 76.1 kPa ( Pressure difference from P max sand trap is 17.89kPa)
b. Flowrate is calculated at 17.23 ml/min
5) Head leveler is moved up ~ 65.58mm (+21.86mm 1,000,000 Steps)
a. Sand trap pressure is 79.70 kPa ( Pressure difference from P max sand trap is
14.30kPa)
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b. Flowrate is calculated at 12.98 ml/min
6) Head leveler is moved up ~ 76.50mm (+10.93mm 500,000 Steps)
a. Sand trap pressure is 83.85 kPa ( Pressure difference from P max sand trap is
10.15kPa)
b. Flowrate is calculated at 12.50 ml/min
7) Head leveler is moved up ~ 87.44mm (+10.93mm ->500,000 Steps)
a. Sand trap pressure is 87.63 kPa ( Pressure difference from P max sand trap is 6.56kPa)
b. Flowrate is calculated at 11.50 ml/min

The sand trap pressure for each stage is plotted against the load cell force reading in Figure 3. It
can be seen from Figure 3 that although the pressure changes within the sand trap the load cells
stabilized at a single value. The summation of all three load measurements during the constant
stabilized value is 223N. Prior to the load cell stabilizing, after the sand trap pressure changes it is
evident that there is an increase of the load cell reading. This seems that there could be a buoyancy
effect that stabilizes after approximately 30-45 minutes to a constant load cell read out.
Note: The test did not reach no-flow conditions. No flow conditions are achieved when the
pressure in the sand trap is equal to P max sand trap with V1 open (P max sand trap is the pressure
measurement when V1 is closed). Hence the only way we could have achieved no flow is with a
longer pipe on the head leveler that allowed us to lift the leveler up more or decreased that fluid
height in the Tub. It is recommended that a longer pipe is installed on the head leveler (It was
noted that the head leveler could have been raised an additional 10 mm prior from being removed
from T-100).
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Figure I.1: Sand trap pressure changes over various stages plotted with single load cell readings
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Figure I.2: Calculated flowrate for each stage
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Figure I.3: Sand trap pressure plotted against individual load cell force measurements. It is
evident from the plot that sand trap pressure has little impact on load measurement

195

90

