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ABSTRACT 

 

This research aims at tackling a specific production engineering problem in sand retention testing 

(SRT). One common practice of operational oil companies is to prevent sanding by deploying 

standalone screens (SAS). SAS consists of slotted liners (SL), wire wrap screens (WWS), and 

punched screens (PS), among others. 

A systematic methodology was developed for SL design using the SRT for steam-assisted gravity 

drainage (SAGD) injectors. Although the solution is particular for the SAGD injector, the same or 

similar methodology can also be applied for any other injection or even production well. SRT 

investigation for SAGD injector flowback was considered as a demonstration for the capability of 

the proposed methodology in comparison to previous techniques. The previous techniques 

sometimes rely on hypothetical or invalid assumptions due to the lack of necessary field data to 

perform such a study. Often, field data are confidential and nearly impossible to obtain for a 

hazardous scenario like a thermal injector flowback.  

The proposed methodology consists of three fronts. The first front is to estimate the laboratory 

testing variables or operational parameters based on case-specific data and reservoir simulations 

to assess the flowback. The simulation accounts for the unique reservoir characteristics that change 

from one field to another. The STARS module of the Computer Modelling Group (CMG) 

simulator was used to predict the consequences of SAGD injector flowback, which is the only 

possible way of sanding from a reservoir engineering viewpoint. Moreover, one of the natural gas 

flow correlations was coupled to the CMG model to ease the modification of production system 

variability by an interactive, in-house developed, excel program. The coupling reduces the 

computational-time from about 20 hours to less than 1 hour. The computational-time reduction 
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was due to using a 2D-model, based on symmetry, instead of the 3D-model. Accounting for 

thermodynamic equilibrium changes the understanding of the problem drastically by avoiding 

inaccurate assumptions used in the past.  

The second front is to develop a new SRT set-up specialized for SAGD injector flowback 

laboratory testing and maintain a cost-effective research budget. Intensive testing was performed 

to troubleshoot the associated problems with high-velocity gas flow.  

The final front was to verify the performance and efficiency of the developed testing set-up by 

conducting six tests. Furthermore, more representative reproducibility criteria were proposed to 

ensure testing repeatability.  

SRT results show that the current industry practices for SL selection, which rely upon field 

experience or rules of thumb, are not conservative as previous researches claim. Eventually, this 

research should be considered as a single-step only in SRT for SAGD injector flowback, and 

necessary methodology enhancements and facility upgrades should be investigated in future work.  
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Chapter 1: INTRODUCTION  

1.1 Background 

Oil sand represents a unique reservoir, where the pores of unconsolidated reservoir sediments are 

filled with very viscous hydrocarbons like bitumen and kerogen, which requires thermal 

techniques to commercialize its production. (Boggs, 2009)  

Alberta oil sands represent 95% of Canadaôs oil reserve, 10% of the worldôs oil reserve, and covers 

a total area of 142 thousand km2. The oil sands contain over 1.7 trillion barrels of Initial Oil in 

Place (IOIP). Only 3% of the IOIP can be extracted by surface mining and the remaining 97% to 

be produced by in-situ extraction. It is economically unfeasible to yield more than 10% of IOIP, 

equivalent to 166 billion barrels, by the current thermal technology. The largest, in terms of areal 

extension, by far is Athabasca, followed by Cold Lake, and Peace River. These three regions make 

up the majority of Alberta oil.  ("Oil Sand Geology & the Properties of Bitumen," Sep. 23, 2019) 

Furthermore, McMurray formation thickness varies from few millimetres up to more than 110 

meters in the eastern part of Alberta. However, the overburden thickness varies from a few 

centimetres present in outcrops along the Athabasca River and increases towards the southwest to 

reach a maximum value of 450 meters. (Hassanpour, 2009) 

However, thermal recovery is one of the most efficient Enhanced Oil Recovery (EOR) techniques, 

which comprises steam injection and in-situ combustion. The steam injection includes cyclic steam 

stimulation (CSS) and steam-assisted gravity drainage (SAGD) operations that mainly involve 

different steam injection strategies. The aim is to reduce the viscosity of bitumen (ultra-heavy oil), 

which results in a production rate exceeding the economic limit. Investigation shows that steam 

injection temperatures ranging from 200°C to 350°C are needed to reduce bitumen viscosity 

dramatically. The steam drive has been considered to be a primary technique before the invention 

of CSS, which shows significant improvement of sweep efficiency compared to steam drive. 

