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Abstract
Heavy oils and extra heavy oils in Alberta that are currently extracted through thermal recovery
primarily employ Steam Assisted Gravity Drainage (SAGD). Sand control devices (SCDs) such
as Slotted Liners (SLs) and Wire Wrap Screens (WWSs) have been used extensively in wells
producing from unconsolidated formations such as the McMurray and Clearwater formations.
Currently, utilization of sand control testing technology in the laboratory is gaining significant
attention from the industry due to its ability to assess the performance and design of SCDs.
Since 1938, researchers have been developing sand control testing setups to evaluate the
performance and develop design criteria for SCDs for different well conditions. However, it was
only in the past decade that sand control testing began being employed for SAGD wells. Generally,
researchers have aimed to apply sand control testing technologies in SAGD condition with varying
setups and procedures to either evaluate comparatively the performance of different SCDs or
investigate the effect of one testing parameter on the SCD performance. However, little focus has
been given towards examining how the differences in testing setups and procedures affect the
results and thus, the conclusions on SCDs performances. This shortcoming can cause significant
difficulties in understanding as to what extent each study is simplifying the SAGD conditions and
how their results are comparable to other setups.
The focus of this study is to improve the understanding of the current SRT setups and procedures
in the literature on the sanding and flow performance results of the SCDs in SAGD and identify
their limitations. Subsequently, the appropriate improvements are suggested, tested, and evaluated
to overcome these limitations. The improvements should be supported either by superior testing
performance or better representation of SAGD well-operating conditions based on developing an
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understanding of sanding in SAGD through a literature review. Another aim of this study is to
characterize SAGD reservoir oil sands and improve established techniques for replicating reservoir
oil sands for sand control testing purposes.
A new sand control testing facility was developed, capable of conducting multiphase flow tests
with multi-slot slotted liner coupons under different axial stress magnitudes. A testing procedure
was designed to allow the representation of sanding in SAGD conditions while accommodating
varying field conditions. The setup was used to evaluate the testing performance by introducing
new procedures and testing parameters compared to previous testing practices in the literature. The
sanding performance was assessed based on measuring the cumulative sand produced at the end
of the test. The pore and slot plugging were evaluated by comparing the pressure responses of the
sand-pack and the near-coupon region.
The work starts with the characterization oil-sands samples received from the McMurray
Formation in the Long Lake field. The characterization was conducted in terms of PSD, grain
shape, and mineral composition. Next, the characterization data was used to replicate the oil sand
samples using commercial sands. Sieve analysis was conducted to validate the success of the
replication process.
SRT testing parameters were gradually changed from a prominent testing approach in the literature
developed by Hycal labs to the new procedure. The sanding test results indicate that fluid flow rate
is the most influential testing parameter in SRT testing followed by the packing technique, stress
magnitude, and brine salinity. Analysis of pressure data revealed that the moist tamping packing
technique results in a significant increase in porosity and uniformity of the sand-pack. Besides, the
effect of stress was found to be small on pressure drop, for the stress ranges in this testing program.
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Furthermore, lowering the salinity from 10,000 ppm to 350 ppm was found to significantly
increase fines migration and production, which led to higher pressure drops across the sample.
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CHAPTER ONE: Introduction
1.1 Background
Canada proven heavy oil reserves are estimated to be around 165.7 billion barrels and ranked third
worldwide behind only Saudi Arabia and Venezuela (AER 2018). The surface mineable oil sands
are just above 20% of the total oil sands area. Therefore, non-minable resources must be recovered
by in-situ techniques (CAPP 2018). In-situ thermal recovery by Steam Assisted Gravity Drainage
(SAGD) accounted for almost 50% of total bitumen production in 2017.
SAGD is an oil extraction process where two parallel wells are drilled into a target reservoir. Steam
is injected from the top well (injection well) to heat the bitumen and reduce its viscosity. With the
help of gravity, heated bitumen flows toward the bottom well (production well) and then is pumped
to the surface (Albahlani and Babadagli 2008).
The SAGD technology is typically drilled into unconsolidated sand formations. Sand production
is a significant problem in SAGD operations owing to the unconsolidated nature of the formation.
Sand control devices (SCD) are employed to control the sand production in the SAGD process.
The most popular SCD choices are slotted liners and wire-wrap screens. Traditionally, the design
criteria for SCDs were either based on empirical correlations or field experience. However,
recently there has been a growing interest in employing so-called sand control laboratory tests to
aid in the selection and design of SCDs for SAGD operations.
Typically, sand control testing aims to replicate wellbore liner conditions closely. The testing is
employed to help the optimal SCD selection and design with some simplifying assumptions for
practicality. These assumptions stem from either simplifications or unknown field conditions. Test
assumptions should always be re-evaluated, and practical measures should be put in place to
remedy them.

1.2 Problem Statement
Since 1938, researchers have been developing sand control testing setups to evaluate and help
develop design criteria for SCDs (Coberly 1938). However, it was only in the past decade that
sand control testing began being employed for the SCD evaluation in SAGD wells (Bennion et al.
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2008). Researchers have aimed to apply sand control testing technologies for SAGD with various
setups and procedures to either evaluate comparatively the performance of different SCDs or
investigate the effect of testing parameters on the SCD performance. However, little focus has
been given towards examining how the differences in testing setups and procedures affect the
results and thus, the conclusions on SCDs performances. The outcome is difficulties in
understanding to what extent each study is simplifying SAGD conditions and how their results are
comparable to other setups.
This study investigates the SAGD sand control testing setups and procedures. Following that,
improvements are suggested on some of the limitations identified in the previous testing in
equipment and procedures. A new multiphase flow Sand Retention Testing (SRT) facility is built,
and a testing procedure is developed capable of overcoming limitations in capturing multi-slot
interactions, sand-pack preparation, sand-pack stress, setting different fluids injection rates, and
preparing the representative brine. Testing was performed to quantify the importance of each
improvement on test performance.

1.3 Research Objectives
The primary objective of this study is to improve the current multiphase sand control testing
practices for SAGD production wells and to compare them with preceding setups and procedures
for sand control testing. The current testing procedures in SAGD applications are reviewed, and
their limitations are identified. Subsequently, the appropriate improvements are suggested, tested,
and evaluated to solve these limitations. The improvements should be supported by better
representation of SAGD well-operating conditions. In this study, the effect of the suggested
improvements on testing performance is evaluated in terms of pressure response and sand
production by conducting comparative testing.
A secondary objective of this investigation is to characterize SAGD reservoir oil sands and
improve established techniques for replicating reservoir oil sands for sand control testing purposes.

1.4 Research Hypothesis
Conducting SRT with different setups should not result in different conclusions given the
procedure is followed precisely and test parameters scaled properly. Replicated sand with same
2

uniformity coefficient and deviation within SCD manufacturing tolerance should exhibit sanding
and plugging during sand control testing comparable to the original sand. However, SRT results
can result in misleading conclusions about the liner design if testing parameters such as fluid rates,
stress magnitude, brine salinity and pH are not representative of the wells of interest.
For the same slot width and particle size distribution (PSD), an increase in fluids injection rate
should cause more sanding. The higher injection rate is accompanied by higher interstitial
velocities, steeper pressure gradients, hence, stronger drag forces on the sand near the slots,
therefore, more sanding.
Increasing the stress levels during testing is expected to reduce porosity and increase interstitial
velocities thus, stronger fines migration. The increase in interstitial velocity will increase drag
forces on sand bridges and act as a destabilizing force leading to sand production. However, this
effect may be offset by stronger sand bridges resulting from mobilized friction forces between the
grains caused by the higher stresses (grain interlocking).
Reducing the salinity of the brine in the test is expected to increase fines migration and result in a
higher pore plugging and pressure drop. This can be attributed to the deflocculation of clay
materials caused by the low ionic strength of the solution which eases their migration in the pore
spaces and, accordingly, accumulates in the pore throats.

1.5 Research Methodology
This research starts with an attempt to replicate multiphase testing conducted by previous
researchers. A newly developed testing apparatus is used capable of conducting three-phase testing
and capturing the multi-slot interactions. In this way, testing elements of the previous SRT
practices in the literature can be examined, and new improvements suggested. Next, the
improvements are applied one by one to assess their impact(s) on testing results. The testing
elements, which are considered in this investigation, are the packing technique, applied stress
magnitude, flow rates, and brine salinity. However, before the investigation can commence,
characterization and then, replication of the sand used in the previous testing in terms of particle
size distribution, fines content, grain shape, and mineral composition needs to be performed.
The research steps can be stated as follows:
3

1. Examine and identify possible deficiencies in the previous testing setups and procedures
established for representing sand production in multi-phase flow conditions for SAGD
production wells.
2. Design, build, test, debug, and verify repeatability of a novel experimental setup. The
new facility should be capable of performing prepack sand control testing under
multiphase flow condition and be representative of SAGD production well while
overcoming previous SRT setups equipment limitations.
3. Use data about sand control testing conducted by Hycal, the provider of sand control
testing service, provided by Nexen CNOOC to identify a possible test for replication.
4. Characterize sand samples from the reservoir tested previously and then, replicate the
sand using commercial sands based on particle size distribution, fines content, grain
shape, and mineral composition.
5. Replicate the testing conditions used by Hycal and analyze the results.
6. Develop a new testing methodology that overcomes procedural deficiencies in the past
testing setups.
7. Investigate the impact of gradually-applying the different elements of the new testing
methodology to assess their effect on the results.

1.6 Significance of the Work
In Alberta, millions of dollars are annually spent on well interventions and remediation to increase
the performance of sand control completions or re-complete the wells in which failed screens are
detected. Estimations indicate that in Alberta around 15-45% of wellbore costs are related to the
wellbore completion (Athabasca Oil Corporation, 2015a, 2015b; Petroleum Service Association
of Canada, 2015). Due to the importance of selecting appropriate and cost-effective screens for the
well, several evaluations and design techniques have been developed over the years.
Improper design of slotted liners can prompt a massive sand production, low flow efficiency, and
severe liner erosion. Each of these problems can be extremely costly and can result in the loss of
well productivity or poor well performance. A better understanding of sand control design
procedure can lead to improved well completion, reduced well failures, and enhancement of
wellbore performance.
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This work introduces a new laboratory testing methodology for conducting practical and reliable
multiphase sand control testing to simulate operational conditions of SAGD producer wells in
laboratory conditions. The comparison between the performance between the newly developed
setup and other setups in the literature helps identify the critical features in the experimental design
that most prominently affect the results. Identifying these features will help SCD designers assess
whether a given experimental setup sufficiently simulates the SAGD well conditions.

1.7 Thesis Structure
This thesis is made up of six chapters:
•

Chapter 1 presents an overview of the problem, outlines the scope of the work, and
approaches to tackling the problem.

•

Chapter 2 describes the relevant literature on SAGD and the factors affecting sand
production in SAGD production wells, as well as an overview of laboratory sand control
testing setups in the literature. Besides, experimental setups and results of previous
researchers’ sand control testing for a SAGD well are presented and discussed.

•

Chapter 3 details the methodology adopted to characterize and replicate the sand used in
the SAGD sand control testing case as mentioned earlier, discussed in Chapter 2, in terms
of particle size distribution, fines content, particles shape, and mineral composition.

•

Chapter 4 presents the experimental setup, testing plan as well as the associated testing
material, and procedure.

•

Chapter 5 presents and discusses the testing results in terms of sand production and
pressure responses. This chapter quantifies the significance of improvement in the testing
technique involving packing technique, stress magnitude applied, fluid rates employed,
and brine salinity in comparison to the previous testing techniques for SAGD wells.

•

Chapter 6 summarizes the critical findings of this work and suggests ideas for future
studies.
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Chapter 2- Literature Review
2.1 Introduction
The oil reserves in Canada are ranked third in the world. However, 162 of the 170 billion barrels
of Canada’s reserves are in the form of bitumen (CAPP 2018), and the conventional oil reserves
are declining rapidly (Butler 1998).
Exploitation of bitumen resources is challenging. Most of the bitumen reserves located in northern
Alberta, such as the Cold Lake, Peace River, Wabasca, and Athabasca reservoirs, are classified as
unconsolidated sands and therefore, require non-conventional and costly exploitation schemes.
Open-pit mining is used to exploit the bitumen from shallow reservoirs in Alberta by operators
such as Suncor energy, CNRL, and Canadian Oil Sands Ltd. (Roberts and Abbakumov 2014).
Mining has limited potential in exploiting the reserves since open pit mining can be only
technically and economically viable for shallow deposits and thus, make up less than 20 % of
Alberta’s bitumen production (AER 2018). Furthermore, oil sand mining entails high
environmental costs in the form of landscape destruction and water usage reaching ten times the
produced bitumen.
Another bitumen exploitation technique is cyclic steam stimulation (CSS), which involves
injecting steam into a well followed by a soaking period and then, production (Bybee 2003).
Although CSS is more environmentally friendly than open pit mining as it involves minimal
landscape disruption and the ratio of 1:1 for water used to oil produced, the ultimate recovery can
be relatively low around 25 % (Jimenez 2008). Also, the high injection pressures of steam during
the injection stage followed by soaking can cause cyclic and thermal stresses around the wellbore,
which could lead to wellbore failure (Albahlani and Babadagli 2008).
Cold Heavy Oil Production with Sand (CHOPS) has been implemented to exploit heavy oil in
Alberta such as the Wolflake project. However, this technique involves operational costs reaching
15-20 % resulting from handling of produced solids with a low ultimate recovery of less than 10 %
(Dusseault 2002).
Steam Assisted Gravity Drainage (SAGD) is the most promising technology for bitumen
exploitation due to its low landscape impact and low water used to oil produced ratio compared to
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open pit mining ratio (Lightbown 2017). Besides, it has been successfully implemented in more
than ten commercial projects majority of which are in Athabasca, Canada (Jimenez 2008),
combined with a high average ultimate recovery of over 50 % (Handfield et al. 2009), which makes
SAGD superior to other in-situ techniques.
This chapter will discuss sanding in SAGD wells and factors affecting it as well as measures
employed to reduce sand production. Subsequently, the chapter discusses different versions of
sand control testing in the literature and their ability to simulate SAGD well conditions. Finally,
an in-depth discussion of Hycal labs setup and procedure will be presented.

2.2 Sanding Problems in SAGD
Roger Butler and his colleagues introduced the SAGD technology during the late 1970s (Butler
1998). SAGD is a thermal in-situ production process where horizontal wells are drilled in parallel
5 meters apart into a bitumen reservoir. Steam is generated and then, injected into the reservoir
through the shallower injection well. The steam mobilizes the viscous bitumen by flowing to the
perimeter of the steam chamber and through conduction and convection, heats the oil to reduce its
viscosity. The decrease in viscosity allows gravity to drain the oil due to the density difference
between steam and denser oil into the deeper production well in which a mixture of oil and brine
is pumped to the surface using an artificial lift method. Figure 2-1 illustrates the process of SAGD
described above.
In SAGD, start-up stage steam is circulated in both wells to heat the near-wellbore region and
establish communication between the injection and production wells. The circulation period ranges
from 3 to 5 months to bring the inter-well formation region to between 50 °C and 100 °C and to
create enough fluid mobility to establish communication (Sheng, 2013). In addition, one needs to
consider the steam hammering effect occurring during the heating up phase (Irani 2013). This
phenomenon can cause massive pressure perturbations in the near-wellbore region during the startup stage and destroy any inter-granular cohesive bonds around the wellbore.

Due to the

unconsolidated nature of sands in SAGD operated reservoirs, sand production can occur if the
installed Sand Control Device (SCD) opening size is not compatible with the formation sand
properties as was reported by multiple authors (Kaiser et al. 2000; Slack et al. 2000).
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Once production is underway, a sub-cool between 20-40 °C (Edmunds 2000, Gates and Leskiw
2010) is maintained between the injector and producer to form a pool of liquid around the
production well called steam trap. This liquid level is vital in SAGD operations as it prevents a
steam breakthrough from the injector, which can result in reduced energy efficiencies among a
myriad of other issues such as sand production (Gates and Leskiw 2010). However, a steam
breakthrough has been observed in multiple instances in SAGD wells especially in the well heel
region due to poor drilling (Brooks and Tavakol 2012), completion design, and operational
practices (Irani 2013) resulting in high potentials for massive sand production.
Although SAGD is poised to be the primary means of exploiting in-situ oil sand reserves in
Alberta, it still faces serious challenges. In a case study concerning Hangingstone field in Alberta,
improper design and operations of SCD in two SAGD wells resulted in workovers due to excessive
sand production (Spronk et al. 2015). As reported in the literature, sand production above 3-4% of
mass produced can be problematic to surface processing facilities (Burton et al. 2005). In addition,
it was reported that sand production could be detrimental to Electrical Submersible Pump (ESP)
lifetime if concentrations are above 1% (Devere-Bennett 2015). One of the significant challenges
is how to limit sand production to acceptable levels reliably and economically. One approach to
tackle this challenge is to use sand control testing of possible SCDs under in-situ representative
conditions to SAGD well throughout its lifetime. This work aims to investigate the currentlyemployed testing techniques and then, develop improvements to the testing parameters and assess
their significance on sand production under multiphase flow conditions.
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Figure 2-1. Illustration of the SAGD process (Dang et al. 2013)

