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ABSTRACT  

 

Hydraulic fracturing stimulation has unleashed prolific production from unconventional 

reservoirs. Horizontal drilling is used in conjunction with multi-stage hydraulic fracturing to 

increase the recoverable reserves by increasing the reservoir contact area. The target formation is 

drilled horizontally and then several hydraulic fracturing stages are created starting from the toe 

stage to the heel stage. Injecting the fracturing fluid at a high injection rate creates the fractures 

and is followed by proppant-laden slurries to ensure the conductivity of the fractures. One of the 

main challenges in multi-stage, multi-cluster treatments is distributing the proppant evenly 

between the different perforation clusters. Uneven proppant distribution might impact the fracture 

conductivity and ultimately influence the well productivity.  

The main objective of this research is to experimentally study the effect of changing the 

perforation configurations on the proppant transport and distribution using fresh water. Additional 

objectives include investigating the effect of injection rates, proppant concentrations, and proppant 

size on the proppant transport and distribution between multiple perforation clusters. A final 

objective is to develop experimental correlations to predict the transport and distribution behavior 

of the proppant as a function of perforation configuration.  

The experimental setup consists of a 30-foot transparent horizontal wellbore with an 

internal diameter of 1.5 inches. The horizontal pipe has three perforation clusters separated equally 

by 6 feet. Each perforation has 4 shots per foot with 90o phasing combined with a valve to control 

the flow at each perforation. This helped to accomplish different perforation configurations by 

controlling each perforation individually. To simulate slickwater fluid used in the field, fresh water 

with no additives was used for all experimental tests as the carrier fluid. Experimental tests were 

conducted on 100-mesh brown sand and 40/70 mesh white sand using a wide range of proppant 

concentrations and injection rates.  

The experimental results indicate that the proppant transport and distribution is highly 

influenced by the perforation configuration. The 100-mesh sand shows an even distribution at a 

lower proppant concentration using a 1 SPF, top perforation configuration. However, higher 

concentrations of the 100-mesh sand were received at the toe cluster using higher proppant 

concentrations. On the other hand, 100-mesh sand exhibited a heel-biased uneven distribution 
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using a 1 SPF, bottom perforation configuration at all tested parameters. The 100-mesh sand 

indicated even proppant distribution using 2 SPF at higher injection rates. Using 3 SPF and 4 SPF 

showed a toe-biased distribution at all tested parameters. The 40/70 mesh sand exhibited similar 

distribution behavior to the 100-mesh results most of the time. However, the 40/70 mesh sand 

behaved differently using the 1 SPF, top perforation configuration at low injection rate resulting 

in an even distribution. The 40/70 mesh sand distribution showed a heel-biased uneven distribution 

using 2 SPF at all tested parameters. The sand settling at the bottom of the horizontal wellbore is 

affected significantly by the injection rate and perforation configuration. The high momentum 

associated with the higher injection rates helps in suspending the sand particles to the toe clusters. 

The highest sand settling was observed using the 1 SPF, top perforation configuration at low 

injection rates, whereas the lowest sand settling found using 4 SPF at high injection rates. The 

sieve analysis of the 100-mesh and 40/70 mesh sands showed the capability of fresh water to 

transport coarser sand particles to the toe cluster at high injection rates.  

The obtained experimental results in this research were used to develop a novel 

experimental correlation using Buckingham’s pi-theorem to predict the proppant distribution 

between multiple perforation clusters. The developed correlation includes different independent 

variables such as the injection rate, proppant concentration, proppant size, pipe diameter, and 

number of perforations. Comparing the actual experimental values to the developed correlation 

shows low error values of 5 to 11% for most of the tested configurations on the 100-mesh sand.  
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CHAPTER 1 

INTRODUCTION 

 

The depletion of many conventional reservoirs over the years in addition to technology 

advancement has shifted the oil and gas industry’s attention to explore different sources of 

hydrocarbons. The industry has continued to improve its understanding related to shale well 

completions, fracturing and operations for over three decades (King 2010). Hence, much of the 

current interest of the petroleum industry focuses on unconventional reservoirs that contribute to 

a substantial increase of oil and gas production, especially in the United States.  

The extreme low permeability of these reservoirs is considered one of the main challenges 

in developing unconventional reservoirs. Horizontal drilling with multi-stage hydraulic fracturing 

is essential to maximize the reservoir contact area and consequently enhance the production (Chen 

and Wang 2012). Cook et al. (2018) reported that 69% of oil and natural gas wells drilled in 2016 

in the United States are horizontal wells and hydraulically fractured. In 2017, the U.S. started to 

export more natural gas than it imports. Based on the U.S. net energy trade outlook from 1990 to 

2050, Yen (2019) predicted that the United States will trade more energy by 2020 than it imports, 

as shown in Figure 1.1. 

 
Figure 1.1. U.S. net energy trade (1990-2050) in quadrillion British thermal units (BTU) (Yen 

2019). 
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The total energy exported from the United States actually exceeded total energy imported 

in 2019 by 0.8 quadrillion British thermal units for the first time since 1952, as shown in Figure 

1.2 (Sanchez 2020). 

 
Figure 1.2. U.S. net energy trade (1950-2019) in quadrillion British thermal units (BTU) 

(Sanchez 2020). 

 

Hydraulic fracturing is a well stimulation technique performed after drilling in which fluid, 

frequently slickwater, is injected through the wellbore at high flow rates under high pressure to 

create sufficient fractures or restore previously existing fractures. Hydraulic fracturing treatments 

improve the drainage capacity of the reservoir and /or bypass near-wellbore damage by increasing 

the effective wellbore radius. Consequently, higher production rate is obtained, which leads to 

commercial production from very low permeability reservoirs, as shown in Equation 1.1 (Cook et 

al. 2018; Ngameni 2016; Schein 2005).  

𝑄 =
0.00708𝑘ℎ(𝑃𝑒 − 𝑃𝑤𝑓) 

𝐵𝑜µ [ln (
𝑟𝑒
𝑟𝑤
) + 𝑠]

 (1.1) 

 

where: 

Q: Produced flow rate, STB/day, [L]3[T]-1; 

𝑘: Reservoir absolute permeability, md, [L]2; 

ℎ: Formation height, ft, [L]; 
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𝑃𝑒: Reservoir pressure, psia, [M][L]-1[T]-2; 

𝑃𝑤𝑓: Wellbore flowing pressure, psia, [M][L]-1[T]-2; 

𝐵𝑜: Formation volume factor, rbbl/STB, dimensionless; 

µ: Fluid viscosity, cp, [M][L]-1[T]-1; 

𝑟𝑒: External drainage radius, ft, [L]; 

𝑟𝑤: Wellbore radius, ft, [L]; 

𝑠: Skin factor, dimensionless. 

 

The first commercial hydraulic fracturing application was performed 12 miles east of 

Duncan, Oklahoma on March 17, 1949, followed by another successful fracturing job in Holliday, 

Texas on the same day (Montgomery and Smith 2010). The use of hydraulic fracturing coupled 

with horizontal drilling began to expand in the early 2000s and became a major technique of almost 

all newly developed oil and gas wells in the United States by October 2011 (Cook et al. 2018).  

King (2010) reported the impact of employing multi-stage fracturing on horizontal wells 

with very low viscosity slickwater. The technological improvement on the abovementioned 

components in addition to utilizing real-time stress changes were used to design a fracturing job 

of an offset well to reorient the hydraulic fracture of a nearby well. The offset well’s treatment was 

used to divert the hydraulic fracturing treatment and cover an untreated section of the formation. 

Thus, enhancing the estimated recovery of shale gas-in-place to about 50% during the last decade 

(Warpinski and Branagan 1989).     

Horizontal wells are longer, more complex, and more expensive compared to vertical wells. 

Thus, designing a fracturing treatment to produce more crude oil and natural gas is crucial to 

compensate for the drilling and stimulation treatment expenses. One of the major challenges in 

hydraulically fractured horizontal wells using slickwater is transporting the proppant evenly across 

all the perforation clusters and ultimately propping the created fractures. Several laboratory studies 

such as Alotaibi and Miskimins (2018) were performed to understand the proppant transport inside 

the created fracture. However, proppant transport through horizontal wells using slickwater is still 



4 

 

not fully understood (Ngameni 2016). Section 1.1 discusses the proppant carrier fluid selection 

criteria. 

1.1  Selection of Carrier Fluid 

Selecting the fluid system type as the proppant carrier in a hydraulic fracturing treatment 

in horizontal wells depends on several factors including the density difference between the 

proppant and the carrier fluid, fluid viscosity and proppant suspension, turbulent flow, proppant 

concentration and median size, formation damage, and overall cost (Ahmad and Miskimins 2019; 

Brannon et al. 2006; Kostenuk and Browne 2010; Ngameni 2016). This research focuses primarily 

on slickwater as the carrier fluid of proppant transport.  

Low viscosity slickwater fluid is a popular carrier fluid in many hydraulic fracturing 

treatments (Ahmad and Miskimins 2019). To obtain profitable production from unconventional 

reservoirs, sufficient fracture geometry and conductivity is created by pumping a large volume of 

slickwater (Schein 2005). The advancement in slickwater technology allowed the industry to 

produce economically from shale formations with nano-darcy permeability (Alotaibi 2015). In 

2004, 31.1% of fracturing treatments in the U.S. utilized slickwater as the fracturing fluid (Schein 

2005). Figure 1.3 illustrates the geological areas in the U.S. that successfully employed slickwater 

fracturing in 2005 (Schein 2005). 

