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Abstract: Sand production from a poorly consolidated reservoir could give rise to some severe
problems during production. Holding the load bearing solids in place is the main goal of any sand
control technique. The only sand control techniques that have found applications in steam assisted
gravity drainage (SAGD) are some of the mechanical methods, including wire wrapped screens,
slotted liners and more recently, punched screens. Slotted liner is one of the most effective mechanical
sand control methods in the unconsolidated reservoir exploitation, which has proven to be the
preferred sand control method in the SAGD operations. The main advantage of the slotted liners that
makes them suitable for SAGD operations is their superior mechanical integrity for the completion of
long horizontal wells. This study is an attempt to increase the existing understanding of the fines
migration, sand production, and plugging tendency for slotted liners by using a novel large-scale
scaled completion test (SCT) facility. A triaxial cell assembly was used to load sand-packs with
specified and controlled grain size distribution, shape and mineralogy, on multi-slot sand control
coupons. Different stress levels were applied parallel and perpendicular to different combinations of
slot width and density in multi-slot coupons, while brine was injected from the top of the sand-pack
towards the coupon. At each stress level, the mass of produced sand was measured, and the pressure
drops along the sand-pack and coupon were recorded. Fines migration was also investigated by
measuring fines/clay concentration along the sand-pack. The current study employed multi-slot
coupons to investigate flow interactions among slots and its effect on the flow performance of liner
under typically encountered stresses in SAGD wells. According to the experimental observations,
increasing slot width generally reduces the possibility of pore plugging caused by fines migration.
However, there is a limit for slot aperture beyond which the plugging is not reduced any further,
and only a higher level of sanding occurs. Test measurements also indicated that besides the slot
width, the slot density also influences the level of plugging and sand production and must be included
in the design criteria.
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1. Introduction

The unconventional resource, which generally oil and gas resources, are the resources that are
‘locked’ in unconventional formations (such as shale and tight sandstone) and specialized production
techniques (such as hydraulic fracturing and SAGD) are required [1]. Unconventional oil is a special
type of petroleum which is difficult to extract or refine, due to its high viscosity or being trapped/locked
in geological structure with compacted or poorly connected pore spaces (such as oil sand, bitumen
and shale oil, etc.) [2,3]. Therefore, the extraction of unconventional oil is relatively economically
challenging. However, with the new technologies that have been continually developed, the cost of
the production of unconventional oil resources can be significantly reduced. The development of
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unconventional oil resources has become a major priority worldwide nowadays in response to the
increasing global energy demands, as well as the depletion of conventional oil resources.
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Steam assisted gravity drainage (SAGD) has been the most widely used method for heavy oil
in-situ recovery in western Canada (Figure 1) [5]. In SAGD, two parallel horizontal wells are drilled
with an inter-well offset of around 4–6 m. High-temperature and high-pressure steam is injected
into the reservoir through upper wellbore (injector) and form the steam chamber. Bitumen in the
steam chamber is heated up and flow by gravity then produced by the lower wellbore (producer).
SAGD solves the immobility challenge in in-situ bitumen recovery by taking advantage of the strong
temperature dependency of bitumen viscosity.

Slotted liners have been extensively used in Western Canada for heavy oil recovery in SAGD
operation. Sanding, inflow resistance and cost have become the main considerations in slotted liner
design. These main factors determine the competing factors of slotted liner: (1) The slots must be narrow
enough to retain formation sands; and yet (2) wide enough to minimize flow resistance/impairment.
It has been proven that plugging plays a critical role in slotted liner’s damage [6,7]. Plugging in slotted
liner can be attributed to two main mechanisms: (1) Pore plugging, in which the pore throats in the
porous media are plugged by migrated fines, clays or other byproducts; and (2) slot plugging, which is
defined as the reduction in the slot open area, due to trapped sands and fines, scaling, and corrosion.
The consequence of plugging is the increase of inflow resistance and production decline, as well as the
increase in drawdown pressure.

A primary source of plugging in porous media is flow-induced fines migration. The fines
migration occurs in four stages: (1) Fines generation, (2) fines mobilization, (3) fines transportation,
and (4) fines entrapment [5]. It has been found that, in addition to the clay particle size, porous
structure, mineralogy and electro-chemical interaction of the fines, the saturating fluids also influence
the fines migration.