2.3 Sand Control Methods
Multiple sand control approaches have been developed and implemented in unconsolidated
formations. Several studies have suggested methodologies for choosing the SCD compatible with
the target formation starting with simple design matrix up to complex multiple-criteria-decisionmaking techniques such as AHP, TOPSIS, and ELECTRE (Tausch and Corley 1958; Farrow et al.
2004; Latiff 2011; Khamehchi et al. 2015; Shahsavari and Khamehchi 2018).
Generally, sand control approaches in the literature can be classified into three categories;
controlling drawdown, mechanical based control, and chemical based sand control. The optimum
sand control method for a given problematic well is one that reduces sand production to tolerable
levels with minimal resistance to fluid flow at the lowest economic cost. Each approach will be
explained, and their previous applications in SAGD wells will be reviewed in the sections below.
2.3.1 Controlling drawdown
Controlling drawdown across the sand face is achieved by restricting the production rates within
bounds that result in tolerable sanding rates. This technique has been employed successfully in
weakly to intermediately consolidated sandstones (Papamichos and Malmanger 1999). The critical
sand free rate can be identified either by increasing/decreasing the rate gradually till the sand-free
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production is observed (Aggour et al. 2007) or through analysis of log and core data to identify
rock strength model and corresponding critical drawdown (Santarelli et al. 1989).
The process of identifying the critical or sand-free production rate is based on trial and error and
must be repeated as reservoir conditions change since factors such as water-cut, shut-in frequency,
and pressure depletion all affect the sanding phenomena (Vaziri et al. 2006). Besides, the sand free
rate is often lower than the maximum production rate possible, and thus, the well loses its
productivity. This sand control approach is not feasible in SAGD wells owing to the
unconsolidated nature of typically targeted formations and an already low fluid flux rate of SAGD
wells.
2.3.2 Chemical based sand control
Chemical sand control involves injecting a fluid that either cements the sand grains, such as a
thermosetting and thermoplastic resin (Matanovic et al. 2012) or influences the zeta potential of
the sand grains by nanoparticles resulting in agglomeration of sand matrix (Singh et al. 2014;
Mishra and Ojha 2016). Chemical sand control has been somewhat successful in vertical wells in
conventional oil (Haavind et al. 2008) and gas reservoirs. It has been reported that consolidating
agents are capable of performing sand control at temperatures up to 350oC (Wan 2011).
A significant concern in chemical consolidation techniques is the permeability impairment
occurred by cementing or consolidating sands. Kalgaonkar et al. (2017) report 30% reduction in
permeability, which is similar to the value reported by other studies (Carlson et al. 1992; Marfo et
al. 2015). Moreover, chemical sand control is only applicable in a well with short formation pay
(say, about five meters) due to placement challenges. Thus, chemical methods are not feasible
sand control options with horizontal SAGD wells (Wan 2011).
2.3.3 Mechanical based sand control
Multiple designs of mechanical sand control equipment have been developed in the oil and gas
industry. However, this work will only discuss the sand control equipment that either has been
implemented or has the potential of being applied in SAGD wells. These are namely slotted liners
(SL), wire-wrapped screens (WWS), precise punch screens (PPS) and gravel-packing (GP).
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Slotted liners
Slotted liners are liners with machined slots of specified width, length, distribution density, and
geometry along the liner. They are low-cost sand control solutions often employed in low
economics and well-sorted sand reservoirs producing at a low rate and high viscosity oil by
horizontal wells (Kaiser et al. 2000; Matanovic et al. 2012). The in-situ bitumen reserves in Canada
are classified as unconsolidated sand and therefore, requires SCD for acceptable sand production
with slotted liners and WWS used most widely (Sheng 2013). Slotted liners have been commonly
employed in SAGD for their notable mechanical strength along with lower price per foot compared
to other sand control devices for long horizontal well completion.
Slot width and geometry is a crucial controllable factor that determines slot plugging and thus,
liner lifetime. Three main slot geometries exist namely straight, rolled top, and keystone (Bennion
et al. 2008), which are shown in Figure 2-2. Straight cut slots have a uniform width across the liner
thickness, which is manufactured by a single blade plunge. On the other hand, the rolled top and
seamed slots have varying slot width across the liner thickness and thus, allow easier passage of
sand grains, which reduces plugging potential. The decreased plugging potential of keystone and
rolled top compared to straight cut has been reported in the literature (Bennion et al. 2008; Roostaei
et al. 2018b). The keystone slot is manufactured by two blade plunges in the liner while the rolled
top slot is an improved version of the straight cut slot where concentric stresses are applied on the
surface of the outer side of slot causing it to deform about 1 mm inwards plastically.
Another problem contributor to slotted liner plugging is corrosion products (Romanova and Ma
2013). However, developments in SL coating such as High-Phosphorus Ni-P coating have shown
promising results in reducing corrosion and scaling extending lifetime of the liners (Sun et al.
2018).
An analytical evaluation concluded that SL slot density is more influential on inflow resistance
than slot width (Kaiser et al. 2000). Based on Computational Fluid Dynamics (CFD) studies
conducted on slotted liners, it was found that an Open to Flow Area (OFA) above 3% would not
influence the flow distribution within the SAGD well and the reservoir as the changes in the
velocity profile was insignificant (Sivagnanam et al. 2017). However, for slotted liners in SAGD
wells, OFA is limited to a maximum of 1.5% for mechanical integrity considerations due to
thermal stresses (Hara 2015). Thus, owing to the low OFA, recent field studies have shown that
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slotted liners have higher plugging potential than WWS (Romanova and Ma 2013). For instance,
a field case study reported that the SAGD well drawdown performance difference reached 1000
kPa on average when compared to WWS and premium screens which ranged between 80 to 200
kPa (Spronk et al. 2015).

Figure 2-2. Different slot geometries and distributions (Guo 2018)
Wire wrapped screens
WWS was first introduced and patented in 1973 (Layne and Gerwick 1973). Conventionally,
WWS is made up of an outer jacket, which is manufactured on special wrapping machines. The
trapezoidal cross-sectional stainless-steel wire is wrapped and welded into longitudinal rods to
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form a single helical slot. These rods are, then, secured to a perforated base pipe (Bellarby 2009)
as shown in Figure 2-3. Other variations include shrink-fit pipe-based and rod-based.
WWS with OFA of 6-12% surpasses the 1-3% OFA offered by SL (Spronk et al. 2015), which
allows less resistance to flow and lower flow velocities at the sand bridges and thus, less sanding
potential (Suman et al. 1983; Bellarby 2009). The wires’ trapezoidal cross section creates a slot,
which is narrow at the screen surface and wider at the interior that reduces its plugging potential.
The WWS offers stable and reliable sand control with an average working lifetime of 8 to 10 years
(Zhang 2017).

Figure 2-3. Wire wrapped screens (Zhang 2017)
Precise punched screens
Precise punch screens are gaining attention in SAGD operations (Spronk et al. 2015). The screen
is made up of a stainless-steel outer screen punched to a specific depth to create two apertures
between the original and punched plates, which are rolled into a jacket and welded on to a base
pipe. The screen is durable against corrosion (Yang and Macaraeg 2013). In a recent study,
laboratory testing was conducted to compare the performance of PPS and SL, and the results
indicated that PPS had less plugging potential owing to it OFA of 6-14%, which is 3-7 times higher
than that of SL (Zhang 2017). Besides, due to the base pipe, PPS was shown to possess at least
four times the mechanical strength of SL, providing better resistance to liner collapse (Zhang
2017). In addition, its 90o angle offers better support to the arches formed and reducing sand
production compared to WWS or SL, which are limited to 20o due to manufacturing constraints
(Zhang 2017).
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Another study (Fattahpour et al. 2018) conducted prepack SRT testing representative of SAGD
conditions, to compare the performance of SL, WWS, and PPS. They concluded that PPS
performance was superior to SL and WWS in terms of sand production; however, the PPS showed
high pressure drop for the same slot aperture at low flow rates, which they attributed this to the
higher tortuosity of the flow path in PPS screens.

Figure 2-4. Illustration of how bridging happens in WWS (Right) and PPS (Left)
Gravel packs
Gravel packing creates a permeable down-hole filter of sands supported by a liner that allows fluid
production and prevents the sand production. Gravel packing is also a useful technique to reduce
the fines migration towards the wellbore by lowering the near wellbore velocities and provides a
high-permeability graveled zone around the liner/screen (Sparlin 1969). The implementation can
be summarized as injecting a slurry of accurately-sized gravel slurry in a carrier fluid into the
annular space between a screen and open-hole or casing. Although, historically, gravel-packs were
restricted to short-length target formations due to proppant transport and placement limitations.
Recently, the alternate path technology was developed and applied for intervals up to about 1000
m (Yeh et al. 2008; Barry et al. 2008). Also, the successful installation of a gravel pack in 10002000 m in heavy oil wells using advanced friction reducers and lightweight proppants was reported
(Colbert et al. 2017).
The pack performance can be compromised with fines invasion and pore plugging (Bellarby 2009).
Recently, a laboratory investigation was conducted to assess the performance of gravel pack in
SAGD conditions, which was inconclusive, as more testing was needed. Although gravel packs
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are technically feasible in horizontal wells, no attempt was found in the literature of using gravel
packs in SAGD wells, which can be attributed to the economic limitations.

2.4 Failure Mechanisms for SL and WWS
2.4.1 Intolerable sand production
Generally, sand production occurs when the hydrodynamic forces such as fluid flow induced drag
forces overcome the stabilizing forces caused by inter-granular friction and cohesive bonding
through cementing material such as clays. Figure 2-5 shows a schematic of sand bridges near a
slot and illustrates the hydrodynamic forces and frictional forces aiding and preventing sand
production, respectively. There are five scenarios where sand production can occur in a wellbore
(Morita and Boyd 1991), which are listed below:
1. Unconsolidated/uncemented sands (applies to the majority of SAGD wells);
2. Weakly/intermediately consolidated sands with water breakthrough;
3. Abnormally high and anisotropic lateral tectonic forces in strongly consolidated
formations;
4. Reservoir pressure depletion in relatively strongly consolidated formations;
5. Steep flow rate change or excessively high production rates.
Sand failure in the scenarios above can be summarized into two mechanisms (Morita et al. 1989b).
The first is the shear failure, which occurs due to excessive shear stress in the near wellbore region.
The second failure mechanism is due to tensile failure caused by drag forces on sand grains by the
pressure differentials created by the flowing fluids. Multiple well and field scale phenomena or
events can aid the failure by either mechanism. For instance, reservoir pressure depletion
exacerbates the shearing. Also, fines migration can restrict conduits available for fluids flow,
resulting in higher pressure drawdown and increases the tendency of sand production due to tensile
failure (Santarelli et al. 1989). Besides, cyclic stress due to fluctuating production rates can result
in rock fatigue, reducing the rock strength and easing sand production by both failure mechanisms
(Morita et al. 1989a).
Sand production in a problematic well can be classified qualitatively into three categories based
on the manner of sand production (Veeken et al. 1991). The first is transient sand production,
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which refers to a short high-sanding episode stemming from sudden changes in production
operations such as perforation, acid clean up, and sudden production rate change. The second
category is continuous sand production, which refers to a constant level of sanding that associates
with specific well-operating conditions. The last category is catastrophic sanding where sand
production level increases rapidly accompanied by a steep decrease in fluid production
culminating in well death. An extremely steep production rate increase can trigger this type of
sanding.

Figure 2-5. Illustration of the hydrodynamic forces and frictional forces aiding and
preventing sand production, respectively, through a liner slot
2.4.2 Slot and near-slot pore plugging
Ideally, installation of an SCD will have no impact on productivity of a well (Parlar et al. 2016).
In SAGD wells, SCDs have been reported to be prone to plugging of the slots and near slots porous
media and can result in productivity impairment of the well. The productivity impairment caused
by installing SCDs can be classified into three sources:
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•

The first, resulting from plugging of the SCD screen slots, is due to corrosion, scale
deposition, and trapped sands and fines in the slots (Bennion et al. 2008; Romanova and
Ma 2013).

•

The second is attributed to the extra pressure drop in the near-SCD region caused by pore
plugging due to fines migration and other products such as asphaltene precipitation.
Multiple factors affecting pore plugging by fines migration have been studied in the
literature such as slot width and density (Mahmoudi et al. 2016b), stress (Guo et al.
2018), and fluid pH and salinity (Khilar and Fogler 1998).

•

The third source of extra pressure drop is due to flow choking and convergence as fluid
flows towards the slots instead of an open hole, which is affected by the OFA of SCD,
and slot distribution, and geometry (Kaiser et al. 2000; Mahmoudi et al. 2017).

Further discussions of factors affecting failure due to plugging are presented in the following
sections.

2.5 Influential Factors in SCD Performance
2.5.1 Fluid flow rates
High fluid flow rates have been linked to SCD failure due to sand production (Stein et al. 1974)
and low productivity (Spronk et al. 2015). Therefore, a careful selection of SCD compatible with
the expected well production rates is essential.
High flow velocities around the wellbore result in high-pressure drops, increase the drag forces on
sand grains, and increase the sanding potential. The flow rate that causes sanding in a given well
is called the critical sanding rate and can be determined by slowly increasing the flow rate till sand
production is observed (Stein et al. 1974).
The same concept of critical flow rate was also found true when researchers investigated factors
affecting fines migration. For fines migration, however, electrochemical forces due to surface
changes also play a prominent role in fines mobilization due to the high particle surface area to the
particle mass ratio. For instance, in low pH and high salinity environment, the critical flow rate at
which fines migration would occur could not be observed experimentally (Khilar and Fogler 1998;
Mahmoudi et al. 2016a).
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2.5.2 Fluid phases
Fluid saturations in the multiphase environment, as seen in SAGD wells, influence sand
production. In field operations, sand production has been regularly associated with water
breakthrough (Veeken et al. 1991). The effect of water saturation on sand production can be
explained through two reasons; 1) cohesive capillary effects and 2) chemical interactions with the
formation.
Multiple water-formation chemical reactions can aid in sanding through either the Rebinder effect,
in which the sand surface energy is altered, and the shape and size of cementation material are
physically changed, or locally increasing the pressure gradients as for the case of expansion of
swelling clays (Han and Dusseault 2002).
Experimental studies show that capillary cohesive forces have a stabilizing effect on sand bridges
(Bruno et al. 1996; Papamichos et al. 2010). It has been reported that capillary cohesion provides
stability to the unconsolidated sands at irreducible water saturation. This cohesion is eliminated as
water breakthrough occurs and water saturation increases above the irreducible water saturation,
resulting in sand production. An analytical analysis was conducted to develop a model that
quantifies the effect of water saturation on sand capillary cohesion (Han and Dusseault 2002).
However, the analytical model has several terms not easily quantifiable such as water saturation
and is made with simplifying assumptions, for instance, the sand grains are assumed perfectly
spherical.
Multiphase fluid saturations can affect the fines migration (Civan 2016). Laboratory investigations
concluded that fines migration in multiphase liquid flow environment, generally, has lower fines
migrations than that observed in single phase flow environment (Muecke 1979; Sarkar and Sharma
1990). Formulation and experimental verification of a model describing the formation damage by
fines migration under multiphase flow and allows capturing the effect of wettability and transfer
of particles between phases as it was observed that particles tend to concentrate in the wetting
phase ( Liu and Civan 1993, 1994, 1995, 1996; Civan 2016).
Although steam trap has been used in horizontal SAGD producers to prevent injected steam
circulation, steam breakthrough has been reported, especially at the heel of the horizontal well
(Edmunds 2000) due to high drawdown of the producer and at the toe, due to drilling in low
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competency section of the formation, which creates a loss circulation zone (Brooks and Tavakol
2012). Steam breakthrough can cause massive sand production through the erosion of the SCD
liner (Toma et al. 1988; Das 2005, 2007). While Zhu et al. (2016) reported that dry steam
breakthrough could not erode liner steel based on C-factor erosion calculations, steam condensate
and the sand particles entrained by the steam can cause erosion. Haugen et al. (1995) reported that
the erosion severity due to transported sand dramatically depends on the fluid velocity.
Accordingly, a steam breakthrough in SAGD wells creates a high fluid velocity compared to liquid
flow and thus, causes the liner to be more susceptible to erosion and removal of the corroded film.
Removal of the corroded film due to erosion will expose fresh metal of the screen, which causes
the continuation of the corrosion/erosion cycle and ultimately the development of a failure (Procyk
et al. 1998; Hallman et al. 2015). No attempt of quantification of steam breakthrough at the liner
could be found in the literature.
2.5.3 Sand grain characteristics
Sand grains size
Sand grains size is commonly represented by particle size distribution, which is a distribution of
the constituting grains’ measure of size. The sand PSD analysis can be conducted in the lab using
sieve analysis, hydrometer analysis, Laser Particle Size Analysis (LPSA), sonic sifting, and
Dynamic Image Analysis (DIA). Another approach to estimate grain size in a formation of interest
is to correlate well logging data to sand size. Oyeneyin (1988) correlated log derived permeability,
sand-size standard deviation from sets of core data to mean grain size of a particular formation
based on Krumbein and Monk's equation. The fitting of the correlation parameters was based on
Gaussian elimination technique. The developed workflow was implemented successfully in the
unconsolidated sands of the Niger Delta. However, it should be noted that the PSD measurement
by different techniques produces dissimilar results due to the unique and non-spherical features of
sand grains, in addition to the assumptions associated with each measurement technique.
In the literature, the PSD is used as the primary parameter for choosing the sand control technique
( Tiffin et al. 1998; Price-Smith et al. 2003) and for designing the opening size. In most SCD sizing
criteria, PSD of the reservoir sands is sometimes the only or main design criteria. Some design
criteria used discrete points in the PSD to set the opening size of the SCD such as Coberly (1938),
which found that stable bridges would always form given the SCD aperture is less than D10 and
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that above 2xD10 no stable sand bridging would occur and thus, is the upper limit for sizing.
Furthermore, Rogers (1971) and Suman et al. (1983) suggested that WWS and SL aperture should
be sized using D10. Gillespie et al. (2000) concluded that for WWS and PPSs, 2xD50 and 2.5xD50,
respectively, should be regarded as the maximum aperture width. Other design criteria
incorporated the shape and distribution of the PSD such as Constien and Skidmore (2006) which
included the Uniformity Coefficient (UC) with the D50 for plotting master curves to be used in
sizing. More recent design criteria incorporated other elements such as plugging tendency
(Mahmoudi 2016) and stress (Guo 2018) in their design criteria, however, PSD always played an
essential role in sizing of SCD. Thus, by reviewing all the design criteria in the literature, one can
conclude that PSD plays a vital role in the sand production and proper PSD characterization is
essential to effective sand control management.
𝑈𝐶 =

𝐷60
𝐷10

(2.1)

𝑆𝐶 =

𝐷90
𝐷10

(2.2)