 
Figure 1.3. Successful slickwater fracturing in the U.S. (Schein 2005). 
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Slickwater contains water only, water with low linear concentration of gel (0.5-20 

lbs/Mgals), or  water with less than 0.5% chemicals such as corrosion inhibitors and clay stabilizers 

(Ngameni 2016; Woodworth and Miskimins 2007). Different names are used to describe 

slickwater fracturing treatments. These names include river fracs, pit fracs, water fracs, treated 

water fracs, low-proppant fracs, and friction-reduced fracs.  

There are many advantages of utilizing slickwater as the carrier fluid in hydraulic fracturing 

treatments including the effectiveness of creating large stimulated reservoir volume (SRV), 

minimizing formation damage as a result of the absence of gel residue, generating an optimal 

dimensionless fracture conductivity, and low overall cost. Also, slickwater is faster to pump 

compared to conventional fracturing fluids and easier to flow back for well cleanup (Ahmad and 

Miskimins 2019). The low allowable pressure differences during low permeability reservoirs’ 

cleanup makes slickwater more favorable to avoid proppant pack damage (Brannon et al. 2006).  

In 1999, Mitchell Energy Company successfully utilized slickwater in a fracturing 

treatment in the Barnett shale (King 2010). This low-cost treatment saved the company about 35% 

compared to previously utilized gel. Moreover, this treatment tripled the production rate after 18 

years of production, as shown in Figure 1.4. The slickwater treatment doubled the preceding 

production rate achieved using a gel-frac. This successful result urged companies to consider using 

slickwater in shale formation treatments.   

 
Figure 1.4. Enhancement of production rate utilizing slickwater in Barnett horizontal well 

(King 2010). 
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 The stimulated reservoir volume (SRV) is enhanced by inducing more complex fractures, 

which are formed by the combination of both low viscosity slickwater and the high pumping rate 

needed to transport the proppant (Kostenuk and Browne 2010). Figure 1.5 depicts an increase in 

the microseismically-measured stimulated reservoir volume from 430 million ft3 to 1450 million 

ft3 using slickwater compared to cross-linked gel in horizontal Barnett wells (King 2010).  

 
Figure 1.5. Increase of SRV using slickwater compared to crosslink gel frac in Barnett horizontal 

well (King 2010). 

 

However, slickwater fracturing treatments, comprised of low proppant concentrations up 

to 2 ppg, increase proppant settling and minimize the capacity to transport the proppant (King 

2010). Slickwater treatments are pumped at a rate varying from 10 to 120 BPM including almost 

50% pad volume required to create the fracture network. Another major concern regarding 

slickwater fracturing is that slickwater has poor capacity to suspend and transport the proppant, 

resulting in uneven proppant distribution along the horizontal well (Palisch et al. 2010). This 

uneven proppant distribution results in lower conductivity and productivity due to lower propped 

fracture half-length and height compared to the designed fracture, as shown in Equation 1.2  

(Ngameni 2016; Palisch et al. 2010). Field data shows some perforation clusters are not 

contributing to production. This is attributed to the uneven proppant distribution among the 

different perforation clusters (Bokane et al. 2013).   

𝐹𝑐𝑑 =
𝐾𝑓𝑊

𝐾𝑋𝑓
 (1.2) 
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where: 

𝐹𝑐𝑑: Dimensionless fracture conductivity, dimensionless; 

𝐾𝑓: Fracture permeability, md, [L]2; 

𝑊: Fracture width, ft, [L]; 

𝐾: Reservoir absolute permeability, md, [L]2; 

𝑋𝑓: Fracture length measured from wellbore to fracture tip, ft, [L].  

A fracture optimization study conducted by Warpinski et al. (2008) illustrates the fracture 

conductivity significance on cumulative production of unconventional gas reservoirs, as shown in 

Figure 1.6.  

 
Figure 1.6. Enhancement of gas recovery by increasing fracture conductivity (Warpinski et al. 

2008). 

 

1.2  Research Motivation and Contribution 

Despite the advantages and heavy use of slickwater in today’s horizontal well hydraulic 

fracturing treatments, the industry’s understanding about proppant distribution and transport 

through different perforation clusters along the horizontal well is still limited.  Few experiments 
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have been conducted to understand the proppant transport behavior in horizontal wells using 

slickwater (Ahmad and Miskimins 2019; Crespo et al. 2013; Ngameni et al. 2017).  

This research is a continuation of previous laboratory experiments conducted in the 

Alderson Hall High Bay Lab at Colorado School of Mines. Past research experiments were 

conducted using a 30-foot horizontal pipe with two different inside diameters at various slurry 

injection rates, proppant concentrations, proppant types, and fluid viscosities. This research studies 

the effect of changing perforation configurations on proppant transport mechanisms and proppant 

distribution using slickwater.  

The contribution of this research is to help enhance the industry’s understanding about 

proppant transport in horizontal wells using low viscosity slickwater. Also, this research helps in 

improving the proppant distribution by developing experimental correlations to predict the optimal 

injection rate and proppant concentrations of 100 and 40/70 mesh sands using different perforation 

configurations. Successfully attaining the designed even proppant distribution along the horizontal 

well helps to optimize the fracture conductivity, well productivity, and overall cost of the 

fracturing treatment.   

1.3  Problem Statement 

One of the most challenging hydraulic fracturing design parameters is transporting the 

desired amount of proppant evenly across the different perforation clusters within a single 

treatment stage in horizontal wellbore. Proppant transport in horizontal wellbore is influenced by 

several design factors including injection rate, proppant size and concentration, and the viscosity 

of the carrier fluid.  

Over the years, most of the proppant transport experimental studies have focused on 

proppant transport inside the created hydraulic fractures (Alotaibi and Miskimins 2018). However, 

recently, few experimental studies focused on proppant transport in horizontal wellbore and 

distribution behavior between the different perforation clusters (Ahmad and Miskimins 2019; 

Crespo et al. 2013; Ngameni et al. 2017). Understanding the proppant distribution in horizontal 

wellbore treatments is crucial to assure all designed clusters are contributing to production. It was 

reported that one-third of the perforations in tight gas formations are not actually contributing to 

production because of uneven proppant distribution among these perforation clusters (Miller et al. 

2011).  
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This research study continues the previous effort to experimentally understand the proppant 

transport in a horizontal wellbore simulating a plug-and-perf stage. It investigates the parameters 

that have a large influence on proppant distribution and settling in the bottom of the wellbore. 

Moreover, one of the major milestones of this research is the development of experimental 

correlations using different perforation configurations to better understand the proppant 

distribution and settling across different perforation clusters in a horizontal wellbore.  

1.4  Research Objectives 

The main goal of this research is to continue the effort of understanding the proppant 

transport and settling in horizontal wells using slickwater. To achieve this goal, the following 

objectives are achieved: 

1- Using the 1.5-inch experimental apparatus built and utilized previously by Ahmad and 

Miskimins (2019) that is available in High Bay Laboratory which is located in the Alderson 

Hall at Colorado School of Mines, conduct several experimental tests to evaluate proppant 

transport of 100-mesh and 40/70-mesh sands; 

2- Investigate the effect of changing perforation configurations on the proppant transport and 

distribution utilizing different injection rates and different proppant concentrations; and 

3- Develop experimental correlations to predict proppant transport and distribution behavior 

as a function of perforation configurations. 

1.5  Thesis Overview 

  This thesis is divided into seven main chapters. Chapter 1, as presented above, discusses a 

general introduction and background of hydraulic fracturing and carrier fluid selection. In addition, 

it presents the research motivation, contribution, and objectives. Chapter 2 spotlights the 

previously conducted efforts related to proppant transport using slickwater. Chapter 3 describes 

the apparatus setup that is utilized during this research. Furthermore, it outlines the required steps 

to achieve the research objectives. Also, laboratory scaling to the field and sieve analysis of the 

tested sands are discussed in this chapter. Chapter 4 presents the experimental result of the 

performed laboratory tests. The discussion of these results and its application to the field is 

discussed in Chapter 5. The development of experimental correlations is presented in Chapter 6. 

Finally, Chapter 7 presents conclusions drawn from this research in addition to recommendations 

for future work.  
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CHAPTER 2  

LITERATURE REVIEW 

 

The various advantages of using slickwater in hydraulic fracturing treatment promotes the 

interest of many researchers to evaluate its ability to transport proppant. Chapter 2 presents the 

proppant transport mechanisms, completion methods, proppant transport controlling parameters, 

and highlights previous proppant transport studies available in the literature with areas of potential 

improvements.   

2.1 Proppant Transport Mechanism  

The length of horizontal wells varies from 2500 feet to more than 5000 feet approaching 

more than 10,000 feet (King 2010). Understanding the proppant transport is crucial not only inside 

the fracture but throughout a horizontal well and perforation clusters in each fracturing stage 

(Ngameni 2016). Three mechanisms of sand transport in a slot system were investigated by Biot 

and Medlin (1985). These three mechanisms are natural and stimulated turbulence, viscous drag, 

and bed load transport.  