Several studies have been conducted to investigate the plugging mechanisms of slots. Ramonava
and Ma [7] took mosaic images of clean and plugged slots by using the backscattered electron detector
on a scanning electron microscope. By analyzing the images, they concluded that the slot plugging
starts with the formation of a microfilm clay on the surface of the slot. The microfilm tends to ‘grow’
upwards on the slot surface, infills the pores between the sand grains inside the slot and finally fully
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plugs the slot [8]. Based on the results proposed by Ramonava and Ma [7], clay products are the main
plugging materials.

Previous laboratory studies employed single slot coupons, and proposed several sizing rules
for slotted liner design, in which an optimum slot opening size was provided based on the Particle
Size Distribution (PSD) of formation sand. These research works investigated the influence of slot
opening size on slotted liner performance, but ignored the slot density. Slot density is a parameter that
describes the density of slots on a typical slotted liner. It is usually represented by Slot per Volume
(SPC), which is the numbers of slots in one column of a 7 inch diameter slotted liner. Slot density has
proven to be an important parameter that affects the inflow resistance. There is a relationship between
the slot density and pressure loss, due to flow distribution. The open flow area (OFA) of the liner,
which is defined as the ratio of the open area exposed to the reservoir over the total area, depends
on both slot width and slot density: Narrower slot openings would demand a higher slot density,
which increases the manufacturing cost and decrease the mechanical strength. Thus, it is necessary
to investigate the influence of slot density on liner performance. This study presents the results of
parametric testing to investigate the effect of slot width and slot density on sand production, retained
permeability, and fines migration.

Sand production and plugging are also affected by the flow velocity [9]. At a constant flow rate,
the OFA of slotted liner would determine the flow velocity inside the slots. Since the design criteria
are proposed as a safe slot window, there exist variable combinations of slot width and slot density
which result in the same OFA. Manufacturers are prone to choosing a more conservative design by
selecting a narrower slot width, but a higher slot density. The question is, for a constant OFA, is it better
to use narrower slots with higher slot density or wider slots with a lower slot density? To address
this question, coupons with different combinations of slot width and slot density, but the same OFA
were tested.

2. Review of Published Guidelines in Designing Sand Control Devices

Extensive research has been performed to optimize the design of slotted liners. Performance
assessment of slotted liners is based on their ability to prevent sand production and to allow the
passage of reservoir flow. Historically, design guidelines have been proposed in relation to the particle
size and slot width. The central phenomena considered in the slotted liner design are the inflow
performance and sand control. Considering these two factors, the current design criteria are proposed
in terms of slot aperture window in relation to one or more attributes of the formation sand PSD [10–17].
The OFA is another important parameter that can influence the flow performance [18]. Conventionally,
the upper bound of the slot aperture is the aperture that keeps sanding at an acceptable level, while the
lower bound is specified based on conditions that limit the plugging tendency [11].

Retained Permeability (RP) is another widely used parameter to measure the slotted liner inflow
efficiency and is defined as the ratio of near-screen permeability over the original formation permeability.
A retained permeability of 50% is also proposed as the limit for the inflow resistance [19]. As for
the sand production, the maximum thresholds of 0.12 lb/sq ft (0.58 kg/m2) [20], and 0.15 lb/sq ft
(0.73 kg/m2) [21] have been used to measure the sanding performance.

The overall design objectives of a sand control device are: (1) Allowing the maximum production
flow rate with lowest pressure drop, or in other words, providing the optimal ‘formation-specific’ sand
control with the lowest plugging level, (2) providing stability of the wellbore against geological stresses,
and (3) prevention of the production of the formation sand and the erosion of downhole equipment [6].

Inflow efficiency and sand control performance are the two key parameters in the design. The flow
efficiency is mostly controlled by the OFA and the slot width. A larger slot width will result in a lower
plugging, and therefore, a higher flow efficiency. However, a larger slot width will lead to a lower sand
retention performance in the formation. Consequently, an optimum slot aperture must be determined
to keep both sanding and plugging at an acceptable level.
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2.1. Criteria for Sand Control Devices in Conventional Production Wells

The majority of studies for developing design criteria for sand control devices are experimental.
The earliest work in this area is attributed to Coberly [9] who conducted a series of tests to establish
the mechanism of the stable sand bridge behind a slot. He found that a stable bridge of typical
unconsolidated oil sands forms when the opening in the screen is two times the diameter of the
coarse ten percent in PSD (w = 2D10). When the openings exceed two times D10, no bridge will form.
He concluded that the slot width should not be larger than 2D10. He also mentioned that when facing
a mixture of particles with different diameters, the sand control performance of screens is dependent
on the coarse portion of the mixture.