Sand grain shape
The shape of grains varies and is affected by the distance of sediment transported before
sedimentation, mineral composition, chemical, and mechanical processes after sedimentation
(Wentworth 1919). Historically shape factors such as roundness and sphericity were quantified
visually (Krumbein and Sloss 1951), which was subjective to the evaluator’s evaluation. However,
improvements in image acquisition and analysis capabilities allowed practical use of mathematical
definitions of sand grain size. Shape quantification factors such as sphericity, aspect ratio, and
convexity among others have been reported in the literature (Wadell 1935; Krumbein and Sloss
1951; Janoo 1998; Pan 2002; Rodríguez et al. 2013).
Several studies reported that sand grain shape can affect rock hydraulic and mechanical behavior
(Witt and Brauns 1983; Shinohara et al. 2000; Cho et al. 2006; Rousé et al. 2008; Cox and Budhu
2008; Göktepe and Sezer 2010), which, in turn, affect sand production. For instance, Cox and
Budhu (2008) analyzed grain shape using fractal techniques and concluded that sands with higher
convexity have a higher frictional angle. In addition, Rousé et al. (2008) found that roundness
affects the maximum and minimum porosity as well as the friction angle of a sand-pack.
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Furthermore, using triaxial compression test, Shinohara et al. (2000) concluded that the friction
angle of a specimen increases when angularity of grains increases and the initial porosity
decreases, which were attributed to an increase in the grains interlocking effect.
2.5.4 Stress
Several historical studies documented that increasing stress levels in a formation reduced sand
production. Clearly et al. (1979) found that arch size decreased thus, stability increased with
increasing stress levels and that most stable arches formed under minimum vertical stress and
maximum horizontal stress. In addition, another study, recently, reported a prepack Sand Retention
Test with Stress (SRTS) laboratory investigation and concluded that sand production decreases
with increasing stress, however, the magnitude of reduction in sand production decreases at the
higher stress levels, i.e., the effect of stress on sand control is more critical at low-stress levels
(Guo et al. 2018).
The formation stress magnitude, on the other hand, has a detrimental effect on fines migration and
pore plugging. Coşkuner and Maini (1990) reported that at high-stress levels the critical velocity
to plug pore throats by mobilized fines decreases as stress magnitude increases. Another study
developed an extended fines migration test, which involved injecting 40,000-60,000 pore volumes
of the core under different stress levels and reported that retained permeability decreased with
increasing stress levels, resulting in an increase in fines migration. Recently, researchers used an
SRTS setup to represent SAGD wells and reported that as stress level increases, more fines
migration occurs resulting in increased skin (Guo 2018).
2.5.5 Salinity and pH
A study investigating the effect of salinity on rock strength reported that rocks saturated with
higher salinity brine exhibited higher strength than low salinity saturated rock (Huang et al. 2018).
However, another study used a conventional SRT setup to conduct a sensitivity analysis on the
effect of pH and brine salinity on sand production with unconsolidated sand, similar to that in
SAGD wells, concluded that sand production remained relatively constant while varying pH and
salinity (Mahmoudi et al. 2016a).
Several laboratory studies established a correlation between increased fines migration and
permeability reduction with decreasing salinity and increasing pH levels in the injected brine
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(Khilar and Fogler 1998; Bennion et al. 2008; Mahmoudi et al. 2016a; Mahmoudi 2016). The
mechanisms are describing permeability reduction by clays through migration, swelling, and
swelling-induced migration was proposed by Mohan et al. (1993). Through lab testing, Khilar and
Fogler (1984) hypostasized the existence of a critical salt concentration (CSC) below which fines
release and migration will start to occur. Moreover, they reported that fines migration is more
sensitive to monovalent cations concentration compared to bivalent cations. Others studied
physicochemical factors of clay particles stability and transport in sandstone porous media and
concluded that the zeta potential and electrical double layer properties are the main factors
controlling the clay mineral behavior ( Khilar and Fogler 1998; Sokolov and Tchistiakov 1999).
Liu et al. (2017) tested the effect of salt concentration on permeability reduction in sand samples
with different clay minerals and concluded that montmorillonite led to the largest permeability
reduction, followed by kaolinite, and illite.
In addition, several researchers documented the effect of injected brine pH on the permeability of
porous media (Mungan 1965; Simon et al. 1976; Kia et al. 1987; Leone and Scott 1988; Valdya
and Fogler 1992) and concluded that salinity and pH changes are interrelated and therefore, must
be addressed simultaneously and that high pH is detrimental to permeability. Researchers (Bennion
et al. 2008; Mahmoudi et al. 2016a), investigating SCD performance with the clays mineralogy
and concentrations typically found in SAGD well formations, showed that brine salinity and pH
have a severe impact on plugging tendency of SCDs.
2.5.6 Miscellaneous factors
In SAGD systems, steam can also react chemically with bitumen and rock minerals through
aquathermolysis and generate corrosive gases such as hydrogen sulphide, carbon oxides, as well
as hydrogen, and methane (Hoffmann et al. 1995; Wen et al. 2007). These corrosive gases can aid
plugging and failure of the installed SCD. Kapadia et al. (2011) conducted simulations to model
aquathermolysis in SAGD reservoirs and concluded that lower steam injection pressures would
enable better energy utilization and lower hydrogen sulfide emissions.
It has been reported that steam hammering can occur in SAGD wells, which could possibly cause
sand production (Irani 2013). Steam hammering occurs when steam is isolated by liquid, and high
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enough heat transfer is occurring to cause rapid condensation, which causes the vapor void to
collapse producing a destructive pressure pulse.

2.6 Sand-Retention Tests and Setup Variations in Literature
Sand control testing generally aims to evaluate the performance of SCDs under lab conditions
representative of field conditions of interest. The performance is usually evaluated in terms of sand
production and flow resistance through pressure drop measurement. Sand control testing
conducted in the literature can be categorized into two groups: slurry tests (Coberly 1938;
Underdown et al. 1999; Gillespie et al. 2000; Hodge et al. 2002; Constien and Skidmore 2006;
Mathisen, et al. 2007; Chanpura et al. 2011; Ballard and Beare 2012); and prepack tests (Markestad
et al. 1996; Ballard and Beare 2003, 2006; Williams et al. 2006; Bennion et al. 2008; Chanpura et
al. 2011; Agunloye and Utunedi 2014; Romanova et al. 2014; Devere-Bennett 2015; Hara 2015;
Romanova et al. 2015; Mahmoudi 2016; Fattahpour et al. 2016; Anderson 2017; Fattahpour et al.
2018). Based on a review of the literature, there is no agreed upon standard procedure for sand
control testing. The testing setup design and testing procedure are highly subjective to the
researchers’ understanding of the well conditions simulated and to what measure can be reasonably
simplified without an adverse effect on results.
2.5.1 Slurry SRT
In slurry SRT, a slurry of solids and fluids is injected into an empty cell towards the SCD coupon.
A typical slurry setup consists of slurry preparation unit, test cell, and effluent collection unit as
shown in Figure 2-6. In slurry sand control testing, a homogenized mixture of fluids and sand at
specific concentrations, rates, and viscosities are injected towards an SCD under evaluation
(Ballard et al. 1999). This testing is meant to represent sand production in a strong formation, or
early production life of weakly consolidated formation wherein for both scenarios: (1) the sand
face is separated from the liner, (2) no stress is exerted by the formation on the liner, (3) slurry
with low solid concentration flows towards the SCD (Ballard and Beare 2003; Chanpura et al.
2011).
The produced sand and slot plugging, observed through pressure build-up across the coupon, are
used to measure the performance of the SCD tested. The testing setup and parameters such as the
selection of carrier fluid viscosity (Ballard and Beare 2012), slurry sand concentration (Ballard
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and Beare 2003, 2006, 2012; Chanpura et al. 2011), injection rate (Wu et al. 2016; Ballard,
Kageson-Loe, and Mathisen 1999), and SCD specification (Ballard and Beare 2003) can
profoundly affect the test results. The success criteria of slurry testing are subjective to the test
setup and the researcher’s experience with the conditions of the field under consideration. For
instance, when considering the pressure drop, a value below 689 kPa (100 psi) is deemed to be
acceptable by Burton and Hodge (1999) and Williams et al. (2006) while criticized by Chanpura
et al. (2011) for being arbitrary and instead propose the use of a screen retained permeability. For
sand production, Hodge et al. (2002) set the maximum limit of acceptable sanding at 0.12 lb/ft2,
which was determined by correlating their test performance with gas wells performance data that
they had access to for specific fields in the United States, North Sea, and Indonesia. Table 2-1
summarizes the pass/fail criteria of slurry testing in the literature.
For SAGD, assuming the collapse of the sandface onto production liner before initiation of
production is a valid assumption since the sands are mainly consolidated by the extra viscous
bitumen, which loses its viscosity during the well start-up recirculation period (Fattahpour et al.
2016). Therefore, slurry SRT setups cannot be used to mimic sand production in SAGD conditions,
and as a matter of fact, there is no attempt in the literature to simulate sand production in SAGD
wells using slurry testing. Figure 2-7 illustrates the sandface scenarios simulated by both tests.

Figure 2-6. Schematic illustrating a typical slurry setup
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Table 2-1. Summary of the SCD pass/fail criteria for slurry testing in the literature
Source

Sand production

Screen plugging

Produced
Particle Size

(Hodge et al. 2002)

≤0.12 lb/ft2

retained permeability ≥50%

-

≤6 % of effluent

dp< 689 kPa (100 psi)

D50 ≤ 50 micron

mass

across sand-pack and screen

(Constien and Skidmore

≤0.12 lb/ft2

retained permeability ≥50%

D50 ≤ 50 micron

2006)

of flow area

(Adams et al. 2009)

≤0.15 lb/ft2

retained permeability ≥50%

-

of flow area
(Williams et al. 2006)

of flow area

Figure 2-7. Demonstration of the downhole scenarios simulated by prepack SRT (left)
and slurry SRT (Right) (Montero et al. 2018)
2.5.2 Prepack SRT
In prepack testing, the cell is filled with sand before establishing fluids flow towards the SCD
coupon. The prepack test can more realistically represent SAGD well conditions. The reason is the
sandface collapses onto the liner closing the annular gap during the well start-up period.
Researches on sand control testing for SAGD wells have employed a variation of the prepack SRT
setup (Bennion et al. 2007, 2008; Romanova et al. 2014; Devere-Bennett 2015; Hara 2015;
Williamson et al. 2016; Mahmoudi et al. 2016c; Fattahpour et al. 2016; Anderson 2017; Fattahpour
et al. 2018). The collapsed region consists of high-porosity sands (Carlson 2003). The collapse is
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due to the loss of viscosity of the bitumen caused by heating and oil sand thermal expansion
(Fattahpour et al. 2016).
The prepack SRT testing procedure consists of first installing a coupon representative of the
downhole liner. Then, a sand-pack is prepared over the evaluated SCD. A porous disc is placed on
the top of the sand-pack to provide a uniform fluid injection during the test. Next, the sand-pack
is saturated by flowing brine from the SCD side towards the sand-pack. It is crucial that the
appropriate amount of stress is applied during the saturation phase to prevent fluidization of the
sand-pack due to the counter-gravity drag force exerted by the saturating fluid (Ballard and Beare
2003). Once saturation is achieved, the test begins by injecting field fluids with representative
properties and flow rates from the sand-pack towards the SCD. The injection stage can be
conducted at either constant pressure differential or constant flow rate with the other being
recorded. The sand is collected, and the flow rate or pressure drop is evaluated after the test to
assess the SCD performance.
Prepack SRT setups can vary significantly in how they are representing the SCD liner performance
in SAGD conditions. The variations in design and procedure can stem from the size of the setup,
sand-pack preparation technique, SCD representation device, fluid properties, number of phases
as well as the order of fluid phases injected and their associated rates, applied stress magnitude
and anisotropy, and flow geometry towards the liner coupon. In this work, the setups are classified
into three categories: conventional SRT, SRT with stress and full-scale tests with each explained
in the following sections.
Conventional SRT
In this work, a prepack setup is considered conventional if the setup does not allow significant
stress application, and also, only linear flow is simulated towards the coupon. A typical schematic
of prepack SRT setup used to simulate SAGD producer conditions is illustrated in Figure 2-8. The
setups in literature commonly consist of a fluid injection unit, core holder, sand trap, and pressure
measurement and logging unit. In SAGD context, this setup was used by (Mahmoudi et al. 2016c)
to come up with design criteria to optimize the slotted liner design to reduce plugging due to fines
migration and sand production to within acceptable levels. The setup is meant to simulate the early
life of SAGD production well where the near-liner region is made up of high-porosity collapsed
sand under no stress.
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Pre-packed SRT with Stress (SRTS)
SRTS setups have similar components when compared with the conventional SRT except for being
capable of applying a controlled amount of stress on the sand-pack during the test. Figure 2-9
illustrates a schematic of a typical SRTS setup. In the context of SAGD operations, the application
of different stress levels during testing allows simulation of various stages in the life of a well.
Typically, a SAGD well liner will experience low stress during early production stages, but the
stress will gradually increase with steam chamber expansion. The stress build-up is attributed to
several phenomena such as reservoir thermal expansion, shear dilation, and poroelastic sand
expansion (Fattahpour et al. 2016).
A majority of SRTS setups used in SAGD sand control testing only allow axial application of
stress (Bennion et al. 2007, 2008; Romanova et al. 2014; Devere-Bennett 2015; Hara 2015), which
limits the control on the confining lateral stress from the confining core holder. A more advanced
setup, capable of conducting SRTS under controlled triaxial stress condition, was developed by
Fattahpour et al. (2016). The setup was recently used to study the effect of stress on SCD
performance and concluded that sand production decreases with increasing stress magnitude
applied in the testing (Guo et al. 2018). However, no attempt was made to study the effect of stress
anisotropy on sand production from SCDs.
Full-Scale Completion Tests (FCT)
A major criticism of conventional SRT and SRTS is that both setups simulate linear flow which is
not the case in downhole wells where radial flow dominates the near-wellbore region. Testing
setups that simulate radial flow are categorized as Full-Scale Completion Test (FCT) setups.
Researchers developed prepack testing setups design to simulate radial flow by using a cylindrical
liner for conventional oil (Chenault 1938) and gas wells (Jin et al. 2012). For SAGD wells only
Anderson (2017) developed a setup that uses a 17.78 cm (7-inch) liner to simulate radial flow.
The FCT setups in the literature use a cylindrical liner in the center surrounded by sand where the
fluid is injected from the side boundaries through baffles or dispersive filter medium to allow
uniform radial flow. However, the comparison between the performance of SRTS and FCT shows
general agreement in the results (Anderson 2017). Thus, indicating that radial flow afforded by
FCT setup does not significantly impact the results compared to SRTS results and probably does
not warrant the high cost of FCT testing.
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Figure 2-8. Conventional Pre-Packed Sand Retention Test (SRT) (Montero et al. 2018)
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Figure 2-9. Pre-packed SRT with Stress (SRTS) (Montero et al. 2018)

2.6 Case Study: Hycal Labs Sand Control Testing Setup and Procedures
Hycal prepack setup was used by multiple researchers in assessing SCD performance under SAGD
conditions (Bennion et al. 2008, 2009; Romanova et al. 2014; Devere-Bennett 2015). This section
will give an overview and discussion of Hycal labs setup equipment and testing procedures, which
are based on published literature and internal testing reports provided to Nexen CNOOC by Hycal
labs.
2.6.1 Testing setup and procedure
Testing setup
Figure 2-10 shows the setup used to conduct multiphase flow prepack SRT in Hycal labs. The cell
has sand-pack dimensions of 20 cm and 6.36 cm in length and diameter, respectively. Pressure
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ports are placed at different points in the cell, which varies in position depending on the type of
SCD tested. These pressure ports measure the pressure drop across the sand-pack and the SCD.
For WWS the pressure drop across the sand pack is considered from the top of the sand pack till 2
cm (0.787 inch) above the coupon after which is considered the near-coupon section. Fluids are
injected using highly accurate and pulsation-free positive displacement pumps. Fluid production
is monitored in a four-phase separator, which records volumes of oil-water-gas and solids (sand
and fines combined) production during the test.
Testing procedure
The following SRT testing procedure is used in Hycal labs (Weatherford Laboratories 2015):
6. Wet/dry sieve analysis of the cleaned formation oil sand samples by using the ASTM
136-A4A method.
7. Prepare a brine of 1% NaCl or 10,000 ppm and mineral oil of 15 cp.
8. Prepare coupon for testing by cutting a 5-cm-diameter section of field liner containing a
single slot of the representative entry and exit dimensions for testing. Mount the coupon
in a test cell configuration and install pressure taps above and inside the slot body.
9. Install coupon in core holder assembly; pour dry cleaned formation sand to the core
holder space above the slotted coupon to form a pack approximately 20 cm in length by
about 6.37 cm in diameter (about 1500 g of sand for each test).
10. Install top confining (injection end) piston in the apparatus and apply 3500 kPa axial
confining pressure to the sand-pack to compress onto the top of the slotted coupon.
11. Evacuate pack for 24 hours to remove all residual gas. Saturate the sand-pack with brine
using pressure (filtered to 0.5 microns).
12. Inject fluids in stages with the order and fluid rates shown in Table 2-2. The calculated
rates are based on a liner length of 900 m, outer liner diameter of 17.8 cm, and well
production rate of 500-1500 m3/day. Besides, 50 -90% plugging of SCD is assumed. For
each test stage, the fluid phase(s) is injected from top to bottom until pressure drop
stabilizes. Record pressure drops through the entire pack, on top of the slot and at the
base of the slot. Note any sand production at each testing stage.
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Figure 2-10. Schematic of Hycal labs multiphase flow SRT setup (Bennion et al. 2007)
Table 2-2. Schematic of Hycal labs multiphase flow setup (Bennion et al. 2007)
Weatherford Standard Flow
Rates
Oil, Water, Gas
(cm3/hr)
40, 0, 0
80, 0, 0
120, 0, 0
160, 0, 0
160, 80, 0
160, 160, 0
160, 240, 0
160, 320, 0
160, 320, 10000
160, 320, 20000
160, 320, 30000
160, 0, 0

2.6.2 Setup and procedural limitations and their implications on the SCD evaluation
The volume of sand in Hycal labs cell is about 635 cm3, which is significantly lower than other
SAGD prepack setups reaching up to 9200 cm3 (Mahmoudi 2016; Guo 2018). Random errors in
sand-pack and coupon preparation can result in a higher impact on a small setup than a larger
setup. Also, the fluid flow through the sand-pack and SCD coupon is linear flow, which is not the
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best way to represent the pressure drop and capture convergence in wells since flow in the near
well-bore region is considered radial flow (Anderson 2017).
Stress applied in every test using this testing setup is about 3500 KPa (500 psi). This value is
chosen with no explanation provided and such a high amount is unusual since SAGD wells usually
are under low-stress levels at the start of the well lifetime and increases as operations progress
(Fattahpour et al. 2016). Using such high stress can cause underestimation of sand production in
SRT for SAGD wells (Guo 2018).
Unlike other sand control testing failure criteria published in the literature Ballard et al. 1999;
Hodge et al. 2002), sand production and plugging failure criteria set by Hycal labs testing are not
tied to wellbore data. This is a drawback with all sand control testing in the literature as the failure
criteria are subjective to the operator and apply to specific field data. There are no established
models connecting between the sand produced in the lab and the field.
The preparation of the sand-pack is conducted through the pouring of dry sand and then
compacting axially. Testing performed in this work will show that this technique is not reliable,
and reproducible pack preparation as the pouring rate is subjective to the test operator. In addition,
pouring dry sands and fines will cause finer particles to be more concentrated at the bottom of the
pack than the top by percolation of fine particles or vice versa due to elutriation segregation
(Rhodes 2008), thus producing a non-homogenous sand-pack.
The methodology of choosing the magnitude of flow rates and the number of testing stages is
subjective to the test operator understanding of the production conditions of the wells, which the
test is to simulate. Representative fluid flow rates of different phases used in Hycal lab testing has
been constant, regardless of the well and field conditions during SAGD operations with the
exception of three low-rate tests reported by Devere-Bennett (2015). The testing parameters should
account for such factors as reservoir heterogeneity, which cause non-uniform production and are
unique to individual field cases.
Brines injected during Hycal tests use a salinity value of 10,000 ppm. The brine salinity in the
testing should be linked to the brine salinity of the formation of interest. Brine salinity in the testing
can significantly influence the fines migration, hence, the plugging of the pore structure (Khilar
and Fogler 1998).
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The coupons used to represent slotted liners are made up of a single slot, which neglects the effect
of slot density on the inter-slot flow interaction and flow convergence. Flow convergence depends
mainly on the opening size and slot density (Kaiser 2002; Mahmoudi et al. 2016a; Mahmoudi
2016), which is not captured when testing with single slot coupon.