Biot and Medlin (1985) found that natural turbulence is not capable of transporting high 

sand concentrations, while stimulated turbulence that is introduced at the fracture entrance is more 

important, however, it dissipates with traveling distance. Their results showed that bed load 

transport is crucial under laboratory experiments. However, the vertical thickness of the bed is 

independent of the laboratory slot height. Therefore, bed load mechanism is negligible for sand 

transport in fractures in the field. They concluded the most important mechanism for sand transport 

in the field is viscous drag.  

2.2 Completion Methods  

The use of hydraulic fracturing with horizontal wells can be employed successfully by 

isolating different sections of the horizontal wellbore using different types of completions 

techniques. These techniques include plug and perf, ball-activated, and coiled tubing activated frac 

sleeve systems. Sections 2.2.1-2.2.3 briefly discuss these completion methods. 
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2.2.1 Plug and Perf Completion System (PnP) 

The plug and perf system is considered the most popular completion technique used to 

unlock the potential of the unconventional resources (Algadi et al. 2015; Bagci et al. 2017).  In the 

United States, around 85% of the completed wells employed plug and perf completion system for 

hydraulic fracturing stimulation. This system requires creating perforations in the cemented liner 

or casing to provide flow communication between the wellbore and the formation during the 

fracturing operations. The stimulation operations start by perforating the required number of 

clusters near the toe of the horizontal wellbore, followed by pumping the frac treatment. Once the 

stimulation operation of that particular stage is completed, a composite plug is set to isolate the 

previous stage. This process is repeated until all designed stages are stimulated, as shown in Figure 

2.1. Miller et al. (2011) found that the optimum stage length ranges from 300 ft to 400 ft in most 

basins with two to six clusters per stage.   

 
Figure 2.1. Plug and perf completion system (Bagci et al. 2017). 

 

2.2.2 Ball-Activated Completion System (BACS) 

Ball-activated systems have gained more attention over the last decade in the United States 

unconventional basins (Algadi et al. 2015). The multistage hydraulic fracturing treatment is 

performed using ball-activated fracturing sleeves, as shown in Figure 2.2 (Bagci et al. 2017). This 

system utilizes different sizes of ball seats and corresponding balls to divert the fracturing fluids 

and stimulate the formation of that stage by opening the sleeve. The sleeves with the smallest ball 
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seats are installed at the toe of the horizontal wellbore, whereas sleeves with largest ball seats are 

installed at the heel of the lateral.  

 
Figure 2.2. Ball-activated completion system (Bagci et al. 2017). 

 

2.2.3 Coiled Tubing Activated Frac Sleeve Completion System (CTAFS) 

This system involves running frac sleeves in the completion without the need for ball seats 

(Algadi et al. 2015).  To provide a flow path for the stimulation fluids, an abrasive perforator or 

coiled tubing activated fracturing sleeve is used (Bagci et al. 2017). The sleeve is activated by 

setting a coiled tubing packer between the two pressure ports of the sleeve. When pressure is 

applied to the annulus, a pressure imbalance occurs between the ports and the sleeve opens 

diverting the fracturing fluid out of the top port of the sleeve. When the treatment of the current 

stage is completed, the packer is released and moved to the next sleeve, as shown in Figure 2.3.   

 
Figure 2.3. Coiled tubing activated frac sleeve completion system (Bagci et al. 2017). 
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2.3 Proppant Transport Controlling Parameters  

This section discusses the parameters that have the most influence on proppant transport. 

It is crucial to understand the effect of these independent variables, thus these parameters will be 

altered during the experiments of this research. These parameters include injection rate, proppant 

concentration, proppant size, proppant shape, and perforation configuration.  

2.3.1 Injection Rate 

   Ngameni (2016) discussed the factors that may influence the design of fracturing injection 

rate. These factors include the characteristics of the formation to be fractured, geometry of the 

fracture, the type of fracturing fluid, proppant characteristics, and type of completion. In addition, 

a better transportation of the suspended proppant occurs with high injection velocity due to the 

high fluid drag (Pandya 2016). As an industry practice, the injection rate used in hydraulic 

fracturing treatments varies from 20 to 120 BPM. The design of this injection rate also varies based 

on the designed number of perforations, generally from 1.5 to 2.0 BPM per perforation (Crespo et 

al. 2013).  

Based on the minimum transport velocity and Reynold’s number of each proppant, 

injection velocities ranging from 3.5 ft/s to 5.5 ft/s were tested in the lab utilizing a 2.5-inch inside 

diameter pipe (Ngameni 2016; Ngameni et al. 2017). Additional experiments were performed 

utilizing a 1.5-inch inside diameter pipe with three different injection rates including 35, 60, and 

75 gpm (Ahmad and Miskimins 2019).  

 Biot and Medlin (1985) experimentally found that sand transport is affected mainly by the 

fluid horizontal velocity (U).   The terminal settling velocity of an isolated proppant particle (vt) 

to the average horizontal velocity of the fluid (U) ratio can be utilized to describe the mechanism 

of sand transport along the carrier fluid, as shown in Figure 2.4. At very low velocities with vt/U> 

0.9, the particle movement mechanism occurs only by sliding or rolling. The pick-up critical 

condition starts once the ratio reaches around 0.9. Increasing the horizontal velocity ultimately 

results in the suspension transport with ratio of less than 0.1. However, if the ratio lies between 0.5 

and 0.1, the transport mechanism is known as bed load transport (Ahmad and Miskimins 2019; 

Biot and Medlin 1985).  
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Figure 2.4. Mechanism of Sand Transport. Brown grains are immobile while green grains are 

portable. a) Immobile proppant bed, b) Pick-up critical condition, c) Bed load transport, d) 

Heterogeneous suspension transport, and e) Pseudo-homogeneous suspension transport (Biot and 

Medlin 1985). 

 

This technique was used to study the mechanism of proppant transport of several proppants 

with different density and viscosity fluids (Brannon et al. 2006). Figure 2.5 shows that at high 

horizontal velocities greater than 0.12 ft/s, the vt/U ratio tends to converge reaching bed load or 

suspension transport.  

 
Figure 2.5. Proppant transport regimes of different density and viscosity fluids (Brannon et al. 

2006). 
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2.3.1.1 Injection Rate Selection 

The laboratory injection rate selection criteria depends on several factors to simulate field 

conditions. These factors include high Reynolds number corresponding to turbulent flow and 

minimum transport velocity (settling velocity). An overview of the proppant settling velocity 

theory and equation development are discussed in Section 2.3.1.2. 

Fluid flow in pipe is classified into three different flow regimes depending on the 

relationship between the inertial and viscous forces which is known as Reynolds number (Pandya 

2016). This dimensionless relationship is defined in Equation 2.1.  

𝑅𝑒 =
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒
=
𝜌𝑓𝑢𝐷 

µ
 (2.1) 

where: 

𝑅𝑒: Reynolds number, dimensionless; 

𝜌𝑓: Fluid density, kg/m3, [M][L]−3; 

𝑢: Average velocity of the fluid, m/s, [L][T]-1; 

𝐷: Inside diameter of the pipe, m, [L]; 

µ: Fluid viscosity, kg/(m.s), [M][L]-1[T]-1.  

The selected injection rate should coincide with the turbulent flow regime having Reynolds 

number greater than 4000. This flow regime creates some flow instabilities such as chaotic eddies 

and vortices (Pandya 2016). These eddies vary in size from very large across the center of the 

straight streamlines to very small eddies limited to the boundary layers, as shown in Figure 2.6. 

The large momentum of these eddies tends to rotate the fluid particles leading to momentum 

transfer towards the pipe walls.   

Furthermore, the designed injection velocities should be higher than the minimum transport 

velocity required to transport the particles as calculated in Section 2.3.1.2. Section 2.3.1.2 

discusses an overview of the development of different empirical correlations to predict the 

proppant settling velocity.  
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Figure 2.6. Eddy behavior in turbulent flow regime (Pandya 2016). 

 

2.3.1.2 Proppant Settling Velocity 

Accurately predicting the proppant settling velocity and maintaining the injection rate 

above it, hinders the sand deposition at the bottom of the horizontal well (Ngameni 2016). Hence, 

significant operational and economical risk is avoided.  

  Ahmad and Miskimins (2019) defined two types of proppant settling as free settling and 

hindered settling. Free settling of proppant occurs when the proppant particle settles due to gravity 

only without the interference of other particles or external forces. Hindered settling on the other 

hand occurs when the velocity of a single proppant is affected by the velocity of other nearby 

proppant. Thus, proppant concentrations play a significant role on proppant transport and are 

discussed in more details in Section 2.3.2. Other factors that influence the settling velocity include 

injection rate, rheology of the fluid, proppant properties, and perforation size.  

 Quantifying the proppant settling velocity started in 1851 when Stokes described the 

settling behavior of a single solid particle in vertical pipe under static condition, as shown in 

Equation 2.2 (Stokes et al. 1880). 

𝑉𝑠 =
𝑑𝑝

2(𝜌𝑝 − 𝜌𝑓)𝑔

18µ𝑓
 (2.2) 

 

where: 

 

 

Vs: The minimum particle settling velocity, m/s, [L][T]-1; 

dp: Average diameter of the particle, m, [L]; 
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ρp: The solid particle density, g/cm3, [M][L]-3; 

ρf: The carrier fluid density, g/cm3, [M][L]-3; 

g: Acceleration due to gravity, m/s2, [L][T]-2; 

µf: The dynamic viscosity of the carrier fluid, Pa-s, [M][L]-1[T]-1. 