Similar to Coberly [9], Suman [10] proposed his design criterion based on the experimental
investigations on synthesized grains with certain particle size distributions to mimic the natural
formation sand. He proposed that the slot width should be equal or less than the size of coarsest ten
percent of the formation particles size (w < D10). Although using particles with different sizes makes
the result more reliable compared to the previous study, the criterion seems to be too conservative.
Furthermore, it was quite rudimentary to select slot opening based on only one parameter of the
formation sand (D10).

Instead of relying on one data point from the PSD to describe the entire formation sand character,
Markestad et al. [11] used a complete description of particle size distribution to characterize the
sand control performance and plugging tendency of single wrapped screens. They stated that when
considering the sand retention capacity, the slot width should not exceed a certain level. Therefore,
the proposed design criteria are given in relation to the sizes of larger particles on the PSD curve.
However, when the purpose is to predict the plugging tendency, the smaller particle sizes on the PSD
curve should be used. In their study, a range of acceptable slot width was provided for a typical sand
type. The upper limit was determined by sand retention performance, and the lower limit was selected
to avoid plugging. To represent the entire particle size distribution, they created a descriptive method
based on the fractal theory [22]. A series of laboratory experiments were performed to find the safe
intervals of slot width. From their result, four slot widths were defined: (1) d++ is defined as the
largest slot width for which severe sanding is observed; (2) d−− is defined as the smallest slot width
for which plugging did occur; (3) d+ is the largest slot width for which sanding did not occur; and
(4) d− is the smallest slot width for which plugging was not likely to occur. d++ and d are the extreme
upper and lower limitations that should not be exceeded. The “safe interval” was considered to be
between d+ and d−. However, they did not quantify such evaluative parameters as “continuous sand
production” or “severe plugging” in their research.

Tiffin et al. [23] suggested using the formation of sand sorting characteristics to develop the
selection criteria for different screens. The parameter that they suggested to use was the sorting
coefficient. Different from the uniformity coefficient, sorting coefficient represents the entire range
of the PSD. They also took the fines (Mesh#325, 44 µm) into consideration since they may induce or
promote plugging at the near-liner zone.

Williams et al. [24] tested gravel pack and other screen control devices with two modes of testing:
Conformance or pre-pack sand retention test, and non-conformance or slurry sand retention test.
Based on the testing results, they recommended that a uniform mesh media allow the passage of
a small percentage of fines which leads to the creation of a dynamic filter bed on the sand control
media. Furthermore, it was suggested that the openings should be designed to allow less than 6% of
sand in the effluent to pass through and the size of the produced sand should be less than 50 microns
(D50 ≤ 50 µm).

2.2. Criteria for Sand Control Devices in Horizontal Production Wells

Underdown et al. [21] proposed a standard method to evaluate the performance of sand control
screens from different manufacturing companies. Experimental investigations were conducted on
several screen types for screen type selection for some wellbores in the North Sea and Western Africa.
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They suggested that the design criteria of a sand control screen should account for both sand retention
and screen plugging. Underdown et al. [25] defined a parameter called sand control factor and used it
to characterize sand retention. The screen plugging was represented by a performance factor which is
an indication of the time it takes for the screen to plug. A perfect sand control screen would have a
value equal to one for both factors.

Gillespie et al. [13] proposed a similar method to that of Underdown et al. [25] named “screen
efficiency plot”. Nomographs were created by plotting the percentage of produced sand versus the
rate of pressure build-up. In this situation, the ideal screen should have nearly zero pressure build-up
value in the plot. Their experimental work was based on two types of samples: Very fine and uniform
sand, and non-uniform sand. The results of their tests show that for premium mesh-type screens, when
the uniformity coefficient (UC) is less than six, the recommended slot opening should be 2.5 times the
mean grain size (2.5D50), while only 2D50 for wire-wrapped screens.