2.7 Summary
Since the objective of this work is to investigate current sand control testing practices for SAGD
wells, a good background in SAGD operators, sanding problems, influencing factors, and sand
control testing is necessary.
This chapter started with an overview of the typical steps involved in SAGD operations and
explained the significance of the sand production problem. A brief overview of sand control
techniques was provided followed by the mechanisms and influencing factors such as fluid flow
rate, fluid properties, sand properties, and stress levels, which affect plugging and sanding in
SCDs. Next, the different versions of sand control testing setups in the literature were discussed,
and their applicability to simulating SAGD conditions were critiqued. Subsequently, the
mechanisms and influencing factors such as fluid flow rate, fluid properties, sand properties, and
stress levels affecting the plugging and sanding in SCDs were discussed. The testing setup and
procedure of Hycal labs used to investigate sand production in SAGD environment were presented,
which are replicated in the subsequent chapters and eventually, the identified improvements are
applied and tested.
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Chapter 3: Long Lake Field-McMurray Formation Oil Sand
Characterization and Replication
3.1 Introduction
Sand grain characterization focuses on particle size distribution (PSD) analysis, particle shape
analysis, surface texture, and compositional analysis. As discussed in Chapter 2, previous
researchers found that PSD, grain shape, and the composition of sand and fines influence the
mechanical properties of granular media and therefore, sand production. Thus, it is essential to
conduct characterization investigation to replicate the representative samples of oil sands in the
reservoir of interest for having meaningful sand control testing. Figure 3-1 illustrates the steps of
sand and fines characterizations and how it fit in the sand control testing process. Each step of
characterization and replication will be discussed in this Chapter.
Several authors (Fattahpour et al. 2012; Younessi et al. 2012; Mahmoudi 2016) presented
methodologies to replicate weakly-consolidated and unconsolidated sands by mixing a
combination of commercial sands, fines, and cement. They validated their replication techniques
by matching the unconfined compressive strength or shear strength of the replica with the original
sand mixture.
Long Lake field is located 40 km southeast of Fort McMurray and is operated by Nexen CNOOC.
The area of interest is south of the current development. The primary producing formation is the
McMurray Formation. This chapter presents the characterization and replication recipe of the oil
sands from Nexen, Long Lake by commercial sands through applying a modified version of the
replication methodology developed by Mahmoudi (2016) for sand control testing.
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Field Sampling

• Drill cuttings
• Cores
• Bail sand
• Produced sand

Sample Shape • Dynamic image analysis
Characterization • SEM visual analysis

Sample PSD
Characterization

• LPSA
• Dynamic image
analysis
• Sieve analysis

Fines
Mineralogical
Charaterization

• XRD
• XRF
• EDS

Replication and
Testing

Figure 3-1. Flowchart linking relationship between sand characterization and sand control
testing

3.2 Preparation and Cleaning of Field Oil Sands Samples
Five oil sand samples at five different depths in the McMurry formation were acquired from a well
in the Long Lake field operated by Nexen CNOOC. For each sample, three subsamples were
obtained and cleaned using the Soxhlet extraction setup shown in Figure 3-2.
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Figure 3-2. Image and schematics of Soxhlet extraction setup used in this work
The oil sand sample is placed in a polymer-based thimble then, into the extraction chamber.
Toluene, as the extraction solvent, is placed in the boiling flask. Water is injected into the
condensing chamber to allow reflux of the toluene vapor to pour into the oil sand sample. Once
the toluene level in the extraction chamber reaches the height of the siphon arm, the dirty toluene
is drained back to the boiling solvent. This process is allowed to repeat itself for 48 hours for each
sample to produce oil-free sand. In the end, the oil-free sands are characterized for the
characterization data to be used in the replication of oil sands for sand control testing purposes as
will be explained in the following sections.

3.3 Surface Texture of Particles
The surface texture of particles can influence the friction between the particles and thus, bridging
and sand production. Surface texture is the recurring or unsystematic deviation from a nominal
surface that makes up the 3-dimensional topography of a surface which includes roughness
waviness, lay, and flaws (Bhushan 2000). However, quantifying the surface texture from images
requires specialized equipment and can be quite challenging to perform accurately (Yang and
Baudet 2016).
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In this work, texture analysis and matching were done qualitatively. Oil sand and commercial sand
grains at different size groups were chosen randomly and placed on a double-sided carbon tape.
Then, the carbon tape is mounted on an aluminum stub and analyzed by ZEUSS Sigma 300VP
scanning electron microscope under backscattered electron mode.
All sand size groups, as classified by Wentworth (1922), were represented in the texture analysis.
The oil sand samples analyzed were first sieved at 850 and 630 µm (coarse sand), 500 and 315 µm
(medium sand), 250 and 150 µm (fine sand), 125 and 75 µm (very fine sands), and finer than 44 µm
(fines). The Scanned Electron Micoscope (SEM) images of each size class are presented in Figures
3-3 along with the commercial sand SEM images for comparison.
For each size class, SEM imaging was conducted. It was noticed that the surface texture was
progressively rougher for smaller particles for all the five oil sand samples provided by Nexen.
Based on the images, one can notice the presence of large mica particles (Figure 3-3 A3-A4), which
are absent in the commercial sand. It also appears that the rounder the grains, the smoother the
surface of the grain (Figure 3-3 A2 vs. A5). Besides, one can notice that, generally, the roughness of
commercial sands is higher than that of oil sands.
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Figure 3-3. SEM images of the field and commercial sands for different size classes

3.4 Characterization and Replication of PSD
3.4.1 Measurement and description of PSD
Sand Particle Size Distribution (PSD) can be characterized based on size classes such as the
classification table provided by Wentworth (Wentworth 1922). The PSD is usually presented in a
curve to show the mass fraction passed or retained at each size class measurement increment as a
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function of the mesh size measured. The PSD can be presented as a histogram or a cumulative
distribution, however, plotting the cumulative distribution is standard practice for sand control
design purposes.
Sand PSD for sand control purposes is mainly measured by sieve analysis (Ballard and Beare
2013), Laser Particle Size Analysis, LPSA (Devere-Bennett 2015), and Dynamic Image Analysis,
DIA (Mahmoudi 2016). The PSD by using sieve analysis usually results in limited measuring
points of the second smallest dimension of a sand grain (Beare and Ballard 2013). Also, the PSD
can be measured by correlating physical phenomena to the size of particles such as light scattering
for LSPA or settling velocity for the hydrometer. However, these techniques simplify the response
to the behavior of spherical particle and thus neglect the complex dimensions of the shape of the
grains. Advances in imaging and analysis have made the dynamic image analysis possible. DIA is
preferred over other PSD quantification techniques since it allows the capture of the non-unique
and non-spherical features of the sand grains.
Sand PSD curve, in the context of sand control, is usually characterized based on the size at various
cumulative percentiles, uniformity, and sorting coefficient to describe the curve shape. Generally,
PSD descriptors can be based on centering variables such as mean and median size or size spread
descriptors such as standard deviation or sorting. The third type of curve description is shape
variables such as kurtosis or uniformity constant (Manchuk et al. 2013). Other attempts to
characterize the PSD are based on curve fitting and parametric distribution functions
(Esmaeelnejad et al. 2016; Bayat et al. 2017; Roostaei et al. 2018a).
In this work, the characterization of the PSD of the reservoir oil sands and commercial sands is
based on curve fitting of measured PSD data with a moving average fitting technique and
interpolation from the curve, which allows measurement of missing data points. Once fitted, the
Uniformity Coefficient (UC), Sorting Coefficient (SC), and size corresponding to cumulative
percentiles 1% to 100% can be calculated.
3.4.2 Characterization of oil sands PSD
According to Figure 3-4, the PSD of field samples acquired by the E&P Company operating in the
field of interest closely resembles the PSD of the oil sand samples delivered to the sand control
testing lab at the University of Alberta. The close match indicates that the samples are
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representative of the formation of interest and further shape and compositional characterization of
them would be representative of the formation of interest.
Hycal labs represented the oil sands in that formation to four batches. Comparing Hycal tested oil
sands with the field PSDs showed that only Batch 2 and 3 are representative of field oil sands
while Batch 0 and 1 are too fine compared with the majority of field oil sands PSDs.
Figure 3-5 plots the Uniformity Coefficient (UC) and Sorting Coefficient (SC) against the size of
the finest 10th percentile. Results indicate that the SC and UC increase exponentially as the D10
decreases. In other words, coarser sands in this formation are more uniform. The same trend is
visible in Figure 3-6, even if less pronounced when comparing the UC and SC with the size of the
coarser 50th percentile. Furthermore, a linear relation is noticed when plotting and fitting a function
between the clay and fines content of the oil sand samples presented in Figure 3-7.

Figure 3-4. PSD of sands from the formation of interest analyzed by Hycal compared to
the analysis conducted herein
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Figure 3-7. The relationship between fines and clay content in gathered oil sand samples
from McMurray Formation in Long Lake
3.4.3 Replication based on PSD
Commercial sands were acquired for replicating oil sands. The PSD of commercial sands was
measured by the DIA technique using a Sympatec QICPIC analyzer and then, compared with the
PSD of oil sand gathered from different sources in Figure 3-8. Based on this figure, it is clear that
the available PSDs of the commercial sands cover the range PSDs of the oil sands in the field of
interest. Therefore, replication is feasible through mixing the commercial sands in proper
proportions. The fines portion of the target oil sands can be replicated by combining commercial
fines by matching the compositional analysis.
A methodology was introduced to replicate the target sand PSD as outlined in Figure 3-9. The
method involves first fitting the target and the commercial sand PSDs by a piecewise fitting
function. Then, D1 to D100 is extracted for every commercial sand PSD and, then the target PSD
is placed in a series of linear simultaneous equations. The simultaneous equations are solved for
the optimal commercial PSD weight percentages that would give the least sum squared difference
between the replicated sand and the target sand. The methodology outlined was implemented using
MATLAB R2017a.
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For testing purposes, Hycal’s oil sand Batch 3 was chosen for replication as it will be used to
compare Hycal testing with the testing presented herein. The PSD replication is shown in Figure
3-10 along with the target PSD. PSD parameters describing the PSD is presented in Table 3-1.
Based on the figure, the target sand and commercial sand replica produced by the MATLAB
algorithm are in close agreement. The replica shows a maximum deviation 50 µm (0.0020 inch)
respectively from the original sands. This deviation is acceptable since it is within the ±0.002-inch
manufacturing tolerance of slotted liner (Penberthy, and Shaughnessy, 1992).

Figure 3-8. PSD curves of oil sands analyzed by Hycal by LPSA (blue), oil sands used in
Hycal testing (black), Long Lake samples characterized in the University (green), and
commercial sands available (red)
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Figure 3-9. Diagram of the PSD replication technique
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Figure 3-10. A comparison between the target (Batch 3) and replica PSD from the
replication process
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Table 3-1. PSD descriptors of sands used in testing
Sand print

D90, µm

D50, µm

D10, µm

Batch 2
Batch 3
Batch 2 replica
Batch 3 replica

93
107
90
91

189
183
171
161

318
267
331
317

Fines content
(<44 µm), %
4.9
3.5
4.9
3.5

Uniformity
Coefficient
2.2
1.8
2.2
2.0

3.5 Shape Factor Characterization and Replication
In the literature, shape description of sand grains is usually based on a qualitative approach, such
as classifying grains as rounded or angular based on the picture-based diagram in Figure 3-11
(Powers 1953). The shape description may be quantitative by assigning values using charts as
shown in Figure 3-12 (Krumbein and Sloss 1951). Recently, charts have been introduced based on
geometric shape descriptors (Blott and Pye 2008). However, there are various definitions of the
geometric descriptors and the measurement techniques in the literature (Rodríguez et al. 2013).
Recently, reliable laboratory size and shape analyzers based on dynamic image analysis has been
introduced. Examples include QICPIC by Sympatec, and Camsizer by HORIBA Scientific, which
provide the size and shape of particles using image analysis of free-falling particles captured by
multiple cameras. This technique allows a larger sample size to be examined in a shorter period
compared to the conventional techniques. Besides, image analysis of free-falling particles
eliminates the orientation bias of particles analyzed under a microscope. Due to these advantages,
this research utilizes the dynamic image analysis for the shape characterization of the commercial
sands and oil sands samples.
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Figure 3-11. A qualitative measurement of shape (Powers 1953)

𝑟𝑚𝑖𝑛−𝑐𝑖𝑟

𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑖𝑡𝑦 =

𝑟𝑚𝑎𝑥−𝑖𝑛
𝑟𝑚𝑖𝑛−𝑐𝑖𝑟
𝑟𝑚𝑎𝑥−𝑖𝑛

𝑅𝑜𝑢𝑛𝑑𝑛𝑒𝑠𝑠 =

∑ 𝑟𝑖⁄𝑁
𝑟𝑚𝑎𝑥−𝑖𝑛

Figure 3-12. A guide for assigning roundness and sphericity values to a particle
(Krumbein and Sloss 1951)
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3.5.1 Shape factors description
Multiple forms of quantitative shape descriptors have been proposed in the literature to describe
particle shapes. Such includes roundness (Wadell 1932), angularity (Lees 1964), circularity (Riley
1941), and irregularity (Blott and Pye 2008). A comprehensive review of different shape
descriptors in the literature is provided by (Smart 2013). This work employs the grain shape
factors to describe the shapes of oil sands and commercial sands regarding sphericity, convexity,
and aspect ratio as defined by Sympatec (2018).
Sphericity
Sphericity (S) is defined as the ratio of the perimeter of a circle with the equivalent area as the 2D
projection of a particle to the actual particle perimeter (Sympatec 2018).
𝑆=

𝑃𝐸𝑄𝑃𝐶 2√𝐴. 𝜋
=
𝑃𝑟𝑒𝑎𝑙
𝑃𝑟𝑒𝑎𝑙

(3.1)

Sphericity is a measure that describes how a given particle shape resembles a sphere. Sphericity is
chosen as a relevant shape characterization parameter for sand control purposes as it assesses the
surface shape and thus, correlates with the number of intergranular contact points in the porous
media. The frictional strength between particles is influenced by the sphericity, impacting the arch
stability around the slots. One can hypothesize that lower sphericity causes better bridge stability
and therefore, less sanding.
Sphericity values vary from 0 to 1 where the larger the number, the closer the shape of the particle
to a sphere. An irregular shape produces a larger perimeter to area ratio compared to a perfect
circle.
Aspect ratio
Aspect Ratio (AR) in this context is defined as the ratio of two sizes observed on a projection of a
3D sand grain. The two sizes are the minimum and maximum Feret diameters as shown in Figure
3-13. The Feret diameter is the distance between two parallel tangents to the particle boundaries.
A perfect sphere will have an AR value of 1. However, the value decreases as the overall shape
deviates from a sphere.
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For sand control purposes, the aspect ratio can be an indication of the ease of the particle rotation.
The lower the AR, the higher the particle tendency to rotate under stress. Higher values of AR
results in higher resistance to rotation (Fonseca et al. 2012). One can hypothesize that sand with a
high aspect ratio produces a more stable sand bridge and is less prone to production.
𝐴𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜 =

𝐹𝑒𝑟𝑒𝑡 𝑚𝑖𝑛
𝐹𝑒𝑟𝑒𝑡 𝑚𝑎𝑥

(3.2)

Figure 3-13. Schematic illustrating maximum and minimum feret diameters of a sand
grain
Convexity
Convexity Ratio (CR) is a shape factor describing the irregularity of the surface of the particle.
The CR is the ratio between the 2D area projection of the grain (A) to the area of the convex region
(A+B) (Sympatec 2018) as shown in in Figure 3-14. The CR has a maximum value of 1 when
there are no concave features. Convexity correlates with the prominence of shape corners of a
particle, which in turn, dictates the number of contact points between particles. Thus, convexity
can affect the intergranular friction and therefore, sand production.
𝐶𝑜𝑛𝑣𝑒𝑥𝑖𝑡𝑦 =

𝐴
𝐵
= 1−
𝐴+𝐵
𝐴+𝐵

(3.3)

Figure 3-14. Schematic illustrating concept of convexity
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3.5.2 Characterization of particle shape
The five oil sands samples acquired at different depth in the McMurry formation were analyzed
by dynamic image analysis using the QICPIC image analyzer. Figure 3-15 shows the convexity,
sphericity, and aspect ratio of the sands with depth. Based on this figure, the sands in this well in
the McMurray Formation appear almost homogenous in shape at different depths. Thus, the
formation sands can be replicated by using commercial sands that match in particle shape factors
with those of the oil sands samples.
Shape factor
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Figure 3-15. From left to right aspect ratio, sphericity, and convexity of oil sand samples
versus depth
3.5.3 Matching grain shape
A variety of commercial sands were analyzed by dynamic image analysis for comparison with oil
sand samples. Figure 3-16 through 3-18 compare the sands based on sphericity, aspect ratio, and
convexity. By comparing convexity of commercial sands and oil sands, one can identify
commercial sands 1, 2, 3, and 4 are consistent with oil sands. However, when sphericity and aspect
ratio are considered, it becomes clear that the commercial sand 4 is not consistent. Thus,
commercial sands 1, 2 and 3 shape factors match those of oil sands samples and can be used in the
oil sands replication.
52

Commercial sand 6
Commercial sand 5

Commercial sand 4

Field sand 1
1
0.8
0.6
0.4
0.2
0

Commercial sand 3

Field sand 2
Field sand 3

Field sand 4

Field sand 5

Commercial sand 2

Commercial sand 1

(a)
100
90

Cumulative passing, %

80

Commercial sand 1
Commercial sand 2

70

Commercial sand 3

60

Commercial sand 4
Commercial sand 5

50

Commercial sand 6

40

Field sand 1

30

Field sand 2
Field sand 3

20

Field sand 4

10

Field sand 5

0
0.00

0.20

0.40

0.60

0.80

1.00

Convexity

(b)
Figure 3-16. Oil sands and commercial sand convexity (a) and cumulative distribution (b)
of convexity with the available commercial sands
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Figure 3-17. Oil sands and commercial sand sphericity (a) and cumulative distribution (b)
of sphericity with the available commercial sands
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Figure 3-18. Oil sands and commercial sand aspect ratios (a) and cumulative distribution
(b) of aspect ratio with the available commercial sands
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3.6 Compositional Analysis
Compositional analysis of fines (particles with diameter < 44 µm) is the focus of this section. Fines
composition is important because fines migration is affected by parameters such as salinity, pH,
and electronegativity of the fines in the matrix (Khilar and Fogler 1998). Since fines migration
alters the near-coupon matrix and slot plugging, the composition of the fines must be replicated to
allow for representative testing.
3.6.1 Oil sands fines compositional analysis
The oil sands compositional analysis was conducted using a combination of X-Ray Diffraction
(XRD), Energy-Dispersive X-Ray Spectroscopy (EDS), and Scanning Electron Microscope
(SEM). The combination of these techniques allows a better understanding of the samples of
interest and provides more confidence in the results. I should be noted that the XRD interpretation
was done by myself through self-learning and not by an experience personnel which may cast
some uncertainty on the results.
The XRD was conducted using the Bruker D8 Discover diffraction system, which is equipped with
Cu-source and high throughput LynxEYE one-dimensional detector with high intensity and speed
compared to point detectors. The XRD analysis was conducted by the Rietveld method using the
commercial software TOPAS and Freeware MAUD. The Rietveld method was chosen as it is
widely accepted and is the most commonly used technique (Zhou et al. 2018). Rietveld method
matches the calibrated crystallographic data to the full pattern response of XRD measurement
using least square refinement and thus, quantifying constituent minerals. SEM imaging and EDS
measurement were conducted using ZEISS sigma 300 VP SEM. The SEM images were acquired
in backscatter mode with the samples not coated.
The results of the XRD analysis of oil sand samples are presented in Table 3-1. Based on the XRD
analysis, the primary constituents of the fines are quartz and kaolinite. The results were confirmed
by elemental analysis through EDS measurements shown in Figures 3-19 to 3-22. The
measurements indicate that silicon, oxygen, and aluminum are the main elements in the oil sand
samples. These three elements make up most of the quartz and kaolinite minerals. In addition,
SEM analysis was used to confirm the trace mineral presence. Figure 3-23 shows the presence of
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calcite, mica, and pyrite in the oil sands samples, which is in line with XRD results and thus,
providing more confidence in the results.
Table 3-2. XRD Rietveld analysis results of the oil sands samples
Oil Sand Sample
ID
206
215
219
221
225
Average