 Stokes’ Law is inadequate for estimating the settling velocity of proppant in horizontal 

wells due to several limitations. First, Stokes’ Law is applicable only for calculating the settling 

velocity of a single particle. Second, proppant used in hydraulically fracturing treatments is not 

perfectly spherical, smooth, and rigid. Furthermore, Stokes’ Law is only applicable using 

stationary fluids. Finally, Stokes’ Law does not consider particle-to-particle interaction.  

 A century later, Durand (1953), studied the transportation of different sizes of several solids 

(coal, slurry, sand, and gravel) in various pipe diameters ranging from 1.5 to 28 inches.  He 

suggested a new equation to predict the limit deposit velocity, as shown in Equation 2.3. 

𝑉𝐿 = 𝐹𝐿[2𝑔(𝑠 − 1)𝐷]
1
2 (2.3) 

 

 where: 

VL: The limit deposit velocity, m/s, [L][T]-1; 

FL: Constant variable dependent on proppant size and concentration, dimensionless; 

g: Acceleration due to gravity, m/s2, [L][T]-2; 

s: The ratio of particle to fluid densities, dimensionless; 

D: Inside diameter of the pipe, m, [L]. 

Wasp et al. (1977) modified Durand's (1953) equation by considering the effect of particle 

size, as shown in Equation 2.4. Wasp et al. also modified the Durand factor (𝐹𝐿), as shown in 

Equation 2.4.1 (Roitto 2014).  

𝑉𝑠 = 𝐹[2𝑔(𝑠 − 1)𝐷]
1
2 (
𝑑𝑝

𝐷
)

1/6

 (2.4) 
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𝐹 = 3.399 𝐶𝑉
0.2156 (2.4.1) 

 

where: 

𝑉𝑠: The minimum transport velocity, m/s, [L][T]-1; 

𝐹: Modified Durand dimensionless variable, dimensionless; 

𝐶𝑉: The solid concentration by volume, percent, dimensionless.  

A theoretical correlation to predict the critical velocity was developed by Oroskar and 

Turian (1980), as shown in Equation 2.5. 

 

𝑣𝑐

√𝑔𝑑 (𝑠 − 1)
=

{
 
 

 
 
5𝐶 (1 − 𝐶)2𝑛−1 (

𝐷
𝑑
)(
𝐷 𝜌𝑙√𝑔𝑑 (𝑠 − 1)

µ  )

1
8

𝑥

}
 
 

 
 
8/15

 

 

(2.5) 

 

𝑣𝑐: Critical velocity of the slurry, m/s, [L][T]-1; 

C: The solid concentration by volume, fraction, dimensionless; 

n: Function of Reynolds number of the particles, n=2.33 for  NRe > 1000; 

ρl: Liquid density, kg/m3, [M][L]-3; 

µ: The viscosity of the carrier fluid, kg/m-s, [M][L]-1[T]-1; 

x: fraction of eddies with velocities more than hindered settling velocity, x > 0.95.  

 The most recent correlation found in the literature to predict the minimum transport 

velocity was proposed by Schein (2005) for two different proppant sizes (20/40) and (40/70), as 

shown in Equation 2.6. However, this equation does not consider the effect of the pipe diameter.   
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𝑉𝑠 = 1.15𝑋103 (
𝑑𝑝

2

µ𝑓
) (𝑆𝐺𝑝 − 𝑆𝐺𝑓) (2.6) 

where: 

 𝑆𝐺𝑝: Specific gravity of the solid particle, dimensionless; 

𝑆𝐺𝑓: Specific gravity of the carrier fluid, dimensionless. 

 

2.3.2 Proppant Concentration 

Proppant transport is also highly influenced by the proppant concentration. Figure 2.7 

shows the decrease of  proppant settling velocity with proppant concentration (Dayan et al. 2009). 

The fluid flow around the proppant particles changes to be similar to the porous media flow with 

the increase of the volume fraction  (Dayan et al. 2009; Li 2018). This is attributed to the decrease 

of the available pore space resulting in high drag forces and, therefore, low settling velocity. The 

effect of proppant concentration on the settling velocity is clear with decreasing the proppant size 

for the same concentration. Palisch et al. (2010) reported that proppant concentration injected in 

the field ranges between 2 and 3 lb/gal.  

 
Figure 2.7. Effect of proppant concentration on settling velocity, vc/v0 (Dayan et al. 2009). 

Several power law equations were developed to determine the hindered settling based on 

different Reynolds numbers and the settling velocity of a single particle using Equation 2.7. 

𝑣𝑡ℎ
𝑣𝑡

= (1 − 𝐶𝑣𝑠)
β (2.7) 

where: 
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vth: Hindered terminal settling velocity, m/s, [L][T]-1; 

vt: Terminal settling velocity, m/s, [L][T]-1; 

Cvs: Volumetric spatial concentration, dimenstionless; 

𝛽: Hindered settling power, dimensionless.  

 Figure 2.8 shows the decrease of different power exponent, 𝛽, curves, developed by 

different researchers, with increasing Reynolds number. Consequently, settling velocity of the 

concentrated particle decreases (Miedema 2019).  

 
Figure 2.8. The relationship between the power exponent, 𝛽, with Reynolds number developed 

by different researchers (Miedema 2019). 

 

2.3.3 Proppant Type and Size 

Several materials have been used as proppant to keep the fracture open such as walnut 

hulls, glass, natural sand, coated sand, sintered bauxite and kaolin, and fused zirconia (Liang et al. 

2016). The most common proppant types for hydraulic fracturing operations are sand and ceramic. 

Sand proppant grains are more angular and weaker compared to spherical-shaped ceramic 

(Alotaibi 2015). The uniform size and shape in addition to the high strength of ceramic proppant 
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allow ceramic to bear high stress formations without crushing. Thus, conductivity of the ceramic 

is high compared to angular grains of sand, as shown in Figure 2.9.  

 
Figure 2.9. Hierarchy of proppant strength and conductivity (Gallagher 2011). 

 

Proppant mesh size varies from 8 to 140 mesh which is equivalent to the size ranging from 

105 m to 2.38 mm (Liang et al. 2016).  Mesh size is measured typically using dry sieve analysis 

following the API/ISO standard testing procedures. This procedure specifies that approximately 

90% of the proppant size should fall between the two mesh sizes such as in 20/40 or 40/70 

(Kaufman et al. 2007).  

Proppant size is one of the controlling variables that is studied in this research. Maximizing 

the fracture conductivity through fracture height is strongly dependent on proppant size and shape 

(Ngameni 2016), and proppant placement across the productive interval height (Brannon et al. 

2006). However, proppant settling is directly proportionate to proppant diameter (Alotaibi 2015). 

Hence, the high density associated with large proppant size reduces the transportation capability 

of slickwater. Also, more settling is expected with larger sizes, because the proppant velocity is 

affected more by particle-to-particle interaction of large particles. Decreasing the proppant size 

improves the transportation and distribution of the proppant evenly through the perforations to the 

created fractures. Therefore, optimizing the proppant size used in hydraulic fracturing in horizontal 

wells is important to achieve both the desired even proppant distribution and fracture conductivity.  

Based on the literature, 100-mesh sand was used in the lab with fresh water as the carrier 

fluid (Ngameni et al. 2017). The test showed even distribution of proppant a cross the three (6 
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SPF) clusters at high concentrations of 4 and 5 ppg. However, the test was conducted using 2.5 

inch inside diameter with high concentrations ranging from 1 to 5 ppg. At a larger scale, 100-mesh 

sand showed uneven distribution using xanthan-based linear gel with 19.18 cP viscosity (Crespo 

et al. 2013). This current research continues the investigation of proppant transport and distribution 

of 100-mesh sand and compares its behavior to 40/70 mesh sand utilizing different perforation 

configurations and orientations.  

2.3.4 Proppant Shape 

Proppant transport using slickwater is influenced also by the shape of the transported 

proppant (Alotaibi 2015). Proppant shape can vary from rounded in case of ceramic to angular-

shaped sand. The shape of proppant is determined by the grains sphericity and roundness, as shown 

in Figure 2.10. The dotted diagonal lines represent constant grain’s consistency.  

 
Figure 2.10. Grain roundness and sphericity (Bahri 2020; Saaid et al. 2011) 

 

Although rounded grains have high strength and provide more fracture conductivity, 

angular-shaped proppant can be easily transported. Angular-shaped grains with low sphericity (Sf) 

have higher drag coefficients, as shown in Figure 2.11. This allows higher fluid drag force to be 

applied on the grain and increase its velocity, hence, transportability.  
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Figure 2.11. Grain drag coefficient as a function of Reynolds number and grains’ sphericity (Sf) 

(Wu and Wang 2006). 

 

2.3.5 Perforation Design 

Perforation diameter and number of perforations are designed to achieve high-pressure 

differences between the wellbore and hydraulic fracture (McDaniel et al. 1999). This technique is 

known as limited entry perforating and ensures proppant-fluid mixture distribution evenly across 

all perforations. Weddle et al. (2018) defined extreme limited entry (XLE) techniques as the 

perforation design that maximizes the perforation friction to be more than 1500 psi with the current 

operational pressure limits. Figure 2.12 illustrates the benefit of the XLE technique by having 

equal rate distribution across the clusters with increasing the perforation pressure. Increasing the 

perforation pressure by decreasing the perforation size, results in having a high pressure inside the 

wellbore which makes the outside pressure variation negligible compared to the perforation 

pressure. Thus, the flow is diverted to the other cluster to overcome the high fracture-entry pressure 

by increasing the injection rate until equal flow distribution across both clusters is achieved.  