(Green, 1998) 

Moreover, the selection of the CSS or SAGD process is dictated by the geology of the reservoir. 

Cold Lake deposit lends itself better to CSS, whereas the Athabasca deposit responds better to 

SAGD. The statistics by the Alberta Energy Regulator show a dramatic increase in the in-situ 

bitumen production rate in the last 15 years due to the contribution of Athabasca oil sand ("In-situ 
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Bitumen Extraction," Sep. 23, 2018). Albertaôs unconventional basin production has a decline rate 

of only 4 % per year compared to conventional oil basins with a typical decline rate of 20% per 

year. The average decline rate for shale depositions is 40% per year, which implies a continuous 

rig demand and associated exploration risk. ("Oil Sand Geology & the Properties of Bitumen," 

Sep. 23, 2019) 

In general, SAGD operation involves a sand control screen in both steam injection and oil 

production wells. The screens are deployed to prevent the loose sand particles from entering the 

wellbore. In production wells, sand control aims at maintaining well productivity and preventing 

sand production. It results in minimizing the negative environmental impacts of processing 

contaminated sand with oil that requires chemical treatment before dumping. A stand-alone screen 

(SAS) has been proven to be a useful sand control tool in unconsolidated sand. Slotted liner (SL), 

wire-wrapped (WWS), punched (PS), and expandable mesh are the common SAS types. SAS 

performance is very dependent on the characteristic design parameters to specify slot aperture size 

(slot width) while plugging, mechanical integrity, and cost management are based on slot density 

and corresponding open area to flow. (Fattahpour et al., 2018b) 

It is widely believed that in the current design procedure for SLs, the aperture size is a specific 

ratio to a single point of the particle size distribution (PSD), e.g. σ Ὀ  or ρȢτ Ὀ . The aperture 

size design in the SL is based on the PSD description that maintains a stable bridge of sand grains 

above the screen slots. However, the impact of the selected slot aperture should not cause 

significant permeability reduction in the near-wellbore region. A good measure of such impact can 

be quantified by the ratio of final permeability (ὑ ) to the initial intact permeability (ὑ ). 

Retained permeability (ὑ  ὑ ὑϳ ) represents the reduction in permeability 

because of fines migration and pore plugging due to linerôs presence. The current acceptable lower 

limit is an aperture size that results in a retained permeability ratio of more than 50% and satisfies 

the upper limit to restrict sand production volume to less than 1% of the liner volume. (Fattahpour 

et al., 2018b; Montero, 2019; Roostaei et al., 2018) 

Often, the SAS performance is evaluated by laboratory testing using sand retention testing (SRT) 

facilities. Most of the research works focused on sand control in SAGD producers to come up with 

sand control design criteria for SLs (Mahmoudi, 2017) and wire wrap screens (Montero, 2019), 

slots profile influence, and open hole gravel pack design (Roostaei et al., 2018). 
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The SL has the advantages of other SAS because of its reasonable mechanical integrity and 

acceptable produced sand volumes, in addition to its cost efficiency, which makes it the most 

favourable candidate for  SAGD injectors completion (Fattahpour et al., 2018b). In steam injection 

wells, sand control aims to prevent sand accumulation in the wellbore while a steam injector 

undergoes either a normal shut-in, wellhead closure, or an unexpected flowback based on the 

differential potential between the reservoir and the wellbore. (Fattahpour et al., 2018a; Mahmoudi 

et al., 2018a) 

1.2 Problem Statement  

Aperture size selection is well-explored for SLs in SAGD producers, but there are no design 

criteria for SAGD injectors, for any SAS, other than the belief that the current design criteria for 

SAGD producers may work for the SAGD injectors, which may not be necessarily true under real 

circumstances and operational conditions. SAGD injectors in McMurry are equipped with SLs 

with maximum available slot density and smallest possible slot aperture to ensure sand prevention, 

which is considered as a conservative selection (Fattahpour et al., 2018a; Mahmoudi et al., 2018a). 

Often, industry practice prefers being conservative rather than risky, especially in vague sanding 

mechanisms and scenarios.  