In addition to the amount of produced sand and flow capacity reduction, Hodge et al. [19]
developed a new evaluation method that accounts for the actual permeability reduction of the near
screen layer (sand-retention layer). This procedure, for the first time, quantified the screen plugging.
Based on the author’s field production experience, the acceptable value of produced sand for long
horizontal wellbores in poorly consolidated reservoirs was considered to be 0.12 lb/sq ft (0.58 kg/m2)
(pound per square feet of screen inflow area). However, they did not explain whether this value is for
the initial sand production or the continuous sanding. Same parameter of 0.15 lb/sq ft (0.73 kg/m2) has
been presented for horizontal, open-hole completion by Adams et al. [26] for oil wells.

In terms of the flow impairment, Markestad et al. [11] proposed a skin value of less than 0.5
for a well-functioning screen. Burton and Hodge [27] suggested 20% retained screen permeability
for minimal productivity impairment. Later, Constien and Skidmore [20] defined the ‘effective
formation-particle size’ which is equal to the media sand size divided by the uniformity coefficient
(D50/UC). Based on the effective formation-particle size, they developed the performance master
curves to predict the performance of standalone screens. The critical values of three performance
indicators were also given: Produced sand less than or equal to 0.12 lb/sq ft (0.58 kg/m2); the retained
permeability more than or equal to 50%; the size of upper ten percent of produced sand less than or
equal to 50 micron (D10 ≤ 50 µm).

2.3. Existing Criteria for Sand Control Devices in SAGD Wells

The sizing rules proposed by previous researchers is not applicable to thermal recovery sand-control
device selection. Bennion et al. [6] presented a lab protocol for an accurate simulation of downhole
multiphase flow conditions during SAGD operations. Based on over 200 sand retention tests, they
found that the clay content of the formation, flow velocity, wettability of formation and pH play crucial
roles in the plugging mechanism and productivity of slotted liners. Bennion et al. [6] also stated that
clays are the main plugging medium in slots: Higher clay concentration results in a higher plugging
potential. In addition, plugging is initiated by clay adherence in the slot, and then grows upward to
the slot entry.

The design criteria that have been utilized in the slotted liner manufacturing company “RGL” are
published by Fermaniuk [28]. He developed a numerical model based on the design guidelines of
slotted liners at Regent Energy. The criteria that he provided, come as a “safe range” of slot openings for
specific formation sand. The upper and lower bounds of the range were set at 3.5 times the mean formation
sand size (MaxSW = 3.5D50), and two times the smaller 30% sand size (MinSW = 2D70), respectively.

Mahmoudi et al. [15] provided a set of new design criteria described by a novel “traffic light
system (TLS)”. Like Fermaniuk [28], their design criteria provide a safe slot window with respect to
sand control performance and flow capacity. In their study, a novel pre-pack sand retention test (SRT)
facility, capable of testing multi-slot coupons, was designed to investigate the effect of both slot width
and slot density. Furthermore, they evaluated the effect of flow rate in the design criteria to consider
actual wellbore operations.
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Mechanisms of sanding and plugging in sand control devices have been subjected to many studies
over the past decades. Most of the design guidelines proposed earlier are based on one or more
parameters of the formation of sand particle distribution [9–21,23–28]. Additionally, slot density which
is described by numbers of slots per volume, has been used to investigate the interaction between
slots. It is also considered as another parameter to establish slotted liner design criteria. However,
the current design criteria failed to include the stress variation during oil production. Oil production
induced pressure depletion result in the alteration of the stress condition around the slotted liner,
which affect its sand control performance. In this study, the effect of stress on sand production has been
investigated together with slot width and density, and is incorporated in the design criteria for slotted
liners in SAGD operations. In order to do so, a novel sand control testing facility (scaled completion
test, SCT) is utilized to study the performance of sand control tools for different stress regimes (triaxial
compression/extension) [16,29]. The stress levels correspond to stress 218 variations during the life
cycle of a SAGD production well.

3. Experimental Investigation

This section describes the experimental set-up, testing material and procedures employed in this study.

3.1. Scaled Completion Test (SCT) Set-Up

The experimental apparatus used in this study (Scaled Completion Test, SCT) [16,29,30],
accommodates the sand-pack sample on top of a sand screen coupon. Compared to conventional SRT
set-ups, it has the versatility to use multi-slot liner samples which is an improved design to replicate
the actual flow regime and streamlines near the sand control device/slotted liner of a production
well. Furthermore, the facility was capable of applying both axial and radial stress to the sample,
respectively. The pore fluid is injected by a metering pump which allows the pore pressure to be
controlled individually. The application of effective stress, which is defined by total stress minus
pore pressure [31], allows the investigation of the effect of stress build-up and sand compaction at the
near-screen zone on the liner performance.