2.3.5.1 Perforation Diameter 

The perforation diameter is designed such that it should be at least six times larger than the 

mean proppant diameter to avoid sand bridging in the perforations (Gruesbeck and Collins 1982). 

The perforation diameter designed for these tests is set to be 0.25-inch. This perforation diameter 

is about 19 times larger than the average diameter of (40/70) mesh white sand and 34 times larger 

than the average diameter of the 100-mesh brown sand.  
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Figure 2.12. Injection variability index with increasing perforation pressure (modified after 

Weddle et al. 2018). 

 

2.3.5.2 Perforation Configuration and Orientation 

Several perforation configurations are tested in this research. The first configuration is 

having only a single perforation per cluster. The orientation of this design was altered two times 

(top and bottom) to study the effect of perforation’s orientation. The second type of perforation 

orientation is designed with two perforations per cluster. The orientation of the (2 SPF) 

perforations with 180 degrees phasing was aligned (top and bottom) of the horizontal pipe. Abass 

et al. (1994) reported that perforation with 180 degrees phasing aligned up and down of the 

horizontal wellbore is the best practice to eliminate near wellbore tortuosity when having minimum 

horizontal stress perpendicular to the wellbore (longitudinal vertical fracture).  

The third set of tests was performed with three perforations per cluster. This configuration 

eliminates the effect of gravity by excluding the bottom perforation from all the three clusters. The 

last perforation configuration was designed to have 4 SPF with 90 degrees phasing. Although 

different types of proppant were tested using this configuration by Ahmad and Miskimins (2019), 

these tests did not consider the transport and distribution of 100-mesh sand.   
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2.3.5.3 Pressure Gradient across Perforation 

  The slurry velocity inside the pipe is affected by the pressure drop across the designed 

perforations of each cluster. Therefore, two different pressure transducers are installed right before 

the first two perforation clusters to measure the pressure drop across the perforations. In addition, 

an empirical equation (Equation 2.8) is available in the literature to estimate the expected pressure 

drop across each perforation (Eberhard and Schlosser 1995). 

𝛥𝑃 = 0.2369 ∗ 𝜌𝑓 [
𝑄

𝑁𝐷𝑃𝐶𝑑
]
2

 (2.8) 

 

where: 

𝛥𝑃: Estimated pressure drop, psi, [M][L]-1[T]-2; 

𝜌𝑓: The carrier fluid density, lb/gal, [M][L]−3;  

𝑄: Total pump rate, bbl/min, [L]3[T]-1; 

𝑁: Number of perforations, dimensionless; 

𝐷𝑃: Diameter of perforation, inch, [L]; 

𝐶𝑑: Discharge coefficient, dimensionless.  

 

 

2.4 Previous Proppant Transport Experiments 

  Several studies have been conducted to evaluate the proppant transport in a horizontal well 

utilizing different pipe sizes. Sections 2.4.1-2.4.3 briefly discuss the previous proppant transport 

experiments based on the pipe size used.  

2.4.1 Large Scale Study Using 4-inch Pipe 

  A large scale study was conducted utilizing a 100-foot long, 4-inch pipe by  Crespo et al. 

(2013). Three perforations clusters were designed to study the proppant transport and distribution 

with 15-feet spacing between the clusters, as shown in Figure 2.13.  Each cluster consists of a 0.42-

inch fully open tapping with zero-degree phasing acting as a perforation. These perforations were 

connected to a 500-bbl mixing steel tank through 3-inch flow lines. At the end of these flow lines, 

densometers and flow meters were installed to measure the density and flow rate of the flowing 

slurry. The slurry returned back to the mixing tank before it was injected back to the 4-inch 
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horizontal pipe using three triplex pumps. The hydraulic horse power of these triplex pumps is 400 

HHP. A pressure gauge was installed at the entrance of the 4-inch pipe to measure the pressure of 

the whole system.  

 
Figure 2.13. Schematic of large-scale setup (Crespo et al. 2013). 

 

Two different carrier fluids were utilized which were tap water with 1 centipoise viscosity 

and linear gel with three apparent viscosities up to 31.22 cp. Proppant transport of several proppant 

types and sizes were evaluated using 1 ppg proppant concentration at different flow rates. Uneven 

proppant distribution across the three perforation clusters was detected with Ottawa sand 20/40 at 

a low flow rate of 8 barrels per minute. Also, uneven proppant distribution was observed with 

silica flour 200 mesh and ceramic 16/30 mesh even when using high viscosity carrier fluid. 

However, even proppant distribution across the perforation clusters was observed using water to 

transport Ottawa sand 20/40 mesh at high flow rates of 12 and 14 barrels per minute.  

2.4.2 Medium-Sized Scale Lab Study Using 2.5-inch Pipe 

  Another experiment was conducted by Ngameni et al. (2017) using a 2.5-inch pipe. This 

medium-sized laboratory experiment (Figure 2.14) consists of a 30-foot long horizontal-

transparent pipe and three perforation clusters. These perforation clusters contained 6 SPF with 

60-degree phasing perforations and were equally spaced with 5-feet. The diameter of all these 
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fully-opened perforations was 0.25-inch. At the exit of each perforation cluster, a small receiver 

was used to collect the drained slurry.  

 
Figure 2.14. Medium-size experimental setup schematic (Ngameni et al. 2017). 

 

 The slurry was mixed in a 400-gallon tank and then pumped to the horizontal pipe using a 

submersible pump. A magnetic flow meter was utilized to measure the flow of the slurry and was 

controlled using a variable frequency drive. Also, three different transducers were installed ahead 

of each perforation cluster to record the pressure drop across each perforation.  

 A total of 16 different runs were conducted utilizing tap water as the carrier fluid. Several 

proppant types and sizes were utilized to evaluate the transportability of slickwater at various 

injection rates and concentrations. Uneven proppant distribution was observed for different 

concentrations of 20/40 and 40/70 mesh sand ranging between 0.15 and 1.25 ppg at velocities of 

5.5 and 3.5 ft/s, respectively. However, even proppant distribution across the three clusters was 

detected using 100-mesh sand at higher concentrations ranging from 1 to 5 ppg at 5.5 ft/s. Also, 

both ultra-light weight (ULW) 14/40 and 30/80 ceramics showed fairly even distribution at various 

concentrations (0.25 to 1.25 ppg) and many velocities ranging from 1.2 to 5.5 ft/s.  

2.4.3 Lab Study Using 1.5-inch Pipe 

  Ahmad and Miskimins (2019) utilized a 1.5-inch diameter, 30-feet long transparent pipe 

to investigate the transportability of slickwater, as shown in Figure 2.15. The designed horizontal 

pipe includes three perforation clusters each with perforation density of 4SPF and 0.25-inch 

diameter at 90-degrees phasing. The equal distance between the three perforation clusters was 6-
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feet. Three collecting tanks were placed outside of the perforation clusters to receive the drained 

slurry from each cluster.  

 

Figure 2.15. Schematic of 1.5-inch experimental setup (Ahmad and Miskimins 2019). 

 

A 200-gallon tank was utilized to mix the proppant with slickwater using a mixing 

propeller. The mixed slurry was then pumped to the horizontal pipe using a slurry pump. A variable 

frequency drive was used to control the flow meter injected to the pipe. Just before each perforation 

cluster, a pressure gauge was installed to record the pressure drop across each cluster.  

Multiple tests were conducted to investigate proppant transport using two sizes of both 

sand and ceramic proppants at various proppant concentrations and injection rates. Even proppant 

distribution was observed when using ULW ceramic 40/70 at proppant concentrations ranging 

from 0.5 to 1.5 ppg at two injection rates of 35 and 75 gallon per minute. 

 The data from this lab work was used to validate a CFD model conducted by Liu et al. 

(2021). Both lab work and the simulation model illustrated the influence of the perforation 

orientation on the proppant distribution. The bottom side perforation received higher proppant 

concentrations compared to the top perforation. This is attributed to the gravitational effect on the 

proppant particles, which allowed the proppant to exit at the bottom perforation.  They found that 

stress shadowing is significantly impacting both the fluid and proppant distribution. The impact of 

stress shadowing on individual clusters can be minimized using limited entry perforation designs.  
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CHAPTER 3 

EXPERIMENTAL SETUP AND METHODOLOGY 

 

Several experimental tests were conducted to investigate the proppant transport distribution 

and settling using a laboratory-scale horizontal apparatus in order to simulate a plug-and-perf 

completion in horizontal wellbore. The apparatus was built previously by Ahmad and Miskimins 

(2019) in the Alderson Hall High-Bay Lab at the Colorado School of Mines. This chapter presents 

a detailed description of the experimental setup of the utilized apparatus, test materials, 

experimental methodology, laboratory scaling to the field, and sieve analysis of the 100-mesh and 

40/70-mesh sands. 

3.1 Experimental Apparatus 

The laboratory apparatus (Figure 3.1) used in this research consists of a 200-gallon mixing 

tank and AMT centrifugal slurry pump that is controlled manually using a variable frequency drive 

(VFD).   