Quartz
62.9
72.6
58.9
84.9
71.6
70.2

Calcite
0.4
3.5
3.2
7.2
3.6
3.6

Pyrite
0
0
0.4
0
0
Traces

Kaolinite
28.3
23.1
33.8
6.9
21.6
22.7

Illite
2.1
1.1
3.5
0
3.9
2.1

Augite
0.6
0
0
0
0
Traces

Figure 3-19. SEM image and EDS analysis of oil sands sample at a depth of 225 m
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Figure 3-20. SEM image and EDS analysis of oil sands sample at a depth of 215 m

Figure 3-21. SEM image and EDS analysis of oil sands sample at a depth of 219 m
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Figure 3-22. SEM image and EDS analysis of oil sands sample at a depth of 206 m
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Oil-Sand samples

Pyrite
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Calcite

Figure 3-23. Close up SEM images of trace minerals in the fines of oil sands samples
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3.6.2 Replication of fines based on compositional analysis
Compositional analysis of four commercial fines (CF1-CF4) was conducted by XRD to identify
suitable candidates to be used in replication. The XRD results are presented in Table 3-2. Looking
at the results, one can notice that CF2 and CF3 are predominantly quartz and kaolinite,
respectively. Since the oil sands samples fines are made up primarily of quartz and kaolinite, a
mixture of CF2 and CF3 was chosen to replicate the oil sand fines.
Table 3-3. XRD Rietveld analysis results of the commercial fines samples
Commercial Clay Name Quartz Kaolinite Illite Anorthite Muscovite Calcite
CF1
23.62
73.7
2.3
0
0
0
CF2
95.9
0
0
3.34
0
0
CF3
7.06
81.5
6.5
0
4.1
0
CF4
25
0
0
0
0
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3.7 Conclusion
In this chapter, characterization of the PSD, grains shape, and mineral composition of commercial
and field samples from the McMurray Formation were conducted and compared. In addition, a
new methodology for replicating the field samples based on PSD, size, and mineral composition
using commercial sands was implemented. Characterization of grains shape by DIA helped in
eliminating the commercial sands with shapes incompatible with the formation sands. The recipe
for commercial sand mix to replicate Batch 3 used by Hycal labs will be as follows:
Commercial Sand or Clay
CS1
CS2
CF2
CF3

Weight. %
52.9
43.6
2.58
0.92
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Chapter 4: Experimental Setup and Testing Procedure
4.1 Introduction
A representative, economical, and practically feasible experimental setup and procedure is pivotal
in recreating and capturing the sand production phenomenon under SAGD multiphase flow
conditions. This chapter will focus on the design of the main components of the experimental setup
and testing procedures. Justifications will be provided as to why the testing components are
suitable to stimulate the near-wellbore conditions resulting in sand production and slot plugging
of sand control devices in SAGD multiphase flow conditions.

4.2 Experimental Setup
The SRT setup is made up of six major units as shown in Figure 4-1, namely: (1) sand-pack and
SCD holder, (2) fluid injection unit, (3) load frame, (4) data acquisition and monitoring unit, (5)
sand and fines production measurement unit, and (6) Back-pressure unit. The following sections
provide further details on the testing setup.

Figure 4-1. Schematic of the SRT setup
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4.2.1 Fluid injection unit
The fluid injection unit consists of two mechanically actuated triplex diaphragm pumps
manufactured by LEWA. Both pumps are capable of injecting brine and mineral oil at rates up to
18 liters per hour with an adjustment range of 1:50 and flow rate adjustment of ± 1%. The flow
rate output is controlled by adjusting the stroke length manually in combination with adjusting the
pump frequency through a variable frequency drive (VFD). The triplex design coupled with a pulse
damper allows pulsation free fluid flow into the cell.
Before testing, each pump is calibrated so that appropriate setting can be chosen to achieve the
desired rate. During testing, the flow rates are measured and verified by a mass balance reading at
each flow rate change for test quality control purposes. The pumps are fed using two 25-liter tanks
positioned above the pumps. The discharge of the core holder is not recirculated back as it may
contain fines and thus, is disposed off based on the University of Alberta regulations.
Gas is delivered through nitrogen-filled high-pressure tank connected to a pressure regulator and
gas rotameter with a choke. Three rotameters with different ranges are used in parallel to output
the desired rate of gas to the cell. The low-rate rotameter has a range from 30 up to 300 cm3/min.
The intermediate rate rotameter has a range from 200 up to 5000 cm3/min while the high rate
rotameter has a range from 500 up to 10,000 cm3/min. All the rotameters are manufactured by
Omega and have an accuracy of ±2% of full-scale accuracy. During testing, the upstream pressure
is kept at 551 kPa (80 psi) as the downstream cell pressure during testing is never above 138 kPa
(20 psi). This ensures critical flow for nitrogen since the downstream/upstream pressure ratio
below 0.53 (Green 2008). Using critical flow minimizes rate variations resulting from downstream
pressure variations.
4.2.2 Sand-pack cell and SCD holder
The SRT cell is composed of a core-holder, top platen, and base plate. The core holder is where
the sand is packed and is made of aluminum with a burst pressure rating up to 690 kPa (100 psi)
at 20 oC. The inner diameter of the core-holder is 17.1 cm with a length of 47 cm.
The larger cell compared to Hycal’s cell allows the proper investigation of SL coupons with
different slot densities. Larger cell sizes allow a closer representation of the field conditions but
have to be limited due to the size of the setup, materials availability, test operation, and cost.
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Along the walls of the core holder, there are three 0.635 cm (0.25 inch) NPT connection ports on
the sides of the cell at 5 cm, 17.7 cm, and 30.4 cm from the bottom of the core holder, which allows
for differential pressure measurement across the sand-pack. The first bottom ports from the sand
control coupon are used to capture the pressure loss due to flow convergence, slot plugging, and
fine migration. The second and third ports serve two purposes. The first is that they allow quality
control to be performed on the packing technique and the second is for capturing pressure loss due
to fines migration.
The base plate is a 5-cm aluminum slab cut out in the middle to allow easy interchangeability of
the sand control liner coupons. A Viton gasket is used to seal the area between the core-holder and
the base plate hydraulically. The top platen is used to transfer loads from the load frame to the
sand-pack and hydraulically seal the core holder from the top using O-rings. In conjunction with
a porous disk, the top platen provides the conduit for fluid injection, mixing, and distribution into
the sand-pack.
4.2.3 Load frame
Stress is created in the sand-pack by applying force through the load frame on the top platen. The
load frame can generate a maximum force output of 8 metric tonnes. The hydraulic system of the
load frame was modified by reconnecting the pressure supply of the hydraulic oil to an ISCO
pump, instead of a hand pump, to ensure a constant stress level during the test.
4.2.4 Data acquisition and monitoring unit
The data acquisition and monitoring system include three Yokogawa EJA110A differential
transducers with a maximum range of 100 kPa (14.4 psi) and accuracy of ±0.022% of the full
range. The transducers are connected to the National Instruments data acquisition system Model
USB-6002 and recorded using National instruments Data Acquisition (DAQ) express software.
Further, a camera is installed below the coupon that allows monitoring of the sand production at
every stage of testing.
4.2.5 Sand and fines production measurement unit
The sand and fines production quantification unit consists of a sand trap that is specifically
designed to retain the produced sands and fines. The sand trap is a flanged cylinder with a blind
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flange at the bottom to allow collecting the produced sand. The sand trap has a 0.635 cm (0.25inch) NPT connection and a ball valve, which has a tube that reaches just below the coupon slots.
The unit allows the collection of fluids in 100-ml sample bottles to measure the mass of produced
fines. The produced fines are quantified using a turbidity meter, which is calibrated using standard
bottles of known fines concentrations. The relation between turbidity meter readings and fines
concentration is linear. The total produced fines per stage are calculated by multiplying the
concentration of produced fines per stage by the fluid volume produced per stage.
4.2.6 Backpressure unit
The back-pressure unit consists of a 185-centimeter pipe with a diameter of 5 cm. Its primary
purpose is to ensure the full liquid saturation of the cell throughout the test, except when gas is
injected. Moreover, the unit allows a small flow of brine during the saturation phase so to minimize
the channeling and fingering phenomena.

4.3 Testing Material and Components
4.3.1 Representative sand
Hycal Batch 2 & 3 sand was replicated based on the PSD, shape factors, and fines mineralogy.
Further details are found in Chapter 3. The suitability of the using the replication process for sand
retention testing will be investigated by comparing an original replication test.
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Figure 4-2. Target sand (Batch 2 & 3 of Hycal testing) and the sand replica
4.3.2 Representative fluids
Brine
In a SAGD reservoir, formation water mixes continuously with condensed water, and flows
towards the SCD in the producer well. This mixing reduces the salinity of the produced water over
time from an initial formation salinity ranging from less than 4000 -100,000 ppm (Cowie 2013) to
around 1500- 5000 ppm at the producer (Peterson 2007). Also, initially acidic gases such as carbon
dioxide, hydrogen sulfide, and methane reduce the pH of the formation waters. However, as
condensed steam mixes with formation water, the pH increases to become slightly alkaline
(Bennion et al. 2008).
Brine salinity and pH have significant impacts on the clay mobilization in porous media (Khilar
and Fogler 1998; Mahmoudi 2016). Brine used in Hycal tests had a salinity of 10,000 ppm by
adding sodium chloride to deionized water. However, the measured composition in Table 4.1
indicates this level of salinity does not represent the reservoir of interest. Figure 4-3 is a STIFF
diagram that compares the brine composition from the analysis of field produced water and the
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brine employed in sand control testing by Hycal. The figure shows that Hycal brine cations and
anions are not representative of the well-produced brine composition.
In this investigation, field water compositional analysis provided by the operator is used to recreate
field representative testing brine (Table 4.1). The representative brine was achieved by matching
the total cation concentrations of the field brine sample with sodium bicarbonate. Only the cation
concentration was matched since cations are the ions predominantly affecting clay deflocculating
phenomena (Khilar and Fogler 1998). In other words, only cations influence fines migration and
thus, pore and slot plugging.
Table 4-1. Ionic composition of brine in field and lab
Description

Unit

Field Sample
*

Hycal Brine
Composition

pH

-

8.04

Not known

Sodium (Na)

mg/L

194

3935

Potassium (K)

mg/L

3.6

-

Calcium (Ca)

mg/L

56.7

-

Magnesium (Mg)

mg/L

21.4

-

Bicarbonate
(HCO3)

mg/L

708

-

Carbonate (CO3)

mg/L

0.5

-

Hydroxide (OH)

mg/L

0.5

-

Chloride (Cl)

mg/L

40.4

6065

Sulfate (SO4)

mg/L

46.1

-

Cations

Anions

* Data Provided by Nexen CNOOC
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Figure 4-3. STIFF diagram comparing field samples to brine used to testing by Hycal
labs and University of Alberta
Oil
Bitumen viscosity exponentially decreases with increasing temperatures. Figure 4-4 depicts the
viscosity reduction of two oil samples from the field of interest. The operating temperature of a
SAGD well ranges from 150 oC to 270 oC (Irani 2013). Since this setup is not capable of operating
under high temperatures and pressures, mineral oil with a viscosity of 15 cp was used to match the
drag force on sand grains caused by oil production.
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Figure 4-4. Measured oil viscosity for Long Lake field as a function of temperature
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Gas
In a SAGD production well, a steam breakthrough can occur due to a low sub-cool (Gates and
Leskiw 2010), which can result in sand production (Mahmoudi et al. 2018). Therefore, simulating
steam breakthrough in the testing is essential to evaluate sand control devices under SAGD
conditions. However, due to practical and safety concerns, testing with steam was not feasible with
the current core-holder. Steam viscosity in a typical SAGD production well operating conditions
at temperatures and pressures between 190 to 210 oC and 1600 to 1800 kPa, respectively, would
be approximately 0.016 cp. Since nitrogen, at room temperature and pressure, has a viscosity of
0.0176 cp, it was chosen to simulate the drag force on sand grains by the steam breakthrough.
4.3.3 Liner coupons
The sand control liner coupons used in the experiments are actual cut-outs of manufactured liners
acquired from RGL Reservoir Management as shown in Figure 4-5. Testing using multi-slot
coupons allows capturing the inter-slot interactions, which was a significant limitation with prepack SRTs reported in the literature.
The replication test in this research was conducted using a 152 µm (0.006-inch) WWS as was used
by Hycal. The WWS was chosen for replication instead of a slotted liner as all Hycal slotted liner
SRTs employed single-slot liners, making the test difficult to replicate with a larger setup as the
open-to-flow-area ratio cannot be matched. Following the replication test, all the tests were
performed using the 406-508 µm (0.016-0.020-inch) rolled top slotted liner as installed in the field
of interest. Figure 4-6 shows an image and schematic cross-sectional view of the coupons used in
the testing.

Figure 4-5. Multi-slot coupon as a cut-out of a slotted liner
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(a)

(b)

Figure 4-6. (a) An image of a multi-slot 0.016-to-0.020 coupon, (b) schematic cross
section of a rolled top slot

4.4 Testing Plan
The objective of the work is to assess the effect of varying experimental parameters and procedures
of prepack SRT on sand and fines production under multiphase flow conditions. Therefore, the
work will start by attempting to replicate Hycal testing procedure for sand control testing under
multiphase conditions, as introduced in Chapter 2. Subsequently, one testing parameter at a time
will be changed to investigate its effect on test results until an improved procedure is achieved.
The testing plan is presented in Table 4-2.
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Table 4-2. Test matrix
Test

Coupon

#
1

Water
WWS

Oil

Packing

Water

Stress

Objective

2413 kPa

Replication

composition

N2

Hycal Hycal

Hycal

Dry

rates

rates

rates

packing

Multi-slot Rolled

Hycal Hycal

Hycal

Dry

top OFA 2.33%,

rates

rates

rates

Multi-slot Rolled

Hycal Hycal

top OFA 2.33%,

rates

152 µm
2

Flow rates

1% NaCl

(350 psi)
1% NaCl

2413 kPa

The base case

packing

(350 psi)

for SL testing

Hycal

Moist

2413 kPa

Effect of the

rates

Tamping

(350 psi)

packing

406 µm
3

rates

1% NaCl

406 µm
4

procedure

Multi-slot Rolled

Hycal Hycal

Hycal

Moist

top OFA 2.33%,

rates

rates

rates

Tamping

Multi slot Rolled

Rep.

Rep.

Rep.

Moist

top OFA 2.33%,

rates

rates

rates

Tamping

Multi-slot Rolled

Hycal Hycal

Rep.