However, current understanding of SAGD injectors shut-in consequences, possible flowback 

scenarios, sanding mechanism, associated thermodynamics, and their impact on optimal SAS 

selection are still untouched. There were few preliminary pieces of research conducted before this 

investigation. Those research works were intended to explore SAS performance in SAGD injectors 

based on hypothetical assumptions, which may be inconsistent with SRT operational parameters, 

testing procedure, and SRT configurations. The experimental findings from past research did not 

match sand production expectations. The authors proposed a relatively large aperture size of 

(ρȢτ Ὀ ) in well-sorted sand to maintain acceptable SLs performance, yet the industry prefers 

the smallest possible aperture size. Furthermore, the investigation was conducted for a single PSD 

with low clay content, which does not ensure that the proposed aperture size applies to another 

PSD. Finally, the flowback fluid used was liquid water to mimic low Steam Quality (SQ) 

flowback, which is unlikely the case for steam injection wells. (Mahmoudi et al., 2018a) 

However, applying the ρȢτ Ὀ ) size criterion in the high SQ flowback case proposed by 

Fattahpour et al. (2018a) results in negligible produced sand. It means that the proposed criterion 
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by Mahmoudi et al. (2018a) is very conservative compared to that of Fattahpour et al. (2018a). 

Accordingly, any criteria for slot design for SLs should maintain sand production below acceptable 

limits. The criteria proposed for low-SQ flowback SRT is already decided to be relatively wider 

than the favourable industry size. Besides, several flowback stages were conducted in each SRT 

test, and only the cumulative produced sand was compared with the aperture size to evaluate SAS 

performance. Eventually, the decision of whether the industry standards are conservative or not 

depends on SRT performance evaluation rather than the selected SL aperture size. 

1.3 Research Hypothesis  

Logic indicates that sand control design criteria are equally crucial for SAGD injector and 

producer. While the literature covers most aspects of design for SAGD producers, there is a 

considerable gap in the literature when it comes to sand control design criteria for SAGD injectors. 

It seems the industry overcomes this situation by being conservative, according to previous 

research in this field (Fattahpour et al., 2018a; Mahmoudi et al., 2018a). There is a need for a 

systematic SRT procedure to quantify and evaluate the sanding performance of SLs in SAGD 

injectors. Indeed, developing sand control design criteria for SAGD injectors may not be as easy 

as it is for SAGD producer, but technically it should be possible to assess SAS performance by 

SRT in the laboratory.  

The industry tends to use small aperture size slots for SL completion. However, some researches 

argue that this strategy may result in considerable formation damage and injectivity loss due to 

fines migration in case of an injector flowback. The conclusions made by previous researches are 

questionable because the research neglected reservoir, production and thermodynamics principles 

in the assessment of testing variables. Moreover, the SRT set-up flowlines appear to consume most 

of the applied pressure. Accordingly, the working hypothesis of this research is the small aperture 

size will not cause formation damage in the SRT experiments.   

 

1.4 Research Objectives 

The primary objective of this research is to eliminate as many hypothetical assumptions as possible 

by exploring SAGD injector flowback possibility and incorporating reservoir engineering, 

reservoir simulation, and thermodynamics to evaluate representative operational parameters. The 
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testing incorporates initial sample saturation, flowback parameters such as number of stages, 

flowback fluids, applied stress during testing, flowback differential pressure, and other related 

SRT parameters. The research examines the flowback in SAGD injector based on reservoir and 

production engineering concepts.  

To allow emulating SAGD injection wells during flowback, the existing SRT testing facilities were 

modified to mimic SAGD injector flowback and yield representative results. Furthermore, another 

objective is to examine the industry practice for aperture size selection for SLs in SAGD injectors. 

In summary, the objectives include: 

¶ Obtain reasonable SRT operational parameters to mimic SAGD flowback. 

¶ Operational parameters guide the modifications to the existing SRT facility.  

¶ Propose a systematic testing scheme that best represents the SAGD injector flowback 

scenario. 

¶ Examine the current industry practice by using the modified SRT facility & testing 

scheme. 

1.5 Research Methodology 

The research is performed in the following steps: 

1. Acquire an in-depth understanding of SRT for SAGD injector flowback. 

2. Develop a representative SAGD model using Computer Modelling Group (CMG) STARS. 

3. Couple CMG model with a suitable correlation to predict flowing bottom hole pressure 

(BHP) during injector flowback according to nodal system analysis (NSA) concepts. 