 
Figure 3.1. Schematic of the laboratory experimental apparatus (Alajmei and Miskimins 2020). 

The apparatus also incorporates an electromagnetic flowmeter to measure the flow rate of 

the injected slurry into the 30-foot horizontal transparent pipe. This horizontal pipe represents the 

main section of the experimental apparatus with three perforation clusters spaced equally by six 

feet along the horizontal wellbore. Each of these clusters consists of four perforations per foot 

(4SPF) at 90-degree phasing. A 1.5-inch valve was installed at the end of the horizontal wellbore 

and opened slightly to avoid quick pressure build-up on the pump.  
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Additionally, two pressure transducers were installed at the top of the horizontal pipe 

before each of the first two clusters to measure the pressure drop at these perforation clusters, as 

shown in Figure 3.2. These pressure transducers can withstand pressure values up to 290 psi.  

 
Figure 3.2. Pressure transducers at the top of the horizontal pipe. 

Two video cameras were used to monitor the proppant transport and settling behavior 

immediately before the first cluster and after the second cluster of the horizontal transparent pipe. 

At room temperature, tap water was used as the carrier fluid to transport the proppant at different 

flow rates and proppant concentrations. Sections 3.1.1-3.1.5 describe each component of the 

experimental apparatus in more detail.  

3.1.1. Horizontal Wellbore 

The main component of the experimental apparatus consisted of a 30-foot horizontal 

transparent wellbore with a 1.5-inch inside diameter and absolute roughness of 0.0015 mm, as 

shown in Figure 3.3. This transparent PVC wellbore had a minimum wall thickness of 0.20-inch 

and could tolerate a pressure up to 470 psi at 73o F. Several flanges were used to connect different 

sections of the PVC pipe and ultimately form the 30-foot horizontal wellbore. These flanges also 

allowed for easy disassembly of the horizontal pipe during the wellbore cleaning. 

Several factors were considered to design the spacing between the three perforation 

clusters, including the laboratory spacing and the optimum field spacing between the clusters in 

the field. Depending on the formation complexity, Miller et al. (2011) found the optimum stage 

length ranges from 300 ft to 400 ft with an optimum spacing between the clusters of 75 ft to 175 
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ft. Based on this field optimum spacing, the optimum spacing between the clusters in the lab could 

range from 5.6 ft to 17.5 ft. Considering the associated laboratory space limitations, the spacing 

between the three perforation clusters was ultimately designed to be 6 ft.   

 
Figure 3.3. Horizontal wellbore with cluster locations shown in red boxes. 

 

Each cluster has four perforations per foot with 90-degree phasing, as shown in Figure 3.4. 

The diameter of these perforations is designed to be 0.25-inch (Ahmad and Miskimins 2019). Each 

perforation is connected by a valve, which can be closed manually to test different perforation 

configurations. The perforation diameter was designed to be at least eight times larger than the 

average diameter of both tested sands to prevent plugging.  

 Each valve was marked with a designated number to match it with an associated slurry 

receiver (refer to Figure 3.4). The left perforation is marked as perf #1 followed by the top 

perforation as perf #2. The right perforation is denoted with number 3, and finally the bottom 

perforation is marked as perf #4. 
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Figure 3.4. Perforation cluster with each perforation connected via a valve that can be opened or 

closed for different configurations. 

 Using the design of the valves, five different perforation configurations can be achieved by 

opening and closing specific perforation valves. These different perforation configurations are as 

follows: one shot per foot (top perforation), one shot per foot (bottom perforation), two shots per 

foot (top and bottom perforations), three shots per foot (closing the bottom perforation), and four 

shots per foot. The number of total system perforations contributing to the flow varies from three 

to twelve perforations based on the tested perforation configuration.  

Different transparent slurry receivers (plastic buckets) were placed outside each perforation 

to collect and quantify the exited slurry from each perforation separately. These slurry receivers 

are 11.44-inch long and could collect up to 6.5 gallons of slurry, as shown in Figure 3.5.  

 
Figure 3.5. Slurry receiver. 
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3.1.2. Proppant Mixer 

Proppant was mixed with tap water in a 200-gallon tank using a 12-inch three-blade 

propeller drive mixer, as shown in Figure 3.6.  

 
Figure 3.6. Proppant mixing tank (left) and propeller blade (right). 

 

This drive mixer was connected to the propellers through a 42-inch long shaft and 

controlled with a digital speed control. The propeller is about 8-inches above the bottom of the 

mixing tank. The speed of the mixer was manually controlled using a digital speed controller. For 

all the experimental tests, the controller was set at the maximum speed of 1725 rpm at 60 HZ for 

10 minutes to ensure good consistency of the slurry before starting the injection, as shown in Figure 

3.7. The mixing tank is around 46.5-inch tall and nearly 36-inch (3-foot) in diameter. At the bottom 

of the tank, a 2.5-inch outlet hole is used as a conduit to pump the mixed slurry using the pump.  

 
Figure 3.7. Mixing the slurry in the tank. 
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3.1.3. Slurry Pump 

Figure 3.8 depicts the AMT pump, which is a 3-inch self-priming centrifugal pump that 

has a semi-open stainless-steel impeller that could handle 3/8-inch diameter semi-solids. The 

design of the impeller helped create a pressure drop to withdraw the slurry from the outlet of the 

tank then increased its pressure and pump the slurry, utilizing centrifugal forces, to the horizontal 

pipe through the flow meter. This pump generates a maximum flow rate of 375 GPM at a maximum 

working pressure of 125 psi.  

 
Figure 3.8 Slurry pump. 

 

The pump is connected to the mixing tank using a 3-inch pipe that incorporated a rubber 

vibration reducer. The outlet of the pump connects to a 2.5-inch metal vibration reducer to 

minimize the effect of the vibration on the system joints, as shown in Figure 3.9. The speed of the 

pump (RPM) could be adjusted manually using a variable frequency drive.  

 
Figure 3.9. Metal vibration reducer. 
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3.1.4. Variable Frequency Drive (VFD) 

The VFD drive helped control the speed of the pump by manually adjusting the frequency 

supplied to the pump (Figure 3.10). This drive converts the voltage to adjust the RPM of the pump 

by changing the frequency of the motor.  

 
Figure 3.10. Variable frequency drive (VFD). 

 

3.1.5. Electromagnetic Flowmeter 

The accuracy of this electromagnetic flowmeter (Figure 3.11) is independent of the fluid 

viscosity, density, and temperature (Ngameni 2016). This flowmeter was used to measure and 

ensure the injection rate of the pumped slurry with 0.25 percent accuracy. It is comprised of a 

transmitter and sensors that measure the induced voltage generated by the flow of the slurry when 

passing through the magnetic field coils. This induced voltage is then converted to flow rate 

depending on the internal pipe diameter used.  

 
Figure 3.11. Electromagnetic flowmeter. 
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3.2 Test Materials 

All experimental tests were performed using tap water as the carrier fluid and sand as the 

proppant. Sections 3.2.1 and 3.2.2 discuss these testing materials in more detail.  

3.2.1 Water 

The carrier fluid of all performed tests in this research was tap water at room temperature, 

ranging from 20 to 25 oC. This tap water was used to imitate the slickwater that is used in the field 

as the carrier fluid of proppant; however, with no chemical additives. In all tests, 110 gallons of 

water is used and mixed with different weights of proppant to achieve the required proppant 

concentration for each test.  

3.2.2 Proppant  

Proppant selection is a crucial part of the completion design in hydraulic fracturing 

treatments (Melcher et al. 2020). The amount of proppant supplied to North America has increased 

considerably from around 40 billion lbs in 2010 to about 230 billion lbs in 2018, as shown in 

Figure 3.12.  

 
Figure 3.12. Proppant supplied to the North America fields (Melcher et al. 2020). 

 

However, the need for high-fracture conductivity is minimal in unconventional reservoirs. 

Consequently, the industry has shifted to utilize smaller size proppant by replacing 20/40 with 

40/70 and 100+ mesh sizes. Thus, two different proppant sizes were tested including 100-mesh 

brown sand and 40/70-mesh white sand, both with a specific gravity 2.65 g/cc. Micro-viewer 

images of both sands are shown in Figure 3.13. Figure 3.13 shows that the 100-mesh brown sand 
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is more angular with 0.3 roundness compared to 0.7 roundness of the 40/70 white sand. Table 3.1 

shows the properties of both tested sands.  

 
Figure 3.13. (a) High angularity of 100-mesh brown sand and (b) High roundness and sphericity 

of 40/70 white sand (Alotaibi 2015).  

 

Table 3.1. Properties of both 100-mesh brown sand and 40/70 mesh white sand (Alotaibi 2015; 

Bahri 2020). 

Proppant Type and Size 
Proppant Average Diameter Roundness Sphericity 

inch mm  Dimensionless 

 100 Mesh Brown Sand 0.0073 0.1854 0.3 0.5 

 40/70 Mesh White Sand 0.0131 0.3320 0.7 0.9 

 

 

3.2.2.1 100 Mesh Brown Sand 

The proppant distribution across the three perforation clusters was investigated by testing 

different injection rates and proppant concentrations of this 100-mesh brown sand, which is shown 

in Figure 3.14. The average diameter of this sand is 0.1854 mm (Alotaibi 2015).  
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Figure 3.14. 100-mesh brown sand. 