Moist

top OFA 2.33%,

rates

rates

Tamping

1% NaCl

413 kPa

Effect of

(60 psi)

stress

413 kPa

Effect of flow

(60 psi)

rates

413 kPa

Effect of

(60 psi)

water

406 µm
5

1% NaCl

406 µm
6

406 µm

rates

Rep. ions

composition

4.5.2 Sand-pack packing
If the dry packing technique of Hycal is used in the test, the dry mix is poured into the core-holder
using a funnel so that the final height of the sand-pack is 40 cm. Next, the mix is compacted by
applying 2413 kPa (350 psi) of axial stress. However, packing in this manner can result in
undesired effects. Packing the sand column in one attempt results in non-uniform stress along the
sand column. This effect is caused by the friction between the sand and the core holder. The second
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deficiency is the likely segregation of particles along the core of the sample where the finer
particles will settle at the bottom and the coarser at the top by percolation of fine particles or vice
versa due to elutriation segregation (Rhodes 2008). Also, applying high levels of stress on sand
can produce excess fines due to crushing, especially for angular sands (Wang and Coop 2016).
However, dry sands show more resistance to crushing due to the decreased pack compressibility
compared to wet sand (Ovalle et al. 2014).
For the moist tamping technique, the sand-pack is prepared by packing twelve layers using a
modified version of the moist tamping technique presented by Mahmoudi (2016). The packing
technique for the mix used in the testing program resulted in a sand-pack of 40-cm height, a
diameter of 17.1 cm, and a porosity of 35%.
The modified version of the moist tamping technique involves preparing 3.3 cm layers using a
certain amount (mass) of the mix. Next is compacting each layer uniformly so that each packed
layer has equal height and, thus, equal porosity. The compaction is done using a packing rod
designed to achieve uniform compaction. Each layer’s weight is around 935 g and is predetermined
based on the target porosity and sand mixture grain density. Packing with wetted sand layer by
layer should help achieve a uniform porosity and permeability (Ladd 1978).
4.5.3 Sand-pack saturation
In both Hycal and proposed procedures, the sand-pack was saturated by injecting brine from the
bottom of the core holder through the coupon into the sand-pack. Hycal did not specify the flow
rates they used for saturation. In the proposed procedure, the fluid flow rate was chosen at a
practical rate of 1000 cm3/hr. Once one liter of brine is produced from the top, the sand-pack is
assumed fully-saturated. Stress levels applied over the sand-pack during the saturation were
adapted to ensure no fluidization will occur. Details of calculation of the stress required to prevent
fluidization are in Appendix A
4.5.4. Representative stress conditions
Stress has been proven to reduce sand production due to increased inter-particle friction forces
(Guo 2018). In lab testing, it is desired to simulate worst-case scenarios for liner design and
selection purposes. In a SAGD well, low-stress conditions are expected in the early well life
(Penberthy and Shaughnessy 1992; Fattahpour et al. 2016). Therefore, to simulate the early SAGD
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well conditions, a low value of stress is applied to the sand-pack. The amount of axial stress around
a collapsed horizontal slotted liner has been simulated to be less than 555 KPa (80 psi) (Diaz 2008).
An amount of 414 kPa (60 psi) was concluded to be a reasonable value, with the details of the
stress calculation given in Appendix A. The stress value was calculated based on the Eugen
fluidization theory that allows estimation of the minimum stress required to prevent fluidization in
a sand-pack and be representative of early SAGD stress conditions.
4.5.5 Fluid injection rates
Fluid injection is the primary component of the test in which brine, oil, and gas are injected in a
step-rate manner downward through the sand-pack and toward the multi-slot coupon. A porous
disc is placed on the top of the sand-pack to provide a uniform fluid injection during the test. Each
fluid rate was varied depending on whether the test was conducted by Hycal- based rates or the
new rate-setting methodology. During the injection stages, the pressure differential is continuously
monitored at different sand-pack locations to evaluate fines migration and flow convergence. The
produced fluids are sampled at each stage to quantify fines migrated and produced.
Hycal rates
Hycal labs used brine, oil, and nitrogen flow rates as shown in Figure 4-7. The Hycal fluid flow
rates were scaled up according to the coupon size ratio for the replication tests sine the coupon size
in the Hycal and University setups are different. The upscaled rates as calculated using Eq. 4.1 re
shown in Figure 4-8.
𝑄𝑈𝑜𝑓𝐴 = 𝑄𝐻𝑦𝑐𝑎𝑙 ×

𝐴𝑟𝑒𝑎𝑈𝑜𝑓𝐴
𝐴𝑟𝑒𝑎𝐻𝑦𝑐𝑎𝑙

(4.1)
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Figure 4-7. Hycal original rates used with their setup
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Figure 4-8. Hycal upscaled rates used with the University of Alberta setup
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University rates
The rates used at the University of Alberta do not match those of Hycal. First, the order of phase
injection was rearranged so that the water phase is injected first before the two-phase flow regime.
This practice allows the measurement of absolute permeability at the beginning of each test. Hence,
it enables the verification of the sand packing consistency among the tests. Also, the rates for each
phase were revised based on typical field production rates for each phase.
The new flow rate-setting methodology is summarized in Figures 4-9 to 4-12. The actual wellbore
production rates provided by Nexen CNOOC is scaled down from the total wellbore liner surface
area to the coupon area. In other words, the tests match the target field fluids flux. Several effective
flow factors are used to account for the potential flow non-uniformity along the wells, slot
plugging, and blank liner segments.
Figure 4-9 illustrates schematically how variations of sub-cool in a SAGD well can result in fluid
flow variations along the well. The non-uniformity of production along the wellbore could stem
from multiple reasons including non-uniform steam chamber growth due to reservoir heterogeneity
(Ravalec et al. 2009), the absence of flow control devices (Stone and Bailey 2014), and undulations
in wellbore trajectory (Sidahmed 2018). In a case study presented by Beshry et al. (2006), 50%
of the non-uniformity in a SAGD production well reached 50%
The calculated flux also accounts for the liner segments not contributing to production due to blank
pipes and packers and tubing connections (Figure 4-10). Based on communication with RGL
engineers, a value of 20% was considered for the non-contributing length of the completion.
Plugging of slots during the SAGD well life must also be considered when setting the effective
flow factor. Plugging of sand control devices can be a result of scale deposition (Brand 2010),
corrosion products, and fouling by fines deposition (Romanova and Ma 2013). These factors can
cause plugging that can reach as many as 90% of the slots.
For representing two-phase flow, water-cuts ranging from 50% to 100% were chosen as the values
representing typical SAGD water-cuts which are around 75% (Anderson 2017) up to 90% (Nexen
CNOOC 2017). The water-cut values for the University testing practice are higher than Hycal
levels ranging from 0% to 67%. The water-cut influences the capillary pressure in the near-liner
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region. High water saturations decrease the capillary pressure and the bonding between the sand
particles, resulting in higher sand production (Han and Dusseault 2002; Vaziri et al. 2002).
Table 4-3 contains the effective flow factors for different potential scenarios for the testing rate
calculations. The approaches for calculating the test liquid injection rates and gas injection rates
for steam breakthrough simulation are presented in Figure 4-11 and 4-12. Figure 4-13 presents the
University rates for the sand control tests. Details of the flow rate calculations are presented in
Appendix B.
Table 4-3. Effective flow factors to calculate testing flow rates
Effective flow factor calculation
Scenarios
Favorable conditions
scenario
Non-uniform flow
scenario
Plugged and nonuniform
flow scenario

Non-uniform
effect

Plugging
factor

Noncontributing
liner sections

Effective
flow

0.8

0.5

0.8

0.32

0.5

0.5

0.8

0.2

0.5

0.3

0.8

0.12
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Figure 4-9. Schematic view to illustrate how variations of sub-cool in a SAGD well can
result in fluid flow variations along the length of the well

Figure 4-10. Non-contributing sections of a slotted liner
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Figure 4-11. The methodology for setting representative liquid flow rates
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Figure 4-12. A diagram illustrating the new methodology for setting representative gas
flow rates
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Figure 4-13. Liquid and gas rates for the University testing procedure

4.6 Test Measurements and Uncertainty Analysis
The sand production is quantified and compared based on the cumulative produced sand mass at
the end of each test. The pressure gradient is defined as the pressure loss across a specified length
divided by the length (Figure 4-14).
𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆 𝒈𝒓𝒂𝒅𝒊𝒆𝒏𝒕 = 𝑷𝒈𝒓𝒂𝒅𝒊𝒆𝒏𝒕 =

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑑𝑟𝑜𝑝 (𝑑𝑃)
𝑆𝑎𝑛𝑑 𝑐𝑜𝑟𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑝𝑜𝑟𝑡𝑠 (𝐿)

(4.2)
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Figure 4-14. Concept of the pressure gradient in the context of testing setup presented
herein
The uncertainty analysis is also performed for each measurement. The sand measurement produced
by a mass balance in grams and is converted to lb/ft2 by normalizing it with the coupon area by
multiplying by a constant (c). The equivalent uncertainty ∆W can be calculated by Equation 4.3
where ∆w is the from the mass balance (±0.01g).
∆𝑊 = 𝑐 ∗ ∆𝑤

(4.3)

The pressure gradient is a function of length and corresponding pressure drop across the sand pack.
The uncertainty of pressure gradient is the function of pressure measurement uncertainty,
uncertainties of pressure gradient which can be calculated using Equation 4.4. ΔPgradient is the
absolute uncertainty of pressure gradient while ΔP is the uncertainty of pressure measurement. The
confidence intervals are incorporated for each measurement in all figures showing the results.
2

∆𝑃𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡

𝑑𝑃𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡
= √(
) (∆𝑃)2
𝑑𝑃

(4.4)

4.7 Test Repeatability
To test for repeatability, the replication test with testing parameter presented in Table 4-4 was
carried out twice. Figure 4-15 and 4-16 show the sand production and pressure gradient responses
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for these tests, respectively, indicating a reasonable agreement. The sand produced values are
within 12 % and the pressure gradients are within 15 %, confirming repeatability.
During each test, the absolute permeability is measured and compared at the top and middle regions
under single-phase flow conditions. If the permeability difference reaches above 5%, the test is
terminated, and the sand is repacked. For the repeatability tests, the top and middle permeabilities
for the first test are 1920 md and 1869 md respectively while for the second test they are 1845 md
and 1764 md respectively which are within the 5 % limit. All absolute permeability data will be
provided in Appendix C.
Table 4-4. Testing parameters of the replication test

Test #

Flow rates

Coupon

Replication
test

Multi-slot Rolled top
OFA 2.33%, 406 µm
(0.016 inch)

Water
composition

Packing

Water

Oil

N2

Hycal
rates

Hycal
rates

Hycal
rates

Dry
packing

1% NaCl

Stress
2413 kPa
(350 psi)

Presure gradient psi/ft

20.00

15.00

10.00

5.00

0.00

Oil, cc/hr 313
Water, cc/hr 0
Gas, L/min 0

625
0
0

Top, Test 1

938
0
0

1250
0
0

1250
625
0

Middle, Test 1

1250
1250
0

1250
1875
0

1250
2500
0

1250
2500
1.5

Top, Test 2

1250
2500
2.4

1250
2500
3.3

Middle, Test 2

Figure 4-15. Pressure gradients for repeatability tests

80

0.15
0.14
0.13
0.12

0.09
0.08
0.07

0.0638

0.10

0.0731

Sand produced, lb/ft2

0.11

0.06
0.05
0.04
0.03
0.02
0.01
0.00
Replication test 1, g

Replication test 2, g

Figure 4-16. Normalized sand production in repeatability tests

4.7 Conclusion
This chapter detailed and justified the testing parameters employed in a new sand control prepack
testing methodology and illustrated how the new methodology is an improvement over
conventional sand control prepack testing methodology. The suggested improvements concern the
packing technique to improve the pack homogeneity, the brine salinity to better represent field
conditions causing fines migration, lower stress conditions during testing to describe the early life
of the well, and methodology of setting the different phases fluid rates to represent the actual fluid
rates expected in the well. Furthermore, a testing plan was presented that aims to quantify the effect
of each improved testing parameter, in the new procedure, on sand control testing results through
gradually applying the improvements. Finally, the repeatability of the new testing setup was
established though conducting two tests giving comparable sand production and pressure response.
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Chapter 5: Effect of SRT Testing Procedure and Parameters on Sand
Production and Fines Migration
5.1 Introduction
Multiple variations of the prepack SRT setup have been introduced in the literature as discussed
in Chapter 2. Each study focuses on investigating the effect of one or two testing parameters.
However, due to the variation in experimental setup design and testing procedure, identifying the
most critical parameters affecting sand production becomes subjective and dependant on how
reliable and representative the testing is deemed to be.
This chapter firstly introduces replication results of a multiphase prepack SRT setup used by Hycal
Energy Research Laboratories Ltd. (hereafter called Hycal labs) to simulate SAGD conditions
(Bennion et al. 2008, 2009; Romanova et al. 2014; Devere-Bennett 2015). Hycal labs have used a
specific procedure for the sand-pack preparation and testing and have used certain values for sandpack stress, flow rates of phases, and injected brine salinity. In this work, each testing parameter
is changed one at a time to gradually vary the testing design from that of Hycal’s to the way which
is believed to be more representative of SAGD condition as discussed in Chapter 4. The effect of
change of each parameter is quantified in terms of sand production and pressure responses.
The sand production is quantified and compared based on the cumulative produced sand mass at
the end of each test. The pressure gradient is defined as the pressure loss across a specified length
divided by the length (Figure 4-15). The pressure response is analyzed and compared based on the
pressure gradient across the setup to allow a comparison between different setups.

5.2 Replication Test
5.2.1 Introduction
Although there are references to multiple setups in the literature, it is seldom to find replication
and comparison works with other setups. The setup size can influence the test results and also the
level of test resemblance to downhole conditions (Hara 2015). One aim of this research is to
evaluate the size effect on the test results through comparing the results of the testing in smallersized Hycal tests to the results of the same test conducted using a larger setup. Testing with a larger
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setup allows the use of multi-slotted coupons with different slot densities. Such testing has the
advantage of considering the inter-slot interactions in an actual slotted liner, which had proven to
be significant as was illustrated by Mahmoudi et al. (2016).
5.2.2 Testing program
Hycal labs conducted tests for Nexen CNOOC in which they evaluated the performance of WWS
and SL with different apertures through prepack SRT testing on actual oil sands of varying PSDs.
One of the tests used a 152 µm (0.006-inch) WWS with a sand PSD named Batch 2 (DevereBennett 2015). This test was chosen to be replicated as its sand PSD was best replicated by the
available commercial sands. In addition, it used WWS, which eliminates the problem of ignoring
the inter-slot interaction resulting from upscaling the single-slot SL coupons. The rates of the
aforementioned test were scaled up to the larger SRT setup as outlined in Chapter 4, while the sand
was replicated using the methodology discussed in Chapter 3. Applied stress during the replication
test was set at 2413 kPa (350 psi) instead of the 3500 kPa (500-psi) used by Hycal labs due to
practical constraints in the load frame of the SRT setup. All other Hycal testing parameters such
as packing technique, the order of phase injection, the viscosity of fluids injected, the salinity of
brine were reproduced in the new test setup.
5.2.3 Results and discussion
Sand production
Figure 5-1 plots the produced sand from Hycal and replication test. The normalized produced sand
by Hycal was calculated by first normalizing the sand produced by the coupon area.
The replication test produced 25% less sand which can be attributed Hycal reporting that
produced sand includes both produced sands and fines, while the produced sands and fines are
separated in the results of the replication test. It is to be noted that although sanding in SAGD is
usually considered a problematic phenomenon and is avoided, fines production is regarded as a
desirable phenomenon that should be encouraged as the production of fines reduces wellbore
plugging. Hence, it is desirable to separate the measurements of sand production and fines
production in the sand control testing.
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Figure 5-1. Normalized produced sand of replication test with sand produced by Hycal
testing
Pressure response
The near-coupon region of Hycal is 2 cm (0.8 inch) while the near-coupon region in the
university setup is 5.05 cm (2 inch). The near-coupon pressure gradient produced from the test
using 0.006 inch WWS reported in Devere-Bennett (2015) does not follow the trend of the
replication test as shown in Figure 5-3. However due to the difference in the length of the
pressure differential measurement in the near-coupon zone, the effect of flow convergence is not
comparable between the Hycal and the University setups. Moreover, the near-coupon pressure
gradient trends of Hycal tests using Batch 2 with other SCD coupons does not have a consistent
trend as shown in Figure 5-4. For instance, the 0.016 SC results show a significant reduction in
pressure gradient after gas introduction which is not consistent with other tests. Also, the test
with 0.012” WWS shows a sharp drop in pressure gradient when brine is introduced and
continues to decrease with increasing water rate which is inconstant with Darcy’s law.
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The pressure gradient of Hycal SRT across the far from the coupon section of the sand pack is
plotted in Figure 5-2. Hycal performed five tests with Batch 2 sand with different SCDs. The
upper and lower bound in Figure 5-2 was plotted from data extracted from the five tests
published in their report. The upper and lower bounds represent the pressure gradient variations
across the sand pack section away from the coupon in Hycal tests. The replication test pressure
gradient across the sand pack section far from the coupon (Top and Middle sections) throughout
the test stages is within the pressure gradient variations reported by Hycal. The replication can
thus be deemed success which validates the sand replication procedure and the setup capabilities
of replicating previous results. The viability of using replicated sands in SRT is a significant
improvement as it reduces the cost of SRT testing since core material is limited in quantity and
expensive to obtain.
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Figure 5-2. Compares the pressure gradients across the cell of Hycal tests employing
sand-pack of Batch 2 with the pressure gradients of the replication test on the 153 µm
(0.006 inch) WWS
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Figure 5-3. Near-coupon pressure gradients of Hycal’s SRT using different SCDs
reported in (Devere-Bennett 2015)
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Figure 5-4. Near-coupon pressure gradients of Hycal’s SRT using different SCDs
reported in (Devere-Bennett 2015)

5.3 Effect of Using Moist Tamping Packing Technique
5.3.1 Introduction
The sand-pack preparation method has been found to have a significant impact on the stress-strain
relationship (Oda 1972; Arthur and Menzies 1972; Vaid and Sivathayalan 2000) and liquefaction
resistance of sands (Mulilis et al. 1977; Miura and Toki 1982; Tatsuoka et al. 1986; Yamamuro
and Covert 2001; Yamamuro and Wood 2004). Multiple techniques have been proposed to pack
sand cores aimed to produce homogenous sand-packs (Ladd 1978; Miura and Toki 1982; Kuerbis
and Vaid 1988; Ueng et al. 2006; Huang et al. 2015). An investigation into packing techniques
here aims to find an appropriate packing technique that practically produces a sand-pack that is
adequately uniform for sand control tests.
Hycal labs packed their core by pouring dry sand into the core holder and then, applying stress
from the top to compact it. Pouring dry sand is known to cause segregation in the deposition across
the pack where finer particles will accumulate at the bottom (Rhodes 2008). Furthermore, when
pouring dry sand with high fines content, a portion of the fines are lost (Kuerbis and Vaid 1988).
Moreover, applying stress on the core from the top causes non-uniform compaction across the core
length due to the friction between the sand grains with the core holder walls. The non-uniform
compaction will cause higher porosities at the bottom of the sand-pack than the top. Estimations
of the effect of friction on compaction are presented in Appendix D. This issue is exacerbated with
a small diameter core in Hycal setup causing the ratio of the wall area to cross section area to be
30% higher than the same for the University cell, resulting in higher variability of stress across the
core length.
5.3.2 Testing program
Two SRT tests using 0.016 inches, slotted liner coupon with slot density equivalent to 168 slots
per foot (SPF) in a 7-inch liner (OFA: 2.33%) were conducted to evaluate the effect of packing
technique on sand production and pressure differentials across the sand-pack. The sand-pack for
the first test was prepared using moist tamping while for the second test the sand was packed using
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the Hycal procedure. All other testing parameters were consistent with Hycal labs procedure that
was scaled to the new setup. The packing uniformity of each technique was evaluated based on
porosity distribution and pressure differentials across different sections of the core holder.
Parameters of the tests are detailed in Table 5-1 extracted from Table 4-2.
Table 5-1. Testing program (Packing)
Test
#
2
3

Coupon
Water
Multi-slot Rolled top Hycal
OFA 2.33%, 406 µm rates
(0.016 inch)
Multi-slot Rolled top Hycal
OFA 2.33%, 406 µm rates
(0.016 inch)

Flow rates

Packing

Water
composition

Stress

Oil
Hycal
rates

N2
Hycal
rates

Dry
packing

1% NaCl

2413 kPa
(350 psi)

Hycal
rates

Hycal
rates

Moist
Tamping

1% NaCl

2413 kPa
(350 psi)

5.3.3 Results and discussion
Sand production
Figure 5-5 compares the sand produced in the SRT tests with the samples packed by moist tamping
with the one packed by the Hycal technique. It can be noticed the produced sand for moist tamping
is 45% less than that of Hycal packing. This phenomenon can be explained by the higher porosity,
hence, lower interstitial velocities in the near-coupon region of the test packed by moist tamping
(see next section). The lower interstitial velocities create lower drag forces on the sand grains and,
thus, weaker destabilizing forces on the sand bridges compared to the lower-porosity sand-pack
produced by the Hycal packing technique.
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Figure 5-5. Normalized produced sand in testing on sand-packs by moist tamping and
Hycal packing techniques
Porosity distribution
A core sample was extracted after the packing and saturation phases and cut into plugs of equal
sizes of 2 inches to obtain porosity distribution. Each plug is weighed dry and wet. Then, the
porosity is calculated.
Figure 5-6 compares the porosity distribution of the SRT tests packed by moist tamping with the
one packed by Hycal technique. Section A to E represents the bottom to the top of the core,
respectively. Looking at the bar chart, one can notice that the moist tamping has less variability in
the porosity than the Hycal packing technique. The pack produced by dry had a standard deviation
of 1.05 which is 74% higher than the standard deviation of pack produced by moist packing.
Besides, dry packing produced a 4% denser pack than moist tamping, which aligns with the
pressure response data in this next section. The higher porosity pack produced by moist packing
more closely represents the high porosity of the collapsed region around the liner reported by a
simulation study of the near wellbore region (Diaz, 2008).
89