4. Obtain the operational parameters for a representative SRT testing based on the worst-case 

scenario. 

5. Modify the existing SRT facility to adapt to SAGD injector testing. 

6. Explore several testing procedures and nominate the most suitable technique. 

7. Examine the current industry aperture size selection for SAGD injector through SRT 

experimentation. 
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1.6 Significance of Work  

The purpose of this work is to initiate a systematic procedure for conducting SRT. The research 

involves using the CMG STARS model, understanding compressible fluid flow in a conduit, 

constructing and modifying SRT facility and scheme to help future investigations related to SAGD 

injector near wellbore region, and justifying the current industry selection practice in selecting the 

aperture size of SLs.  

The CMG STARS model was used to overcome the lack of data related to possible SAGD injector 

failures that may follow a severe flowback. Coupling a natural gas flow correlation with the 

simulator expedites the simulations. The current SRT testing facility was modified to adapt a 

testing procedure suitable for injection flowback scenarios. Using the modified SRT proves that 

incomplete and misleading conclusions leading to claim that the industry practice is conservative 

in aperture size does not have any detectable impact on the well performance. 

1.7 Thesis Layout 

This thesis includes the following seven chapters. 

Chapter 1: contains an introduction to Alberta oil sands, thermal EOR, and SAS importance in 

SAGD operation, followed by problem statement, research hypothesis, objectives, methodology, 

and contributions.    

Chapter 2: provides a brief literature review of the concepts utilized in this study.    

Chapter 3: describes the CMG STARS model, a natural gas flow correlation and emphasizes 

similarities in the properties between natural gas and superheated steam. 

Chapter 4: combines the STARS results with gas flow correlation in an iterative technique to 

assess flowing BHP during injector flowback and assign the SRT operational parameters. 

Chapter 5: demonstrates stages of modifications and developments for SRT facility and testing 

procedure. 

Chapter 6: elaborates on SRT results to examine the performance of SLs based on industry 

selection practices, the most suitable testing program, and analysis of testing results. 
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Chapter 7: summarizes research findings and discusses the possible future direction of this 

work. 
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Chapter 2: LITERATURE REVIEW  

This chapter includes essential topics related to sand control testing for SAGD wells, particularly, 

injection wells. It involves sand characterization, general review for oil sands and bitumen, rock 

and fluid properties for gas flow in porous media, thermodynamics role in SAGD production, sand 

control testing for SAGD, and Bernoulliôs equation application. 

2.1 Sand Characterization 

Reservoir geology is often a valuable key for understanding some reservoir phenomena that alter 

petrophysical properties and may lead to reduced injectivity. Geologists believe that the chemical 

and physical properties of geomaterials are closely related to depositional environments and the 

saturating fluids.  

Sedimentary rocks are classified into three fundamental types: terrigenous siliciclastic, 

chemical/biochemical, and carbonaceous. Each of these major groups of sedimentary rocks can be 

further subdivided based on grain size and mineral composition. Authigenic constituents represent 

minerals precipitated from pore water within prepacked sediments that form the so-called cement 

material. (Boggs, 2009) 

The following section includes topics like the geological description of McMurray oil sand, the 

description of unconsolidated particles, and the classification of the McMurray formation based 

on the particle size distribution (PSD). 

 2.1.1 McMurray Oil Sand from Geology Prospective 

Oil sand is oil-rich sediments that contain, on average, a weight fraction of 10% bitumen, 5% 

water, and 85% solids. Bitumen content can be as high as 20 wt.% in some sections. The solids 

are mainly formed of primarily quartz silica sand, usually over 80 wt.%, with a small fraction of 

fine clay and potassium feldspar. Clay material consists of chlorite, illite, kaolinite and smectite. 

Furthermore, there is an inversely proportional trend between fines content and bitumen weight 

fraction that affects reservoir quality. Moreover, water content varies from almost zero to as high 

as 9 wt.%. The water content has been found to be directly proportional to fines content and 

inversely proportional to both bitumen content and section quality. ("Oil Sand Geology & the 

Properties of Bitumen," Sep. 23, 2019)  
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The McMurray formation belongs to the lower part of the Mannville Group, which exists within 

the fluvial-estuarine channel point of lower Cretaceous. The upper Mannville Group in lower 

Cretaceous contains the Wabiskaw member, which often is considered a cap rock. The Clearwater 

formation and Grand Rapids formation belong to overburden layers. Figure 2.1 presents the typical 

geological stratigraphy in Northern Alberta. McMurray formation thickness varies from a few 

millimetres up to more than 110 meters in the eastern part of Alberta. The overburden thickness 

varies from a few centimetres present in outcrops along the Athabasca River and increases towards 

the southwest to reach a maximum depth of 450 meters. A thick oil sand formation, along with 

considerable overburden thickness, makes the site a right candidate for SAGD operations. 