 

Sieve analysis of the original 100-mesh brown sand was conducted to determine the 

original distribution of the particles sizes before conducting the transport and distribution tests, as 

shown in Figure 3.15. The sieve analysis is discussed in more detail in Section 3.5.  

 
Figure 3.15. Particle distribution of the original 100-mesh brown sand. 

 

3.2.2.2 40/70 White Sand  

Another set of experimental tests were conducted using the 40/70 mesh white sand (Figure 

3.16) with an average diameter of 0.332 mm (Bahri 2020). Different injection rates and proppant 

concentrations were used to investigate the transport and distribution behavior of this 40/70 mesh 

sand.  
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Figure 3.16. 40/70 mesh white sand. 

 

Similar to the 100-mesh sand, particle distribution of the 40/70 white sand was determined 

before conducting the transport and distribution experiments, as shown in Figure 3.17.  

 
Figure 3.17. Particle distribution of the original 40/70 mesh white sand. 

3.3 Experimental Methodology 

Different perforation configurations were tested using different proppant types in this 

research. To have a first insight about the slurry distribution and to ensure the system had no leaks, 

all perforation configurations at the planned different injection rates were tested with tap water 

only. This section outlines the steps that were followed to accomplish the research objectives 

described in Section 1.4.  

1- Confirm all equipment is connected and in good working condition. 

2- Confirm that the whole system does not leak using the water tests. 
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3- Collect a sample of the proppant to conduct sieve analysis and determine the proppant 

distribution. 

4- Fill the 200-gallon tank with water and close all valves before testing. 

5- Weigh the desired mass of the proppant required to achieve the designed concentration.  

6- Mix the desired concentration of the selected proppant size with tap water in the 200- gallon 

mixing tank. Set the mixer at the maximum speed (1725 RPM) and mix the loaded proppant 

with water for about 10 minutes to ensure good consistency of the mixture before pumping. 

7- Set the variable frequency drive to the desired value needed to achieve the designed 

injection rate.   

8- Place two video cameras, before the first cluster and after the second cluster, to 

continuously record the proppant settling behavior while pumping. 

9- Pump the mixed slurry at the desired injection rate into the 1.5-inch horizontal wellbore. 

The duration of the injection shall last for 90 seconds for low injection rates and 60 seconds 

for high injection rates due to tank size limitations.  

10- Record the pressure drops at the first two perforation clusters. 

11- Once the injected slurry completely exits all perforations, record the slurry volume exited 

at each perforation for all three clusters and collected in the individual receivers. 

12- Clean the horizontal wellbore apparatus by pumping water until all settled proppant is 

pushed out the perforations. 

13- Collect the proppant settled at the bottom of the horizontal wellbore.  

14- Utilize lab oven to dry the proppant exited through each perforation for all clusters in 

addition to the settled proppant in the wellbore. The oven temperature is set at 100o C and 

the samples are placed inside the oven for 10 to 16 hours to be completely dried.  

15- Weigh the dry mass of the proppant to acquire the proppant concentration at each 

perforation. 

16- Collect a sample of the all dried proppant to conduct sieve analysis for the exited sand at 

each perforation.  

17- Record the volume of the remaining slurry in the tank to calculate the actual injected 

concentration.  

18- Repeat Steps 5 to 17 with the other desired proppant concentrations for different injection 

rates.  

19- Perform data analysis and interpretations for all experimental runs.  

3.4 Laboratory Scaling to the Field 

In order to transform the laboratory findings and upscale them to best represent field 

conditions, several scaling parameters were employed in this research. These scaling parameters 

are Reynolds number, minimum transport velocity, and velocity-diameter ratio. Sections 3.4.1-

3.4.3 discuss the scaling parameters in more detail.  
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3.4.1 Reynolds Number  

The first parameter to be used to upscale the lab results to field conditions is Reynolds 

number, utilizing equation 2.1. All tested injection rates in the lab were maintained to satisfy 

turbulent flow to mimic the field flow conditions. Table 3.2 shows the Reynolds number of all 

tested injection rates in the lab using the 1.5-inch diameter pipe. The results show that the fluid 

flow is in turbulent flow conditions at all lab injection rates.   

Table 3.2. Reynolds number calculation for all laboratory tested injection rates using 1.50-inch 

pipe. 

Laboratory data  

Inner pipe diameter, inch 1.5 

Inner pipe diameter, m 0.038 

Area, m2 0.001 

Fluid viscosity, kg/(m.s) 0.001 

Fluid density, kg/m3 1000 

Injection rate, gal/min 
Injection rate, 

bbl/min 
Velocity, m/s Velocity, ft/s Re 

20 0.48 1.107 3.630 42166 

30 0.71 1.660 5.445 63249 

40 0.95 2.213 7.260 84332 

50 1.19 2.767 9.075 105415 

60 1.43 3.320 10.890 126498 

70 1.67 3.874 12.705 147582 

 

3.4.2 Minimum Transport Velocity 

One of the major criteria to select the lab injection rates is to achieve high velocities, 

exceeding the minimum transport velocity of the particles and minimizing the proppant settling on 

the bottom of the horizontal wellbore. Several correlations are available in the literature to estimate 

the minimum settling velocity as discussed in Section 2.3.1.2. Three different correlations were 

used to calculate the minimum transport velocity for the various proppant concentrations, as shown 

in Table 3.3. The largest value of the minimum transport velocity was selected and increased by 

15% to ensure the injection rates were above the minimum transport velocity using different 

proppant concentrations of both tested sands. The selected transport velocity increased with 

increasing proppant concentration from 2.58 ft/s to 3.56 ft/s for 100-mesh sand, and from 2.84 ft/s 

to 3.78 ft/s for 40/70-mesh sand.  
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3.4.3 Velocity-Diameter Ratio 

The last method used to scale the laboratory injection rates to field conditions was utilizing 

the ratio of the injected velocity to the internal diameter. Table 3.4 shows that the laboratory 

injection rates were matching the injection rates in the filed with a 4.5-inch completion. The 

laboratory injection rate of 20 gpm using a 1.5-inch horizontal pipe had similar velocity/ID ratio 

to the field injection rate of 13 bbl/min with a 4.5-inch completion. However, increasing the 

internal diameter of the field completion from 4.5-inches to 5.5-inches increased the matched field 

injection rates from 13 bbl/min to 23 bbl/min for the same laboratory injection rate of 20 gpm, as 

shown in Table 3.5. 

Table 3.3. Selected minimum transport velocity for lab tests.  

Proppant Type 

and Size 

Proppant 

Concentration, 

ppg 

 Wasp 

(1977), 

ft/s 

 Schein 

(2004), 

ft/s 

 Oroskar 

and Turian 

(1980), ft/s 

Selected  

Velocity, 

ft/s 

Injection 

rate, 

gal/min 

Sand 100 Brown 0.5 2.24 0.21 1.95 2.58 14.20 

Sand 100 Brown 1 2.59 0.21 2.56 2.98 16.41 

Sand 100 Brown 1.5 2.81 0.21 2.89 3.33 18.33 

Sand 100 Brown 2 2.98 0.21 3.09 3.56 19.60 

Sand 40/70 White  0.5 2.47 0.69 1.94 2.84 15.64 

Sand 40/70 White  1 2.85 0.69 2.55 3.28 18.08 

Sand 40/70 White  1.5 3.10 0.69 2.89 3.57 19.64 

Sand 40/70 White  2 3.28 0.69 3.09 3.78 20.80 

 

Table 3.4. Upscaling the laboratory injection rates to a 4.5-inch field completion. 

Field data  Laboratory data  

Inner pipe diameter, inch 4.5 1.5 

Inner pipe diameter, m 0.114 0.038 

Area, m2 0.010 0.001 

Fluid viscosity, kg/m.s 0.001 0.001 

Injection rate, bbl/min 
Velocity, 

ft/s 

Velocity/ID, 

(1/s) 

Injection 

rate, gal/min 
Velocity, ft/s 

Velocity/ID, 

(1/s) 

13 11.01 29.37 20 3.63 29.05 

19 16.09 42.93 30 5.45 43.57 

26 22.02 58.74 40 7.26 58.10 

32 27.10 72.30 50 9.08 72.62 

39 33.03 88.11 60 10.89 87.14 

45 38.12 101.67 70 12.71 101.67 
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Table 3.5. Upscaling the laboratory injection rates to a 5.5-inch field completion. 

Field data  Laboratory data  

Inner pipe diameter, inch 5.5 1.5 

Inner pipe diameter, m 0.140 0.038 

Area, m2 0.015 0.001 

Fluid viscosity, kg/m.s 0.001 0.001 

Injection rate, bbl/min 
Velocity, 

ft/s 

Velocity/ID, 

(1/s) 

Injection rate, 

gal/min 
Velocity, ft/s 

Velocity/ID, 

(1/s) 

23 13.31 29.05 20 3.63 29.05 

35 19.85 43.31 30 5.45 43.57 

47 26.65 58.16 40 7.26 58.10 

59 33.45 73.01 50 9.08 72.62 

71 40.26 87.86 60 10.89 87.14 

82 46.49 101.47 70 12.71 101.67 

 

3.5 Sieve Analysis 

Sieve analysis was first performed for the original 100-mesh and 40/70 mesh sands before 

conducting the distribution tests. For each tested sand, a random sample of 170 grams was 

collected from the sand buckets and sieved using the sieve machine, as shown in Figure 3.17. Then, 

a separate sieve analysis was conducted for the sand exited at each perforation for all three clusters, 

sand exited from the valve, and sand settled on the bottom of the wellbore.  