The SCT set-up (Figure 2) consists of a fluid injection unit, the SCT cell, confining stress and axial
loading unit, DAQ (Data Acquisition) unit, sand trap and back pressure unit.
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An ISCO pump is used in the fluid injection unit for the brine injection and pore pressure control.
The fluid is injected from the top of the sample through the sand-pack towards the coupon. The SCT
cell is a modified triaxial cell that accommodates the multi-slot coupon and large-scale sand-pack.
The cell is capable of applying axial stress and radial stress independently. The axial stress was
controlled by the Instron Loading Frame; the confining stress was controlled by ISCO pump. The data
acquisition and monitor system consist of three pressure transmitters which are able to record the
pressure differential at three segments (Figure 3) along the sand-pack. The permeability changes, due
to the flow disturbance and possible fines migration above the coupon are investigated through the
measurements of pressure differentials. The specially designed sand trap is installed at the outflow line
to collected produced sand and fines. The fluid is finally discharged at the back pressure column with
around 3psi back pressure. The back pressure column is also used to saturate the sand-pack before
the injection.
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3.2. Sand Retention Test (SRT) Set-Up

Tests with the same multi-slot coupons and testing materials were also conducted with the
pre-pack SRT facility. Since the main difference between the SCT and the SRT is the absence of hydraulic
pressure (confining stress), the SRT tests are considered as the zero effective stress condition.

The SRT facility (Figure 4) consists of a fluid injection unit, SRT cell, DAQ unit, produced sand
collector and back pressure/saturation unit. Further details about the SRT test can be found in previous
research [15,32].
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3.3. Testing Material

The synthetic sand-pack is prepared by mixing commercial sands, silts and clays with a certain
proportion. The aim is to duplicate the same Particle Size Distribution (PSD) of ClassIIDevon Pike 1
proposed by Abram and Cain [21]. According to the research conducted by Mahmoudi et al. [33],
when the synthetic commercial sand and natural oil sand have the same PSD, mineralogy, and shape
factors, equivalent mechanical properties can be yield. Figure 5 shows the PSD of ClassII Devon Pike 1
and the synthetic sand pack employed in this research.
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The disk-shaped coupon is 7-inch in diameter with a thickness of 0.5-inch. They are obtained from
actual 7-inch (17.78 mm) slotted liner pipe. (Figure 6). The coupons are multi-slotted with seamed
slot configuration. We use the number of by Slot per Column (SPC) to represent the slot density.
For example, a 7-inch (17.78 mm) slotted liner with 42 SPC means there are 42 slots in one column,
corresponding to 168 slots per foot. The coupons with slot aperture and slot density of 0.014′′ (0.36 mm)
to 0.022′′ (0.56 mm) SPC: 54; 0.018′′ (0.46 mm) to 0.026′′ (0.66 mm) SPC: 42; 0.026′′ (0.66 mm) to 0.034′′

(0.86 mm) SPC: 30 and 0.014′′ (0.36 mm) to 0.022′′ (0.56 mm) SPC: 30 were tested in this study. Figure 7
shows the image of tested multi-slotted coupons and their dimensions.

In this study, the sodium chloride brine with 7.9 pH and 0.7% (7000 ppm) salinity is used as
the saturation and injecting fluid. All the tests are conducted under room temperature (22 degree
centigrade). The viscosity of sodium chloride brine with a salinity of 0.7% (7000 ppm) under room
temperature is 0.967 cp. The fluid pH and salinity both stay in the range of the brine characteristics of a
typical SAGD process. Since monovalent salt (NaCl) brine with a relatively high pH severely increases
the fines mobilization, the designed brine seems to simulate the worst case for pore plugging [34–36].
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3.4. Testing Procedure

The pre-test preparation includes sand-pack mixing and SCT cell assembling. The main part of
the test starts from sand-pack saturation, followed by applying target stresses and 2 h brine injection.
When the test complete, samples are obtained along the sand-pack to investigate the fines mobilization.