Figure 5-7 shows the porosity distribution of the SRT tests packed by moist tamping with and
without applying stress. The standard deviation in porosity distributions are 0.70 and 0.60,
respectively; meaning that stress reduced the porosity variation in the sand-pack. Compared with
dry packing, moist tamping produced more uniform pack even when the pack was not stressed.
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35
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Figure 5-6. Porosity distribution across the sand-pack after stress was applied (A: Bottom
and E: Top)
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Figure 5-7. Porosity distribution across the sand-pack before stress was applied (A:
Bottom and E: Top)
Pressure response
Figure 5-8 compares the pressure gradient of the SRT tests packed by moist tamping with the one
packed by the Hycal technique. One can notice that the moist tamping results in a lower pressure
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gradient, which can be attributed to the higher average porosity of the sand-pack. The pressure
gradient across the near-coupon region is approximately two times higher than the rest of the pack
in both tests. This can be attributed to flow convergence (Mahmoudi et al. 2017) and fines
accumulation near the coupon.
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Figure 5-8. Pressure gradient across the sand-pack in SRT testing packed by moist
tamping and Hycal’s packing technique

5.4 Effect of Using Representative Stress
5.4.1 Introduction
The effects of stress on sand control test performance have been acknowledged and investigated
in recent literature (Guo 2018). However, the authors conducted the testing using a Scaled
Completion Test (SCT) setup under isotropic stress conditions.
Here, the stress effect is investigated under axial stress conditions since it is more cost effective
and practical. The aim is to replace the high stress applied in prepack SRT at Hycal labs to simulate
SAGD conditions with a low-stress value that would represent the early stages of SAGD
production well. The applied stress must be high enough to prevent sand-pack disruption through
fluidization during the saturation phase. The comparison will quantify how the difference in the
applied stress will affect testing results in terms of sand production, and pressure drops.
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5.4.2 Testing program
For investigating the effect of stress, two tests were conducted. The first test involved applying
350 psi to simulate high-stress conditions of Hycal testing while the second test was conducted
under 60 psi, which represents low-stress conditions expected in early SAGD well lifetime
(Fattahpour et al. 2016). Low stress regimes are worse case conditions concerning the sand
production in SAGD production wells (Guo, 2017). Performance comparison is evaluated based
on the sand produced, and pressure gradients. Parameters of the tests are detailed in Table 5-2
extracted from Table 4-2.
Table 5-2. Testing program (Stress)
Test
#
3
4

Flow rates

Coupon
Multi-slot Rolled top
OFA 2.33%
406 µm (0.016 inch)
Multi-slot Rolled top
OFA 2.33%, 406 µm
(0.016 inch)

Packing

Water
composition

Stress

Water
Hycal
rates

Oil
Hycal
rates

N2
Hycal
rates

Moist
Tamping

1% NaCl

2413 kPa
(350 psi)

Hycal
rates

Hycal
rates

Hycal
rates

Moist
Tamping

1% NaCl

413 kPa
(60 psi)

5.4.3 Results and discussion
Sand production
Figure 5-9 compares the produced sand under 350 and 60 psi stress levels. The produced sand
under 60 psi of axial stress is higher by 33 % than that produced under 350 psi of applied stress.
The lower produced sand at higher stress observed here is in line with previous observations from
sand control testing in the literature (Fattahpour et al. 2016; Guo 2018). A physical explanation of
the decrease in sand production is due to the mobilized friction coefficient at higher stress, resulting
in higher strength at higher effective stresses (Jafarpour et al. 2012). The outcome is more stable
sand bridges and thus, less produced sand.
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Figure 5-9. Normalized sand production under 60 and 350 psi axial stress
Pressure response
Figure 5-10 compares the pressure gradient at the top and the middle sections of the SRT tests
under 350 and 60 psi. Results indicate slightly lower pressure gradients at the top compared to the
middle segment of the sample. This is expected as the fines migration from the segment is more
severe than the middle segment. Further, results indicate slightly higher pressure gradients for
higher levels of stress, which can be attributed to the higher compaction and lower porosity and
permeability at higher stresses. However, one can state that the reduction in porosity in the 60-350
psi stress range results in only a minor reduction in porosity and permeability, hence, did not affect
the pressure readings significantly.
Figure 5-10 shows that the pressure gradient in the middle section is higher than the top section of
the sand pack during gas injection. This phenomenon can be explained by the high gas injection
pressures at the top of the cell causing higher saturations of gas at the top of the cell compared to
the middle. The lower gas saturation at the middle can cause lower relative permeability to gas and
thus higher pressure gradients.
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Figure 5-10. Effect of axial stress on pressure gradient across the top and middle
segments of the sand-pack at 350 and 60 psi
Figure 5-11 compares the pressure gradient in the near-coupon segment under 350 and 60 psi. The
near-coupon pressure gradient at 60 psi was on average 23% less than pressure gradient at 350 psi.
The reason can be attributed to the lower porosity at higher stress, and higher levels of fines
entrapment at lower porosities under higher stress levels.
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Figure 5-11. Effect of stress on pressure gradient across the near-coupon region of the
sand-pack
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5.5 Design of Flow Steps
5.5.1 Introduction
The significance of fluid flow rates as a contributing factor to sand production has been established
in the literature.(Stein and Hilchie 1972; Veeken et al. 1991; Morita and Boyd 1991; Abass et al.
2002; Matanovic et al. 2012; Mahmoudi 2016). The general consensus is that sand production
increases rapidly after a critical rate at which no stable sand bridges are formed.
Multiple authors have attempted to capture the effects of multiphase flow in sand control testing
for SAGD wells (Bennion et al. 2007, 2008; Romanova et al. 2014; Hara 2015; Devere-Bennett
2015; Fattahpour et al 2018). Compared with single phase testing, multiphase flow testing can
simulate the effects of capillarity and relative permeability on sand production. However, the
success of the literature is limited due to the lack of consensus on water cut levels of SAGD
producers and gas rates that simulate steam breakthrough in SAGD wells.
The effect of flow rate magnitude on fines migration has been proven by several researchers
(Khilar and Fogler 1998; Mahmoudi 2016; Guo 2018). Fines migration has been proven to increase
with an increase in the flow rate owing to the increased hydrodynamic forces on the fines particles.
The effect is particularly notable above a critical flow rate.
As outlined in Chapter 4, a new rate-setting methodology was outlined based on the field
production rates multiplied by the effective flow factor that accounts for non-uniform production
along the well and slot plugging, among others. The new methodology will be compared with the
constant flow rates used by Hycal lab’s researchers (Bennion et al. 2007, 2008; Romanova et al.
2014; Devere-Bennett 2015).
5.5.2 Testing program
The flow rates used by Hycal lab were upscaled from their smaller sized setup to the University
setup. Figure 4-8 and 4-13 present the flow rates exercised in the Hycal and University tests. Figure
5-12 compares the maximum flow rates used in the two testing programs. One can notice that the
proposed normalized brine and oil rates here are 30% and 160% higher, respectively. However as
illustrated in Figure 5-15, after normalizing liquid flow rates of SL of equal slot width by OFA,
the maximum liquid flow rate used in this work is found to be approximately 65% lower than the
95

rates employed by Hycal. This indicates that the use of single-slot coupons causes excessively high
flow velocities for SL testing compared to WWS. Thus, the testing procedure is biased against SL.
Figure 5-13 compares the water cuts used by both tests. The water cuts specified here (50-100%)
are higher compared with Hycal’s water cuts (0-67%). The specified water cuts here are in line
with water cuts observed in SAGD production wells since the average water cut of the field of
interest (Long lake field) in 2017 was 79 % (Nexen CNOOC 2018).
Figure 5-14 compares the gas injected by Hycal compared with the new methodology.
Unfortunately, the lack of field data and research quantifying the magnitude of steam breakthrough
in SAGD wells makes determining the representative levels of steam rates unachievable. The
proposed rates in this thesis attempt to simulate the worst-case scenario of gas production under
the SAGD production. It assumes all steam injected breaks through and the steam properties are
estimated under production well typical thermodynamic conditions using steam tables such as
Dahm (2013).
Two tests were conducted with the first using the new rates while the second uses the upscaled
values of Hycal labs. The coupon performances for both cases are compared in terms of sand
production. Testing parameters are presented in Table 5-3 extracted from Table 4-2.
Table 5-3. Testing program (Fluid Flow Rate)
Test
#
5

Flow rates

Coupon
Multi-slot
Rolled top OFA
2.33%, 406 µm
(0.016 inch)

Packing

Water

Oil

N2

Rep.
rates

Rep
rates

Rep.
rates

Moist
Tamping

Water
composition
1% NaCl

Stress
413 kPa
(60 psi)
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Figure 5-12. The maximum liquid flow rates used in testing stages of Hycal and the
University
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Figure 5-13. Water cuts used in testing stages of Hycal and the University
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Figure 5-15. The maximum liquid flow rates employed by Hycal and the University for
SL testing
5.5.3 Results and discussion
Sand production
Figure 5-16 shows the sand produced in the testing using the proposed rates and Hycal-equivalent
flow rates. The sand produced by the developed technique is 153% higher than that produced by
Hycal rates due to the higher new rates.
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Figure 5-16. Normalized sand production by SRT testing at different flow rates
Pressure response
Figure 5-17 shows the pressure gradients using the new rates. The single-phase stages (Stage 1-3)
show smaller pressure gradients compared to the two-phase stages (Stage 4-6). The higherpressure gradients can be attributed to the relative permeability effects and the flow of oil which
has higher viscosity compared to water. Stages 7-9 represent the introduction of gas, which results
in higher pressure gradients at Stage 7 compared to Stages 8 and 9 that correspond to higher gas
flow rates. A possible explanation for the decrease in pressure gradient with increase in gas rate is
that with introduction of gas the pore pressure in the cell increases which reduces the effectice
stress thus increasing porosity and permeability. This combined with the low axial stress may have
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disturbed the sample enough to create preferential paths of flow which lead to decrease in pressure
gradient across some sections of the pack. However more investigation is needed to fully explain
the observation.
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Figure 5-17. Pressure gradient associated with the new procedure

5.6 Effect of Using Representative Salinity
5.6.1 Introduction
Previous laboratory testing results (Khilar and Fogler 1998; Bennion et al. 2008; Mahmoudi et al.
2016b) determined that salinity and pH of brine flowing in water-wet sands plays a significant role
in fines migration. The reason is electrochemical forces between fines and pore body are affected
by the interaction between the surface electrical charges of clay particles and the water polar
charges and ionic strength.
5.6.2 Testing program
Two tests were conducted to investigate the effect of salinity on test results. The first used a brine
with a salinity of 10,000 ppm as was used by Hycal labs while the second test used a brine with
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350 ppm to be representative of the reservoir of interest. Parameters of the tests are detailed in
Table 5-4 extracted from Table 4-2.
Table 5-4. Testing program for salinity test
Test
#
5
6

Flow rates

Coupon
Multi-slot Rolled top
OFA 2.33%
406 µm (0.016 inch)
Multi-slot Rolled top
OFA 2.33%
406 µm (0.016 inch)

Packing

Water
composition

Stress

Water
Rep.
rates

Oil
Rep
rates

N2
Rep.
rates

Moist
Tamping

1% NaCl

413 kPa
(60 psi)

High
Hycal
rates

High
Hycal
rates

Rep.
rates

Moist
Tamping

Rep. ions

413 kPa
(60 psi)

5.6.3 Results and discussion
Sand production
Figure 5-18 compares sand produced by the test with 10,000 ppm salinity with the test using 350
ppm salinity. The 350-ppm salinity test produced 16% more sand than the high salinity test. A
possible explanation for the slight increase in sand production could be deterioration of clay
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Figure 5-18. Normalized sand production by SRT testing with a brine of salinity of 350
ppm and 10,000 ppm
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Pressure response
Figure 5-19 illustrates a schematic indicating where the brine sample is collected beneath the
coupon. Figure 5-20 shows the concentration of fines beneath the coupon at Stages 1-3 for the
high- and low-salinity SRT tests. It is evident from this figure that the low-salinity testing resulted
in more severe fines migration than the high-salinity test. Besides, it appears that fines migration
concentration increased in the second and third stages indicating that under these testing
conditions, the critical flow rate for fines mobilization is between 2500 and 4000 cc/hr.
Figure 5-21 compares the pressure gradient of both the high- and low-salinity tests in the top and
middle section of the sand-pack. It is evident that the low salinity test exhibited 45% higher
pressure gradient, which can be attributed to the mobilization of fines causing plugging of pore
throats and reducing the permeability. Figure 5-22 compares the pressure gradient across the nearcoupon region of both the high- and low-salinity tests. Both tests show similar pressure gradients,
which can be attributed to the lack of fines build up in the near-coupon region.

Figure 5-19. Location of the brine sampling port in the SRT setup
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Figure 5-20. Solid concentration in brine under the coupon at different testing stages
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Figure 5-21. Pressure gradient of the top and middle sections of the SRT sand-pack while
injecting with brine salinity of 350 and 10,000 ppm
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Figure 5-22. Pressure gradient of the near-coupon section of the sand-pack for brine
salinity of 350 and 10,000 ppm

5.7 Conclusion
This chapter presented results of the SRT testing of replication attempt of Hycal SRT testing setup.
The chapter continued with an investigation of the significance of packing technique, applied axial
stress, fluid flow rates, and salinity parameters on test results. Sand production, fines production,
and pressure gradients along the sand-pack and across the coupon were used to evaluate the test
performance. The results allow the reader to assess the impact of varying each testing parameter
on the test performance qualitatively.
Figure 5-23 illustrates a summary of the sand produced by the SRT tests conducted for
investigating each testing parameter. The testing results indicate that fluid flow rates are the most
influential testing parameter on sand production during SRT testing followed by packing
technique, stress magnitude, and salinity in that order. However, more sensitivity testing is needed
to establish quantitative relationships between these factors and sand production.
Pressure gradient results indicate packing by moist tamping produced a less compacted but more
uniform sand-pack than the packing technique employed by Hycal lab. In addition, the effect of
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stress, in the range used here, was found to be minimal on pressure gradients. Low salinity brine
increased fines migration accompanied with the higher pressure drop across the sand-pack
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69 %

Salinity- 10,000
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-46

Dry packing to
moist tamping

Figure 5-23. Summary of the effect of different testing parameters on the sand production
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Chapter 6: Conclusions and Recommendations for Future Work
6.1 Main Results and Contributions
This research developed a new sand control testing facility capable of conducting multiphase flow
tests with multi-slot slotted liner coupons under different axial stress magnitudes. A testing
procedure was designed to allow the representation of sanding in SAGD conditions while
accommodating the differences in various field conditions. The setup was used to evaluate the
testing procedure and parameters compared with previous testing parameters in the literature and
assess their importance. The sanding performance was assessed based on measuring the
cumulative sand produced at the end of the test. The pore and slot plugging were evaluated by
comparing the pressure response of the sand-pack and near-coupon region.
The work started by characterizing the samples of oil-sands received from a Long Lake field, in
the McMurray Formation. The characterization was conducted in terms of PSD, grain shape, and
mineral composition. Following that, the characterization data was used to replicate the oil sand
samples by commercial sands. Sieve analysis was conducted to validate the success of replication.
Several conclusions were reached through conducting SRT testing, where testing parameters were
gradually changed from Hycal procedure to the new procedure. The sanding test results indicate
that fluid flow rate is the most influential testing parameter on sand production during SRT testing
followed by the packing technique, stress magnitude, and salinity. Analysis of pressure data
revealed that the moist tamping packing technique results in a significant increase in porosity and
uniformity of the sand-pack. In addition, the effect of stress was found to be minimal on pressure
drop, which was attributed to the high porosity of the sand-pack. Furthermore, lowering salinity
from 10,000 ppm to 350 ppm was found to significantly increase fines migration and production,
which led to the higher pressure drop across the cell.
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6.2 Experimental testing limitations
The major limitations of the developed setup and procedure due to cost and time constraints are
listed below:
•

The setup is only allowing for linear flow towards the SCD, which prevents accurate
capture of near wellbore radial flow convergence around a SAGD well. Ignoring the
radial flow regime would result in under-estimating the pressure drop in the setup.

•

Channeling between the wall and the sand-pack is a phenomenon reported in the sand
control testing literature (Ballard and Beare 2006). This phenomenon will result in lower
pressure drop and sand production than expected, especially at high flow rates. To reduce
the effect of this problem, highly viscous vacuum grease was applied between the sandpack and the core holder.

•

Currently, nitrogen gas is used to simulate an assumed breakthrough steam quality of
50%. Further thermodynamic simulation and lab testing are required to adjust these
assumptions. A further improvement is to use High Temperature-High Pressure (HT-HP)
setup to simulate steam breakthrough. Using such an HT-HP setup will capture
phenomena such as the steam hammer, which cannot be captured using nitrogen.

•

Currently, sand production is quantified at the end of the test as cumulatively produced
sand. However, fitting the sand trap with a butterfly or ball valve will allow the isolation
and measurement of sand production at each stage.

•

The results of the lab testing need to be correlated with field data. This effort was not
possible in this work due to the lack of sufficient reliable pressure and sand production
field data.