However, the variety of depositional environments in the McMurray formation results in a 

complex heterogeneity in the reservoir. (Hassanpour, 2009)  

The McMurray formation is divided into the lower, middle, and upper units based on the associated 

depositional environment and the corresponding reservoir quality.  The lower unit was deposited 

within the fluvial environment and had extremely poor sorted PSD ranging from highly angular 

fines to coarse sand. The upper unit is horizontal strata, which is often in sharp contrast to Inclined 

Heterolithic Strata (IHS). Figure 2.2 presents a schematic diagram that describes the IHS. It has an 

upward coarsening tendency in two cycles separated by a thin layer, and within each cycle, several 

lithofacies are present, which indicate a significant degree of heterogeneity. (Hassanpour, 2009) 

The Middle McMurry formation is the thickest part and has the best reservoir quality. It can be 

subdivided into two units, Large-scale Cross-stratified Sand and IHS. The first unit has a large 

scale cross stratified coarse sand, which is characterized by excellent permeability, porosity, and 

bitumen saturation. The thin segregated shale laminations that are embedded into a thick 

homogenous bed set, with a minimum thickness of half a meter, is believed to be due to the marine 

tidal depositional environment. The second unit consists of heterogenous IHS bodies distributed 

within the first unit. IHS plays a vital role in the steam chamber development of in-situ processes. 

The depositional environment is as complex as ñForest deposits of small, Gilbert-type deltas 

prograding northward into a standing lacustrine or lagoonal body.ò  (Hassanpour, 2009) 
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Figure 2.1. Stratigraphy of Northern Alberta (Hassanpour, 2009). 

 
Figure 2.2. Schematic representation of IHS (Hassanpour, 2009). 

 

 2.1.2 Geologist Classification of Unconsolidated Particles 

Grain size is an essential descriptive factor that reflects weathering and erosion processes. In 

general, sediments can range in size from boulder to clay size particles. Sedimentologists are 

interested in grain size measuring techniques, determining particle size distribution, and the use of 

data to gain perspective about the depositional environment.  

Udden-Wentworth modified scale, shown in Table 2.1, was proposed by Udden in 1898 and 

extended by Wentworth in 1922 to classify solid particles. According to this classification, clay 

size measures less than 1/256 mm. Krumbein made a significant contribution in 1934 by adding 

logarithmic Phi (◖), which enhances representation abilities by using an equal steps scale. Eq. 2.1 

shows the mathematical relation of the proposed Phi scale. 

ꜚ   ■▫▌▀         (Eq. 2.1) 
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where (‰) is Phi size and (Ὠ) is grain diameter in millimetres. It is a common practice in PSD 

graphs to plot the coarse sizes to the left and the fine sizes to the right. (Boggs, 2006) 

There are several techniques used to measure grain size. The selection is based on the objective of 

the study, range of grain size to be measured, and the degree of consolidation of sediments. Sieving 

or sieve analysis is considered to have sufficient accuracy for gravel-size to silt-sized particles for 

unconsolidated sediments. However, sedimentation techniques based on particlesô settling velocity 

provide better accuracy for clay-sized particles compared to coarse-size particles. The reason is 

the grain shape is measured by such parameters as grain sphericity, affects the settling velocity in 

large grains as drag forces are size sensitive. However, the technology of associated measurements, 

which use photo-hydrometer, Sedi-graph, laser-diffractor analyzer, electro-resistance analyzer and 

image analysis, are costly because they require sophisticated equipment and high experience to 

run such measurements to produce reliable results. (Boggs, 2009) 

Mechanical sieving is considered at the top of the list due to its relatively cheap cost in producing 

representative measurements. Thin section analysis preparation combined with a reflected-light 

binocular microscope is recommended to estimate consolidated sediments grain size with minimal 

disturbance of its original condition. Table 2.2 summarizes the methods of grain size analysis based 

on the sample category. (Boggs, 2009) 
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Table 2.1: Udden-Wentworth Modified Scale (Boggs, 2006). 