The flow rate is designed based on the productivity of the actual SAGD process. A typical SAGD
well which produces 1500 bbl/day (0.0027 m3/s) from a length of 800–1000 m. The typical slotted
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liner used in SAGD operation is 7 inches in diameter with 1–3% OFA. For the slot width of 0.010′′

(0.25 mm) at the lowest OFA (1%), there are 200 slots per foot. When all the slots are open, and the
flow distribution among slots is uniform, the flow rate for each slot is in the range of 10–30 cc/slot/h.
Considering a plugging factor range between 0% to 90%, the flow rate for the test will be in the range
of 0.25–3 bbl/day. Therefore, a flow rate of 2.4 L/h (0.36 bbl/day) is adopted in all the tests.

Figure 8 shows the testing procedure with 300psi effective stress.
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3.5. Test Matrix

Parametric testing was conducted to investigate the effects of slot width and slot density on
sand production, retained permeability, and fines migration. Further, the testing program included
different combinations of slot width and slot density at constant OFA. Table 1 shows the test matrix
for the investigation of slot width at constant slot density, and Table 2 shows the test matrix for the
investigation of slot density at constant slot width. These tests were conducted under 300 psi (2068 kPa)
radial effective stress, and the effective axial stress is 50 psi higher than the radial effective stress.
The idea was to conduct the test under isotropic stress condition. The extra 50 psi of axial loading is
applied for safety issue. This effective stress is selected to represent the typical in-situ effective stress
level of shallow oil sand project [37].

Table 1. Testing matrix to study the role of slot width at constant slot density.

Slot Width (thou) SPC Effective Stress (psi)

0.014”–0.022” 30 300
0.026”–0.034” 30 300

Table 2. Testing matrix to study the role of slot density at constant slot width.

Slot Width (thou) SPC Effective Stress (psi)

0.014”–0.022” 30 300
0.014”–0.022” 54 300

Table 3 presents the test matrix for variable slot width and density at constant OFA to investigate
whether the effect of slot width or density is stronger and to optimize the combination of these two
parameters. Varying levels of stress (0, 300 psi) were used for these tests.
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Table 3. Testing matrix to study the performance of slotted liners with constant open flow area (OFA).

Slot Width (thou) SPC OFA (%) Effective Stress (psi)

0.014”–0.022” 54 3% 0, 300
0.018”−0.026” 42 3% 0, 300
0.026”−0.034” 30 3% 0, 300

4. Result and Discussion

This section presents the test results in terms of produced sand, retained permeability, and fines
concentration in the sample and produced brine for all tests. The uncertainty analysis is performed for
all the results and presented by the confidence intervals (shown as the red-bars on Figures 9–16).

4.1. Parametric Testing with Respect to Slot Width and Density

Testing results are first presented for the cases with variable slot width at constant slot density and
variable slot density at a constant width. These cases involve coupons with variable open flow area.

4.1.1. Cumulative Produced Sand

Figure 9 shows the effect of slot width and slot density on cumulatively produced sand, respectively.
Two acceptable limitations of sand production: 0.12 lb/sq ft (0.58 kg/m2) and 0.15 lb/sq ft (0.73 kg/m2)
are also shown in the graphs. Figure 9a indicates higher sand production for widerslots at a constant
slot density. Figure 9b shows more sanding for higher slot density at constant slot width. Since
the testing flow rate was low and the sand production for all tests was significantly lower than the
maximum threshold, they can be considered as initial sanding, which refers to the sanding, due to
sand particles falling into slots before a stable bridge is formed. For wider slots, more sand particles
are needed to form the sand bridge above each slot. Therefore, it is more difficult for wider slots to
form sand bridges compared to narrower slots. Moreover, the stability of those sand bridges is less,
which results in a greater amount of sanding at the initial stage. For narrower slot, the sand production
was slightly higher for higher slot density. This is mainly because more sand particles fall into larger
numbers of slots during the sand-pack compaction.
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Figure 9. (a) Effect of slot width on sand production, (b) effect of slot density on sand production at 300 psi.

4.1.2. Retained Permeability

The retained permeability is used as an indicator to analyze the plugging tendency of the slotted
liner. It is defined as the ratio of near-screen permeability over the original permeability. In this study,
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the retained permeability is calculated by dividing the permeability of the bottom segment (2 inches)
of the sand-pack by the original sand-pack permeability under confining stress;

kretained =
kbottom

koriginal
. (1)

Figure 10a shows the retained permeability versus slot width for a constant slot density. Evidently,
wider slots lead to higher retained permeability values. For a constant slot density, narrower slots
result in more fines accumulation in the near-coupon zone, which causes more plugging and a lower
retained permeability. Figure 10b shows the retained permeability versus slot density for a constant
slot width. Test results indicate a reduction in retained permeability for lower slot densities. For a
constant slot width, higher slot densities results in fewer fines accumulation above the coupon, hence,
a higher retained permeability. Comparison of Figure 10a,b indicates that an increase in both slot width
and slot density would cause an increase in the retained permeability. However, retained permeability
variation, due to the change of slot width is stronger than that of change in the slot density.