6.3 Recommendations for Future Work
6.3.1 Investigation into how laboratory sand production relates to field production
Currently, all variations of sand control testing are useful to the extent of comparing the relative
performance of screens under various flow conditions. This is mainly because the upper limit of
sand production in lab testing is all based on undocumented experience and simplistic assumptions
of sand transportation. A relationship between the sand produced at the liner and sand reaching the
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downhole pump and surface equipment has not been investigated in the literature. Once such a
connection is established, the quantification of an upper limit during testing can be meaningful to
the well trajectory and field equipment. A possible approach is to use established solids
transportation equation under different flow conditions to simulate the transportation of labproduced sand numerically with specific PSD and then, validate the results against sand production
monitoring equipment in the wellbore. Such transport equations are used for cutting transportation
during drilling.
6.3.2 Investigating how conducting HT-HP sand control testing differs from the simplified
version
A significant assumption during sand control testing is the use of standard laboratory temperatures
and pressures to simulate high pressure and temperature fluid performance. This may be enough
for evaluating sand production for liquids; however, simulating sand production and erosion due
to steam breakthrough cannot be evaluated under lab condition. HT-HP cell can capture steam
hammering and temperature effects on the slot size.
6.3.3 Investigating how to practically and accurately quantify fines migration in multiphase
flow conditions
Previous researchers studying fines migration in porous media under single-phase brine flow were
quickly able to quantify fines concentrations in the sand-pack and effluent (Mahmoudi et al.
2016a). However, the quantification becomes challenging when dealing with the multiphase flow
as the fines must be effectively isolated from two different fluids. Achieving this will allow
investigation and modeling of fines migration in multiphase flow conditions, which will have
applications in production engineering and non-petroleum sectors. One possible approach is to use
radioactive fines and track their redistribution along the core using radioactivity measuring devices
such as Geiger counter.
6.3.4 Investigating how to practically measure and isolate relative permeability effects from
fines migration effects in multiphase flow conditions
Currently, the sand control testing is conducted, and plugging is quantified based on pressure drop
measurements. However, no distinction is made between the pressure drop resulting from the
effect of relative permeability and the effect of pore plugging by fines migration. A possible
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approach is to measure relative permeabilities of a sand core using one of the steady or unsteady
state methods to establish the effect of relative permeability. Once the relative permeability curves
are established, the effect of fines migration can be isolated from the pressure loss caused by
relative permeability effects.
6.3.5 Effect of stress isotropy on sand production
Recent work in sand control testing incorporated the effect of stress on sand production and fines
migration. However, no investigation has been carried out on the impact of the level of stress
anisotropy on sand production. Stress anisotropy can affect the stability of sand bridges around the
sand control liner and thus, sand production.
6.3.6 Effect of slot width, geometry, and density on completion induced skin in injection wells
Currently, most SAGD injection wells are completed using a slotted liner. However, no attempt of
quantification of slot density and width on completion induced skin has been reported in the
literature. This work will aim first to derive analytical models of flow convergence in injection
slots and, then verify the models by numerical simulation using the Computational Fluid Dynamics
(CFD) and laboratory testing. The output should be a model capable of predicting the completion
induced back pressure in injection wells.
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Appendix A: Determining Stress During Saturation

Figure A-1 Modified illustrations of the phenomena of bed fluidization (De Nevers 1999)

Introduction
Fluidization is a process where solids can act as a fluid by injecting fluids upwards through the
particle reactor. Fluidization is a process in which solids are caused to behave like a fluid by
blowing gas or liquid upwards through the solid-filled reactor (Cocco et al. 2014). It is crucial to
suppress this phenomenon by applying stress not to disturb the sand-pack homogeneity produced
by the packing. In this section details of calculations of the stress required to prevent fluidization
is presented. The procedure is adapted from a manual on fluidization (University of Florida 2017).
Table A-1. Lab constants and assumptions during saturation
Constants
Particle Density
Length of cell
Diameter of the cell
g
1 psi
Sphericity
D50
Saturating fluid density (water)
Saturating fluid viscosity (µf)
Porosity
Saturation fluid flow rate

2.69
40
15
981
6894.76
0.885
44
1
1
0.3
2000

g/cm3
cm
cm
cm/s2
pa
µm
0.004 cm
g/cc
cp or mPa. S
cc/hr

33 cc/min 0.555667 cc/s
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𝐷2
152
𝐴𝑟𝑒𝑎 = 𝜋
=𝜋
= 177 𝑐𝑚2
4
4
𝐶𝑒𝑙𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝐷2 ∗ 𝜋 ∗

(𝐴. 1)

𝐿
40
= 152 ∗ 𝜋 ∗
= 7069 𝑐𝑚3
4
4

(𝐴. 2)

𝑀𝑎𝑡𝑟𝑖𝑥 𝑣𝑜𝑙. = 𝐶𝑒𝑙𝑙 𝑣𝑜𝑙.∗ (1 − 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦) = 7069 ∗ (1 − 0.3) = 4948 𝑐𝑚3

(𝐴. 3)

𝑁𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑔𝑟𝑎𝑖𝑛𝑠 = 𝑊𝑒𝑖𝑔ℎ𝑡 − 𝐵𝑢𝑜𝑦𝑎𝑛𝑐𝑦 = 4085 ∗ 981 ∗ (2.69 − 1)
= 8,187,074 𝑔. 𝑐𝑚/𝑠 2 = 81.6 𝑁
𝑆𝑢𝑝𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =

(𝐵. 4)

𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 0.555667
=
= 0.003150089 𝑐𝑚/𝑠
𝐴𝑟𝑒𝑎
177

(𝐴. 5)

Appling Carman-Kozney equation
𝛻𝑃 =

𝛻𝑃 =

180 ∗ 𝑆𝑢𝑝𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ∗ µ𝑓 ∗ (1 − 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦)2
(𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 ∗ 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑖𝑡𝑦)2 ∗ 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 3

180 ∗ 0.003150089⁄100 ∗ 1⁄1000 ∗ (1 − 0.3)2
(44 ∗ 0.88/100)2 ∗ 0.33

𝐹𝑙𝑢𝑖𝑑𝑖𝑧𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒 = 𝛻𝑃 ∗ 𝐴𝑟𝑒𝑎 ∗ 𝑙𝑒𝑛𝑔𝑡ℎ = 67,863 ∗

(𝐴. 6)

= 67,863 𝑃𝑎

33.02
177
∗
= 396 𝑁
100 10,000

(𝐴. 7)

(𝐴. 8)

Assuming no stress is applied
Net force on grains= Net weight of grains-Fluidizing force
Net force on grains=81.6-396= -314 N

(𝐴. 9)
(𝐴. 10)

The net force on grains is negative indicating fluidization will occur

(𝐴. 11)

Applying stress of 60 psi
Net force on grains= Force induced due to applied stress +Net weight of grains -Fluidizing force
(𝐴. 12)
Force induced due to applied stress = Stress applied*Area=60*6894*177/10,000= 7,310 N (𝐴. 13)
Net force on grains=7310-67.6-314=6,996 N
(𝐴. 14)
The net force is positive indicating fluidization will not occur.
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Appendix B: Flow Rate Estimation
Table B-1. Lab and field constants and assumptions

Calculation parameters
Coupon Diameter
Coupon area
Coupon area
Average steam injection rate
(provided by Nexen)
Water density
Mass of water injection
Well length
(provided by Nexen)
Steam quality

17.1 cm
229.7 cm2
0.023 m2
270 m3/day
1000 kg/m3
270000 kg/day
0.8 km
0.5

Table B-1. Field production information

Field information
3

Oil rate, m /d
Water rate, m3/d
Liquid rate, m3/d
Liquid rate, bbl/d
WOR
Length of wells, km
Oil Rate/length, m2/d
Water Rate/length, m2/d
Liquid Rate/length, m2/d
Oil Rate/Liner surface area, m/d
Water Rate/Liner surface area, m/d
Liquid Rate/Liner surface area, m/d
Liquid Rate/Liner surface area, bbl/ft2

80
270
350
2201
3.38
0.80
0.10
0.34
0.44
0.18
0.60
0.78
0.46

Estimation of Effective Flow Factor and Corresponding Lab Flow Rates
As discussed in Chapter 4, the effective flow factor is a term used to quantify the uneven
production of fluids along the length of a SAGD well. The factor is a function of SCD plugging,
uniformity due to completion or reservoir heterogeneity, and length of non-contributing sections
of the production well. A study by ( Beshry et al. 2006) quantified heterogeneity of fluid production
in a SAGD well using distributed temperature sensing data. The results show that non-uniform
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flow can cause difference from average production per unit area by as much as 50% in some
sections. Another study reported plugging of the slotted liners in SAGD wells can reduce the open
to flow area by as much as 90%. Non-contributing sections in SAGD wells are on average around
20% based on the recommendation of industry professionals. Table A-3 shows the fluid flow
scenarios simulated during the sand control testing. The information provided above was the basis
by which the values of different factors contributing to the effective flow factor were assigned.
Table C-3. Scenarios of effective flow represented in the testing

Scenario
Good
SAGD
well
condition
Non-uniform flow
Plugged
and
nonuniform flow

Effective flow factor calculation
Non-uniform
Plugging
Blank
effect
factor
sections

Effective
factor

flow

0.8
0.5

0.5
0.5

0.8
0.8

0.32
0.2

0.5

0.3

0.8

0.12

Table C-4. Scenarios of effective flow represented in the testing
Effective
Lab equivalent Lab
equivalent Lab
equivalent
Scenario
flow
Oil rate, cc/hr.
Water rate, cc/hr. Liquid rate, cc/hr.
Perfect SAGD
well condition
1.0
l171
578
749
Good SAGD
well condition
0.32
535
1807
2342
Non-uniform
flow
0.20
857
2891
3747
Plugged and
non-uniform
flow
0.12
1428
4818
6246
Table C-4 shows the different fluid flow scenarios calculated at lab conditions using data from
table C-1, C-2, and C-3. These liquid flow rates are then incorporated in the testing procedure to
represent SAGD conditions.
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Table C-5. Steam rate calculations
Temperature, oC
Pressure, kPa
Temp for dry steam, oC
Density of steam, kg/m3
Steam Viscosity, cp
Steam rate m3/d
Length of wells, km
Steam Rate/length m3/m
Steam Rate/surface area m3/m2
Lab equivalent Steam rate, cm3/hr.
Lab equivalent Steam rate, L/min
Steam quality, %
Good scenario Steam rate, L/min
Non-uniform scenario Steam rate, L/min
Plugged and non-uniform scenario Steam rate, L/min

210
1600
204.384
8.42
0.016
31,544
0.8
39.4
70.6
67,548
1.1
50
0.9
1.4
2.3
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Appendix C: Initial Absolute Permeability
Table C-1 shows the initial permeability of the sand pack for all the tests just after the saturation
phase. The difference between the permeability at the top and middle is less than 5% for all the
tests. For more details about each test refer to Table 4-2 and Table 4-4.
Table C-1. Initial permeability of the sand pack of each test
Test #
Rep 1
Rep 2
1
2
3
4
5
6

Batch # Top permeability, md Middle permeability, md Difference, %
3
1846
1764
4.5
3
1920
1870
2.7
2
1633
1560
4.6
3
1664
1746
4.8
3
2668
2805
5.0
3
2855
2991
4.7
3
2847
2945
3.4
3
2731
2828
3.5
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Appendix D: Friction Approximation Across the Core
Axial load loss in Hycal setup and the University setup is calculated here. The high wall surface
area to cross-sectional area ratio for the Hycal setup compared with the same for the University
setup results in a higher loss of axial load, hence, a non-uniform stress distribution along the
sample. This design element can significantly decrease the stress at the slot opening in Hycal setup,
thus, magnify the sand production. Table 1 shows the properties used in the stress calculations.
Table D-1. Mechanical properties of University of Alberta (UofA) and Hycal setup and
sands
Sand density UofA
Sand density Hycal
Young modulus of loose sand, Emax
(USACE 1990)
Young modulus of loose sand, Emin
(USACE 1990)
Poission ratio vmax (Dvorkin 2008)
Poission ratio vmin (Dvorkin 2008)
ID of core UofA
ID of core Hycal
Length of core holder Hycal
Length of core holder UofA
Sand mass in core UofA
Sw UofA

2.68 g/cm3
2.65 g/cm3
3472.2 psi
1388.89
0.237
0.115
15.24
6.31
20
42
11000
0.32

psi
dimensionless
dimensionless
cm
cm
cm
cm
g

The equation to calculate Friction factor for stainless steel and unconsolidated sand (Manuwa
2012)
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 (𝐹𝐹) = 0.0019𝑆𝑤 3 − 0.0188𝑆𝑤 2 + 0.735𝑆𝑤 + 0.2951

(𝐷. 1)

For Moist tamping in UofA testing:
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 (𝐹𝐹) = 0.0019(0.32)3 − 0.0188(0.32)2 + 0.735(0.32) + 0.2951
= 0.53

(𝐷. 2)

For Hycal testing:
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 (𝐹𝐹) = 0.0019(0)3 − 0.0188(0)2 + 0.735(0) + 0.2951
= 0.2951

(𝐷. 3)
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𝜀𝑎𝑥𝑖𝑎𝑙 =

𝑑𝐿
𝐿𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙

=

𝑝𝑙𝑢𝑛𝑔𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ 𝑤/𝑜 𝑠𝑡𝑟𝑒𝑠𝑠 − 𝑝𝑙𝑢𝑛𝑔𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ 𝑤 𝑠𝑡𝑟𝑒𝑠𝑠
𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑟𝑒ℎ𝑜𝑙𝑑𝑒𝑟 − (𝑇𝑜𝑡𝑎𝑙 𝑝𝑙𝑢𝑛𝑔𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ − 𝑝𝑙𝑢𝑛𝑔𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ 𝑤 𝑠𝑡𝑟𝑒𝑠𝑠 + 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑑𝑖𝑓𝑓𝑢𝑠𝑒𝑟)

=

4.03 − 3.85
= 0.004374241
47.6 − (10.2 − 3.85 + 0.1)
𝜎𝑟 =

𝜎𝑟_𝑚𝑎𝑥 =

𝐸
∗ (𝜀𝑎𝑥𝑖𝑎𝑙 ∗ 𝑣)
(1 − 2𝑣) ∗ (1 + 𝑣)

(𝐷. 5)

3472.2
∗ (0.004374241 ∗ 0.237) = 5.53 𝑝𝑠𝑖
(1 − 2(0.237)) ∗ (1 + 0.237)
= 38,143 𝑃𝑎

𝜎𝑟_𝑚𝑖𝑛 =

(𝐷. 4)

(𝐷. 6)

1388.89
∗ (0.004374241 ∗ 0.115) = 0.81 𝑝𝑠𝑖
(1 − 2(0.115)) ∗ (1 + 0.115)
= 5,611 𝑃𝑎

(𝐷. 7)

𝐹 = 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ∗ 𝑛𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒
= 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ∗ (𝜎𝑟 ∗ 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑠𝑎𝑛𝑑)

(𝐷. 8)

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑠𝑎𝑛𝑑 = (𝐼𝐷𝑐𝑜𝑟𝑒ℎ𝑜𝑙𝑑𝑒𝑟 ∗ 𝜋) ∗ 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑎𝑛𝑑𝑝𝑎𝑐𝑘
=

(15.24 ∗ 𝜋) ∗ 42
= 0.2011 𝑚2
10,000

(𝐷. 9)

𝐹 = 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ∗ (𝜎𝑟 ∗ 𝐿𝑐𝑜𝑟𝑒 − 𝑑𝐿𝑑𝑢𝑒 𝑡𝑜 𝑎𝑥𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 )

(𝐷. 10)

𝑑𝐿𝑑𝑢𝑒 𝑡𝑜 𝑎𝑥𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 can be estimated from end of test expansion using dial gauge
𝐹𝑚𝑖𝑛 = 0.53 ∗ 𝜎𝑟_𝑚𝑖𝑛 = 0.53 ∗ (𝜎𝑟 ∗ 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑠𝑎𝑛𝑑)
= 0.53 ∗ (5,611 ∗ 0.2011 ) = 338 𝑁

(𝐷. 11)

𝐹𝑚𝑎𝑥 = 0.53 ∗ 𝜎𝑟_𝑚𝑎𝑥 = 0.53 ∗ (𝜎𝑟 ∗ 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑒𝑥𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑠𝑎𝑛𝑑)
= 0.53 ∗ (38,143 ∗ 0.2011) = 3,068 𝑁
𝐹𝑠𝑎𝑛𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑎𝑛𝑑 ∗ 𝑔 = 11,120 ∗

(𝐷. 12)

9.81
= 109 𝑁
1000

(𝐷. 13)
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𝐹𝐿𝑜𝑎𝑑 𝑓𝑟𝑎𝑚𝑒 𝑎𝑡 60 𝑝𝑠𝑖 = 9,807 𝑁

(𝐷. 14)

𝐹𝑛𝑒𝑡_𝑚𝑖𝑛 = 𝐹𝐿𝑜𝑎𝑑 𝑓𝑟𝑎𝑚𝑒 − 𝐹𝑚𝑖𝑛 + 𝐹𝑠𝑎𝑛𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 = 9,807 − 338 + 109 = 9,586 𝑁
𝐹𝑛𝑒𝑡_𝑚𝑎𝑥 = 𝐹𝐿𝑜𝑎𝑑 𝑓𝑟𝑎𝑚𝑒 − 𝐹𝑚𝑎𝑥 + 𝐹𝑠𝑎𝑛𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 = 9,807 − 3,068 + 109 = 6,856 𝑁

(𝐷. 15)
(𝐷. 16)

UofA setup the friction losses with applied load of 350 psi:
𝜀𝑎𝑥𝑖𝑎𝑙 =

𝑑𝐿

= 0.00812065

(𝐷. 17)

𝐹𝐿𝑜𝑎𝑑 𝑓𝑟𝑎𝑚𝑒 𝑎𝑡 60 𝑝𝑠𝑖 = 44,482 𝑁

(𝐷. 18)

𝐿𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙

𝐹𝑛𝑒𝑡_𝑚𝑖𝑛 = 40,398 𝑁

(𝐷. 19)

𝐹𝑛𝑒𝑡_𝑚𝑎𝑥 = 43,981 𝑁

(𝐷. 20)

𝐿𝑜𝑎𝑑 𝑙𝑜𝑠𝑠𝑒𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =
=

(𝐹𝐿𝑜𝑎𝑑 𝑓𝑟𝑎𝑚𝑒 𝑎𝑡 350 𝑝𝑠𝑖 − 𝐹𝑛𝑒𝑡_𝑚𝑖𝑛 ) × 100
𝐹𝐿𝑜𝑎𝑑 𝑓𝑟𝑎𝑚𝑒 𝑎𝑡 350 𝑝𝑠𝑖

(44,482 − 40,398) × 100
= 9.18 %
44,482

(𝐷. 21)

Hycal setup the friction losses with applied load of 350 psi:
𝜀𝑎𝑥𝑖𝑎𝑙_𝑎𝑠𝑠𝑢𝑚𝑒𝑑 =

𝑑𝐿
𝐿𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙

= 0.00812065

𝐹𝐿𝑜𝑎𝑑 𝑓𝑟𝑎𝑚𝑒 𝑎𝑡 350 𝑝𝑠𝑖 = 6,098 𝑁
𝐹𝑛𝑒𝑡_𝑚𝑖𝑛 = 618 𝑁
𝐹𝑛𝑒𝑡_𝑚𝑎𝑥 = 4,202 𝑁
𝐿𝑜𝑎𝑑 𝑙𝑜𝑠𝑠𝑒𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =
=

(𝐷. 22)

(𝐷. 22)

(𝐷. 23)
(𝐷. 24)

(𝐹𝐿𝑜𝑎𝑑 𝑓𝑟𝑎𝑚𝑒 𝑎𝑡 350 𝑝𝑠𝑖 − 𝐹𝑛𝑒𝑡_𝑚𝑖𝑛 ) × 100
𝐹𝐿𝑜𝑎𝑑 𝑓𝑟𝑎𝑚𝑒 𝑎𝑡 350 𝑝𝑠𝑖

(6,098 − 618) × 100
= 68.76 %
6,098

(𝐷. 25)
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