 

Table 2.2: Methods of Measuring Sediment Grain Size (Boggs, 2009). 

 

The measured grain size of a specific sample can be illustrated in a graphical form, which is the 

most common use in this domain. The graphical representation includes three methods: histogram 

and frequency curve, cumulative arithmetic curve, and log probability scale cumulative curve, as 

shown in Figure 2.3 (Boggs, 2006).  

Type of sample Sample grade Method of Analysis

Boulders

Cobblers

Pebbles

Granules

Sand

Silt

Clay

Boulders

Cobblers

Pebbles

Granules

Sand

Silt

Clay

Unconsolidated sediment

Lithified sedimentary rock

Manual measuremnts of individual clasts

Sieving, settling-tube analysis, image analysis

Pipette analysis, sedimentation balances, sedigraph, 

laser diffractometry, electro-resistance size analysis

Manual measuremnts of individual clasts

Thin-section measurement, image analysis

Electron microscopy
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The frequency curve is very similar in appearance to Probability density function (PDF), but it has 

asymmetric bell-shape. The cumulative curve is a clear representation of the PSD and 

mathematically corresponds to the cumulative distribution function (CDF), which is defined as the 

integral of PDF (Soong, 2004). The cumulative arithmetic curve produces S-shape, and the slope 

of the S-shape is an indicator for size sorting. A good sorting sample exhibits a very steep slope 

S-shape, whereas a poorly sorted sample exhibits a gentle slope of the S-shape. Furthermore, the 

evaluation of PSD is a common practice for sand control problems and evaluating PDF would not 

be hard based on the previously mentioned mathematical relation between CDF and PDF. (Boggs, 

2006) 

 
Figure 2.3. Graphical representation of grain size: A) tabular form, B) frequency curve, C) cumulative 

arithmetic curve (or PSD), and D) log probability scale cumulative curve (Boggs, 2006). 

Mathematical representation of grain size is considered as a better tool compared to the previously 

mentioned graphical techniques due to providing better understanding and more informative 

details about a given sample PSD. The definitions and mathematical expressions of a few statistical 

parameters that are usually reported for a given sample are given next.  
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Mode size is the most frequently occurring particle size in a sample. The mode is shown as a peak 

on the frequency curve and the inflection point or the steepest point of a cumulative curve. Median 

size (‰  or Ὀ  ) is defined as the midpoint of grain distribution. Half of the grains by weight are 

larger than the median, and the other half are smaller. Arithmetic Mean size is approximated with 

a graphical mean because it is impractical to count the number of grains in a sample or measure 

the individual size of each grain to evaluate the arithmetic mean. Graphical Mean (ὓ ), inclusive 

graphical standard deviation („), inclusive graphical skewness (Ὓὑ), and graphical kurtosis (ὑ ) 

are all calculated based on the five percentile values shown in Figure 2.4. (Boggs, 2006) 

 
Figure 2.4. Method for calculating percentile values from cumulative curve (Boggs, 2006). 

Graphical mean can be estimated using Eq. 2.2 as a function of Phi: 

ὓ          (Eq. 2.2)  

Standard deviation is a unique mathematical expression for grain sorting. However, conventional 

formulation cannot be used with grain-size data. A graphical-statistical version of inclusive 

graphical standard deviation (Eq. 2.3) can provide an acceptable approximation and can illustrate 

the sorting degree that corresponds to each standard deviation. (Boggs, 2006) 

„
Ȣ

         (Eq. 2.3) 
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Phi standard deviation  Verbal value expression 

< 0.35    very well sorted 

0.35 to 0.50   well sorted   

0.50 to 0.70   moderately well sorted 

0.70 to 1.00   moderately sorted 

1.00 to 2.00   poorly sorted 

2.00 to 4.00   very poorly sorted 

> 4.00    extremely poorly sorted  

Skewness is a measure of grain size sorting that reflects the distribution of grain size in the tail of 

the diagram.  It is essential because sand size often yields asymmetric frequency curve or non-

perfect bell-shaped curve with positive or negative skewness, as shown in Figure 2.5. The 

numerical value of skewness is obtained using the mathematical representation of inclusive 

graphical skewness expressed by Eq. 2.4 with the corresponding verbal value expression given 

below. (Boggs, 2006) 

 
Figure 2.5. Skewed grain size frequency curves (Boggs, 2006). 