Energies 2020, 13, x FOR PEER REVIEW 12 of 19 

 

Figure 9. (a) Effect of slot width on sand production, (b) effect of slot density on sand production at 
300 psi. 

4.1.2. Retained Permeability 

The retained permeability is used as an indicator to analyze the plugging tendency of the slotted 
liner. It is defined as the ratio of near-screen permeability over the original permeability. In this study, 
the retained permeability is calculated by dividing the permeability of the bottom segment (2 inches) 
of the sand-pack by the original sand-pack permeability under confining stress; k୰ୣ୲ୟ୧୬ୣୢ ൌ kୠ୭୲୲୭୫k୭୰୧୥୧୬ୟ୪. (1) 

Figure 10a shows the retained permeability versus slot width for a constant slot density. 
Evidently, wider slots lead to higher retained permeability values. For a constant slot density, 
narrower slots result in more fines accumulation in the near-coupon zone, which causes more 
plugging and a lower retained permeability. Figure 10b shows the retained permeability versus slot 
density for a constant slot width. Test results indicate a reduction in retained permeability for lower 
slot densities. For a constant slot width, higher slot densities results in fewer fines accumulation 
above the coupon, hence, a higher retained permeability. Comparison of Figure 10a,b indicates that 
an increase in both slot width and slot density would cause an increase in the retained permeability. 
However, retained permeability variation, due to the change of slot width is stronger than that of 
change in the slot density. 

  
(a) (b) 

Figure 10. (a) Effect of slot width on retained permeability, (b) effect of slot density on retained 
permeability. 

4.1.3. Fines Concentration 

Figure 11a,b show the fines concentration near the screen versus slot width at constant slot 
density, and versus slot density at constant slot width, respectively. Figure 11 indicates lower fines 
concentrations for wider slots and higher slot densities. However, it is obvious from the figure that 
the effect of slot width on the fines content is greater than that of slot density. 

Figure 10. (a) Effect of slot width on retained permeability, (b) effect of slot density on retained permeability.

4.1.3. Fines Concentration

Figure 11a,b show the fines concentration near the screen versus slot width at constant slot
density, and versus slot density at constant slot width, respectively. Figure 11 indicates lower fines
concentrations for wider slots and higher slot densities. However, it is obvious from the figure that the
effect of slot width on the fines content is greater than that of slot density.

Figure 12a shows the effect of slot width on the median size of produced fines at constant slot
density. According to Figure 12a, larger produced fines are observed for wider slots.

Figure 12b shows the effect of slot density on the D50 of produced fines at a constant slot width.
Test results indicate a small change in the size of the produced fines when coupons with higher slot
density are employed. Therefore, the size of produced fines seems to be little affected by the slot density.

Right now, with limited numbers of testing results, it is difficult to conclude any relationship
between slot width/slot density and sand production. More tests will be conducted and presented
in our future work. With the support of more data points, a linear or non-linear correlation could be
found, and an empirical equation could be obtained by fitting the data.
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4.2. Parametric Testing at Constant OFA and Under Stress

It is evident that flow velocity plays a critical role in both sand production and plugging.
The change in either slot width or slot density would alter the flow velocity by changing the total OFA.
To isolate the effect of slot width and slot density on-screen performance and remove the effect of flow
velocity change, coupons with constant OFA, but variable slot width and slot density were tested.