 

Ὓὑ        (Eq. 2.4)  
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Calculated skewness  Verbal skewness 

> +0.30   strongly fine skewed 

+0.30 to +0.10   fine skewed 

+0.10 to -0.10   near symmetrical 

-0.10 to -0.30   coarse skewed 

< -0.30    strongly coarse skewed  

Kurtosis refers to the sharpness of the frequency curve. It indicates the degree of sorting in the 

central portion.  

Figure 2.6 shows kurtosis for normal distribution compared with a higher and lower kurtosis 

number.  

 

 
Figure 2.6. Kurtosis of a normal distribution curve. 

The mean size (ὼӶ), standard deviation („ ), skewness (Ὓὑ), and kurtosis (ὑ ) of grain size 

distribution can be calculated without reference to the PSD curve using Eq. 2.5 through Eq. 2.8. A 

detailed solved example is presented in Table 2.3. (Boggs, 2009) 

ὼӶ  
В

           (Eq. 2.5)  
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„  
В Ӷ

         (Eq. 2.6)  

Ὓὑ  
В Ӷ

 
         (Eq. 2.7)  

ὑ  
В Ӷ

 
         (Eq. 2.8)  

where (f) is the weight percentage, Phi (m) is the midpoint in each interval,  and (n) is total 

number in a sample. n =100 when f is presented in percentage, as shown in the following 

example in Table 2.3. 

Table 2.3: Form for Computing Moment Statistics Using ½ Size Classes (Boggs, 2009). 

 

 

Class interval midpoint weight % product deviation deviation squared

(    ) m f f.m m- (m- )^2

0 - 0.5 0.25 0.9 0.2 -2.13 4.53

0.5 - 1.0 0.75 2.9 2.2 -1.63 2.65

1.0 - 1.5 1.25 12.2 15.3 -1.13 1.27

1.5 - 2.0 1.75 13.7 24.0 -0.63 0.39

2.0 - 2.5 2.25 23.7 53.3 -0.13 0.02

2.5 - 3.0 2.75 26.8 73.7 0.37 0.14

3.0 - 3.5 3.25 12.2 39.7 0.87 0.76

3.5 - 4.0 3.75 5.6 21.0 1.37 1.88

>4.0 4.25 2.0 8.5 1.87 3.50

total 100 237.8

Class interval product deviation cubed product deviation quadrupled product

(    ) f. (m- )^2(m- )^3f. (m- )^3(m- )^4 f. (m- )^4

0 - 0.5 4.08 -9.64 -8.67 20.51 18.46

0.5 - 1.0 7.69 -4.31 -12.51 7.02 20.37

1.0 - 1.5 15.52 -1.44 -17.51 1.62 19.75

1.5 - 2.0 5.40 -0.25 -3.39 0.16 2.13

2.0 - 2.5 0.39 0.00 -0.05 0.00 0.01

2.5 - 3.0 3.71 0.05 1.38 0.02 0.51

3.0 - 3.5 9.28 0.66 8.09 0.58 7.05

3.5 - 4.0 10.54 2.58 14.46 3.54 19.84

>4.0 7.01 6.56 13.12 12.28 24.56

total 63.61 -5.09 112.69
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 2.1.3 Description of McMurry Formation Sands 

Statistical parameters, presented in Eq. 2.1 through Eq. 2.8, associated with the Udden-Wentworth 

modified scale, presented in Table 2.1, can describe any unconsolidated formation. However, 

extensive work was done to categorize Pike 1 project in McMurray formation, and more advanced 

parameters, presented in Table 2.4, were used to describe sand PSD when the range of distribution 

is narrow. Less than 1% of the McMurray formation particles are larger than the sand size of 2000 

‘ά, and they were discarded from the PSD formulation. (Abram & Cain, 2014)   

Table 2.4: PSD Coefficients (Abram & Cain, 2014). 

 

Abram and Cain (2014) concluded that McMurray formation, especially in Pike 1 site, can be 

categorized into four primary sand footprints. Table 2.5 presents the sand footprints along with the 

PSD coefficient for each sand. Mahmoudi (2017) replicated those characteristics with commercial 

sand for SRT testing, hence, eliminating the need for field sand core samples. 

An essential remark for the notation of PSD percentiles, e.g. d90, d50 and d10, is the small letter 

d represents the cumulative percentage of passing grain sizes. The capital letter D represents the 

cumulative percentage of retained grain sizes. Figure 2.7 represents two identical PSDôs analyzed 

with passing and retained sieving analysis techniques.   

Table 2.5: Synthetic Sand-Classes Characteristics (Abram & Cain, 2014). 
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Figure 2.7. Demonstration of cumulative percentage of passing and retained grain sizes. 

2.2 Sand Retention Testing for SAGD Application  

SRT is a powerful technique to assess SAS and gravel pack performance in laboratory-controlled 

conditions. However, the results of SRT are prone to artifacts and entirely dependent on 

experimental conditions.  The two dominant testing schemes are slurry and sand pack tests (Ballard 

& Beare, 2006). The following topics are discussed in this section: SRT description, gravel pack 

and slot profile impact, SAGD injectors operational conditions, common SRT facilities for SAGD 

injectors and testing results, and possible scenarios for injector flowback.    

 2.2.1 Overview of Sand Pack SRT 

Sand pack testing with SRT (call pre-pack SRT) has been found to give a proper description for 

SAGD near-wellbore conditions. The pre-pack SRT is favoured over another SRT type, called 

Slurry SRT (Montero et al., 2018), in most SRT research for SAGD wells. Schematics of SRT 

equipment for SAGD producer and injector testing are presented in Figure 2.8 and Figure 2.9, 

respectively.  

The SRT setup consists of a flowback unit or injection unit, sand pack and data acquisition system 

for axial stress, pressure, and volumetric or mass flow rate. The injection unit in producer SRT has 

the capacity of three-phase simultaneous injection. The versatile design allows several 

investigations to be conducted with minor changes to the testing parameters. Brine salinity and pH 
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effects on fines migration (Mahmoudi, 2017), WWS design criteria for SAGD producer (Montero, 

2019), steam breakthrough impact (Mahmoudi et al., 2018b), and gravel pack design criteria 

(Roostaei et al., 2018) are some of the topics investigated by such versatile design.  

The results have been analyzed regarding sanding and flow performances. Often, sanding 

performance is used to identify the upper limit of SAS aperture size, whereas flow performance is 

used to quantify the associated formation damage due to plugging of formationôs pore throat. The 

optimal goal is to minimize the aperture size as much as possible without inducing severe 

formation damage (Montero et al., 2019). The assessment of operational testing parameters was 

based on in-depth understating of the problem. 

However, SRT for injector facility schematic was developed to account for, low-steam-quality or 

compressed-liquid flowback scenario, as proposed by (Mahmoudi et al., 2018a) and, high-steam-

quality or saturated-steam flowback scenario, as proposed by (Fattahpour et al., 2018a). The testing 

results mainly focus on sanding performance only without giving any attention to flow 

performance. Furthermore, the operational parameters were assigned based on hypothetical 

assumptions. 

 
Figure 2.8. SRT facility schematic for SAGD producer (Montero et al., 2019). 
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Figure 2.9. SRT facility (2 in 1) schematic for SAGD injector. 

 

 2.2.2 Gravel Pack and Slots Profile 

Open hole gravel pack (OHGP) is a widely used completion practice in steam drive wells, often 

associated with SAS. It is well known that the gravel pack creates a higher permeability zone 

adjacent to the well, which reduces the pressure gradient and ultimately minimizes fines migration. 

A large-scale SRT facility was used to mimic this type of completion to investigate sand 

production, absolute pressures, the differential pressure across several sections of the SRT to 

enable accurate performance assessments of the gravel packs and SLs. The literature is rich with 

gravel pack design based on designersô perspective to minimize fines invasion to avoid pore 

plugging of the gravel pack itself (Roostaei et al., 2018). A summary of the gravel pack design 

based on sand PSD description of either D50 or D10 is presented in Table 2.6.  

Table 2.6: Gravel Size and Slot Aperture Design Criteria Summary (Roostaei et al., 2018). 

Design Coberly (1938) Hill (1941) Saucier (1974) Tiffin (1998) 

Gravel criteria (8 to 10) x D10 (8 to 10) x D10 (5 to 6) x D50 (7 to 8) x D50 

Screen aperture size 50% to 75% of the smallest gravel size 




























































































































































































































































