Figure 13 shows the cumulatively produced sand for three coupons with constant OFA. The figure
shows more sanding occurs for wider slot and lower slot density. Limited produced sand is observed
for slot size of 0.014′′ (0.36 mm) and 0.018′′ (0.46 mm). More sanding occurs when slot size 0.026′′

(0.66 mm) is used, and the amount of produced sand stays beyond the acceptable threshold. Wider
slot openings tend to have more sanding; however, smaller SPC suggests less sanding. These two
factors both influence the sanding performance here, and based on the testing results, the effect of
slot width on sanding seems to be stronger compared to slot density since the overall sanding is
increasing. Results are also indicating a significant impact of the stress on the produced sand, where,
lower sanding occurs at higher stresses. This can be attributed to higher mobilized friction between
the sand grains, hence, higher stability for sand bridges behind the slots.
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Figure 13. Effect of slot size and density on cumulative sand production; solid lines are the upper limit
of acceptable produced sand of 0.12 lb/sq ft (0.58 kg/m2) and 0.15 lb/sq ft (0.73 kg/m2).

Figure 14 shows the effect of slot size and density at two effective stress levels on the retained
permeability. As expected, the coupon with wider slot shows a better flow performance than that of
the higher slot density. The reason is that fewer fines are accumulated near the coupons with wider
slots. The figure also shows a drastic drop in retained permeability at higher effective stress condition,
but the change of retained permeability follow the same trend. Higher stresses result in higher sand
compaction and a lower porosity and permeability. The smaller porosities also result in narrower pore
channels, hence, a higher fines entrapment near the slots and a lower retained permeability. According
to Figure 14, wider slots with lower slot densities provide a lower plugging than narrower slots with
higher slot densities.
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Figure 15 shows the fines concentration at the near-coupon zone at the end of the test. The results
show higher fines concentration for coupon with narrower slots and larger SPC, which agrees with the
results of retained permeability measurements. Figure 15 also indicates higher fines concentrations for
higher effective stresses. Moreover, a stronger effect of stress on plugging is observed for narrower slots.
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Figure 16. Effect of slot size and density on d50 of produced fines.

5. Conclusions

This research employed a novel sand control testing facility (Scaled Completion Test, SCT) to
study the slotted liner performance for various liner specifications. The test facility allows emulation of
different stress conditions corresponding to stress variation during the life cycle of a SAGD producer.
A detailed large-scale sand retention testing procedure was also presented to assess the performance of
the slotted liner under the different stress levels. The experimental design utilized a multi-slot liner
coupon to study the role of both slot width and density.

A series of SCT’s was performed to (1) investigate the role of slot width, and slot density on
the performance of slotted liners, and (2) evaluate liner designs with different combinations of slot
widths and slot densities, but constant OFA. Cumulatively produced sand at the end of testing was
measured as an indicator of sand control performance. Retained permeability was calculated by
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pressure drops across the sand-pack and considered as the indicator of screen flow performance.
Fines/clay concentration along the sand-pack was also measured after the test to investigate fines
migration, which was considered as the main reason for plugging and permeability reduction.

Based on the result of parametric testing for investigating the effect of slot width and slot density
on the liner performance, it is evident that higher sand production occurs for wider slots. Test results
also indicated less retained permeabilities for narrower slots. A similar trend was observed for smaller
SPC’s. However, the comparison of the two testing results implied that the effect of slot width is
stronger than that of slot density. For each test, the fines concentration at the vicinity of the coupon was
also tested. Observation indicates a higher fines concentration for narrower slots and smaller SPC’s.

Furthermore, it is evident that the fines concentration for wider slot approaches to the initial fines
concentration, which results in less pore plugging, and hence, a higher well productivity. Wider slots
resulted in slightly coarser produced fines. However, the slot density had a negligible effect on the size
of the produced fines. The size of produced fines was proven to be highly sensitive to the flow velocity
and the size of pore throats in the formation.

For the optimization of liner designs with various combination of slot width and slot density,
but constant OFA, the liner design with wider slot and smaller SPC showed a higher sanding and
less reduction in retained permeability. Moreover, sand production drastically decreased with the
increase in effective stress. Similar trend for permeability reduction was also observed under high
effective stress conditions. Test results of this study also showed a lower fines accumulation adjacent
the coupons with wider slots and smaller SPC. The effective stress seemed to have a stronger effect on
fines concentration for a narrower slot. This suggests the benefit of using wider slots to reduce the
plugging potential.
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Nomenclature

DC-II Class II Oil Sand for Devon Pike I
D Diameter of Particle Size
D10 Sieve opening size that retains 10% of the particles in a sample
D50 Sieve opening size that retains 50% of the particles in a sample (Median size on the PSD curve)
D70 Sieve opening size that retains 70% of the particles in a sample
k Permeability
kbottom Bottom Segment Permeability
kretained Retained Permeability
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