 
Figure 3.18. Sieve machine. 
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The weight of each sieve was measured and recorded before sieving the sand. Then, the 

collected sample was placed on the top of the several stacked sieves that were organized from the 

largest screen openings at the top to the lowest screen openings at the bottom. At the bottom of the 

sieves, a solid pan with no screen openings was placed to collect the finest sand particles that 

passes through all screen openings, as shown in Figure 3.18.  

 
Figure 3.19. Solid pan placed at the bottom of the sieve stack. 

 

During the sieve process, the sand was shaken for 10 minutes in the mechanical sieve 

machine to ensure that all smaller size particles will pass through the screens of the bigger 

openings.  Finally, the weight of each sieve was measured and recorded to find the weight of the 

retained sand particles in each sieve and the pan.  

The size of sieves was selected differently for each tested sand. According to Kaufman et 

al. (2007), API/ISO standard indicates that around 90% of the 40/70 mesh sand shall be retained 

in sieves sizes between the 40 mesh and the 70 mesh. The selected sieves for the 40/70 mesh sand 

included seven different sizes of sieves plus the solid pan. The largest sieve size was 30 mesh with 

sieve opening of 0.0234 inch, and the smallest sieve size was 100-mesh with sieve opening of 

0.0059 inch. Table 3.6 shows the selected sieves for the original distribution of the 40/70 mesh 

white sand. The sieve results of a 170 gm sample showed that the distribution of the original 40/70 

sand met the API requirements. The first sieve retained 0.0234% of the total sieved sand which is 
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less than 0.1% while the pan retained 0.0762% of the total sieved sand which is less than 1%. This 

table also shows that 96.83% of the proppant was retained between 40 and 70 mesh sizes.  

Table 3.6. Sieve analysis results for the original 40/70 mesh white sand.  

Sieve 

size, 

mesh 

Sieve 

weight, 

gm 

Sieve 

opening, in 

Full sieve 

weight, 

gm 

Net 

proppant 

weight, gm 

Weight 

percent, 

% 

Cumulative 

weight percent, 

% 

30 358.35 0.0234 358.39 0.04 0.0234 0.0234 

40 350.22 0.0165 353.99 3.77 2.2097 2.2332 

50 346.38 0.0117 442.18 95.80 56.1515 58.3846 

60 337.63 0.0098 388.45 50.82 29.7872 88.1719 

70 325.93 0.0083 340.75 14.82 8.6865 96.8583 

80 326.73 0.007 331.11 4.38 2.5673 99.4256 

100 319.58 0.0059 320.46 0.88 0.5158 99.9414 

pan 357.65   357.78 0.13 0.0762 100.0176 

 

In the case of the 100-mesh sands, the API/ISO standard did not apply. However, another 

seven sieves and the pan were used to separate different particles sizes of each collected sample. 

The largest selected sieve size was 30 mesh with sieve opening of 0.0234 inches and the smallest 

sieve size was 200 mesh with sieve opening of 0.0029 inch, as shown in Table 3.7.  

Table 3.7. Sieve analysis results for the original 100-mesh brown sand. 

Sieve size, 

mesh 

Sieve 

weight, gm 

Sieve 

opening, in 

Full sieve 

weight, gm 

Net 

proppant 

weight, 

gm 

Weight 

percent, % 

Cumulative 

weight 

percent, % 

30 358.41 0.0234 358.41 0.00 0.000 0.000 

50 346.15 0.0117 351.07 4.92 2.894 2.894 

80 326.38 0.007 422.41 96.03 56.488 59.382 

100 319.3 0.0059 358.46 39.16 23.035 82.418 

120 322.63 0.0049 341.05 18.42 10.835 93.253 

140 311.28 0.0041 319.13 7.85 4.618 97.871 

200 305.49 0.0029 308.7 3.21 1.888 99.759 

pan 357.76   358.18 0.42 0.247 100.006 

 

Sand median diameter is defined as the particle size at which 50% of the grain sizes are 

smaller and the other 50% of the grain sizes are larger (Kaufman et al. 2007). In hydraulic 

fracturing applications, the median diameter of the sand is determined to help predict long-term 

conductivity of the fracture. There are several equations available in the literature to determine the 
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median diameter of a specific distribution. One pioneered equation that was developed by Folk 

and Ward (1957) is expressed in Equation 3.1. and is used in this dissertation.  

𝑀 =
𝜙16 + 𝜙50 + 𝜙84

3
 (3.1) 

where: 

𝑀: Median particle diameter, mm, [L]; 

𝜙16: Particle diameter at 16% of the sample weight, mm, [L]; 

𝜙50: Particle diameter at 50% of the sample weight, mm, [L]; 

𝜙84: Particle diameter at 84% of the sample weight, mm, [L].  

Figure 3.20 shows a semi-log plot of the original 100-mesh brown sand cumulative 

percent finer versus the particle size diameter in millimeter. From this plot, 𝜙16, 𝜙50, and 𝜙84 

were determined and the median particle diameter of the 100-mesh brown sand was computed to 

be 0.2 mm using Equation 3.1. Using Figure 3.21, the median particle diameter of the 40/70 

mesh white sand was computed as 0.312 mm.  

 
Figure 3.20. Proppant particle distribution for the 100-mesh brown sand. 
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Figure 3.21. Proppant particle distribution for the 40/70 white brown sand. 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

 

This chapter presents the experimental results of the conducted experimental tests using 

the horizontal wellbore. During all the experimental tests, tap water with no additives was used as 

the carrier fluid to transport the proppant and simulate the slickwater fluid operations in the field. 

A total of 108 tests were conducted on both 100-mesh brown sand and 40/70 white sand to 

investigate the effect of injection rate, proppant concentration, and proppant size on the transport 

and distribution of the proppant between the three perforation clusters using different perforation 

configurations. For all tests, a valve located at the end of the horizontal wellbore was kept around 

10% open to avoid high back pressure acting on the pump while injecting at the planned injection 

rates. In all presented results, cluster 1 represents the heel cluster, cluster 2 represents the middle 

cluster, and cluster 3 represents the toe cluster.  

4.1 Carrier Fluid (Water Only) Results  

These tests were performed with tap water only for about 60 seconds (one minute) of total 

injection time to ensure that the designed flow rates, perforation configurations, and the distance 

between the perforation clusters do not impact the carrier fluid distribution. Moreover, these tests 

were conducted to confirm the capability of the system to supply the desired injection rates using 

different perforation configurations. Figure 4.1 shows the tap water distribution across the three 

perforation clusters using a 1 SPF, top perforation configuration.  

Water tests were conducted using three different injection rates of 24 gpm, 35 gpm, and 40 

gpm. The results show even distribution of the injected water across the first two clusters (heel and 

middle) with little decrease at the third (toe) cluster. This is attributed to the slight leakage of the 

valve located after the third cluster which allows more water to exit the valve compared to the toe 

cluster.  Similar injection rates of 24 gpm, 34 gpm, and 44 gpm were used to investigate water 

distribution behavior of a 1 SPF, bottom perforation configuration as shown in Figure 4.2.  
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Figure 4.1. Water distribution across the three clusters using 1 SPF (top perforation) (Alajmei 

and Miskimins 2021). 

 

 
Figure 4.2. Water distribution across the three clusters using 1 SPF (bottom perforation) 

(Alajmei and Miskimins 2021). 
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The water distribution across the three clusters using the 1 SPF, bottom perforation 

configuration shows even distribution across the first (heel) and the last (toe) clusters with a slight 

decrease in the middle cluster. Combining both configurations by opening the top and bottom 

perforation at each cluster using similar injection rates of 25 gpm, 30 gpm, and 41 gpm resulted in 

uneven heel-biased water distribution as shown in Figure 4.3.  

The injection rates were increased to 47.5 gpm, 60 gpm, and 65 gpm to test the water 

distribution by closing the bottom perforation (3 SPF) as shown in Figure 4.4. The results show 

even water distribution across the first two clusters (heel and middle) with a slight decrease at the 

toe cluster as a result of the small leakage of the valve located at the end of the wellbore.  

The water distribution shows even distribution across the three perforation clusters using a 

4 SPF perforation configuration at injection rates of 35 gpm, 45 gpm, 80 gpm as shown in Figure 

4.5.  

 
Figure 4.3. Water distribution across the three clusters using 2 SPF (top and bottom perforation) 

(Alajmei and Miskimins 2021). 
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Figure 4.4. Water distribution across the three clusters using 3 SPF (Alajmei and Miskimins 

2020). 

 

 
Figure 4.5. Water distribution across the three clusters using 4 SPF (Ahmad and Miskimins 

2019). 

 

4.2 Slurry Results 

These slurry experiments were performed using 100-mesh brown sand and 40/70 mesh 

white sand both with a specific gravity of 2.65 g/cc. For each sand, fresh water was used as the 
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carrier fluid with four different proppant concentrations and three different injection rates to test 

the proppant distribution across the three perforation clusters. The same proppant concentrations 

were used for each of the five different perforation configurations. However, the injection rates 

used are classified into two different ranges. 

 The first set of injection rates included 20 gpm, 30 gpm, and 40 gpm, which was used for 

the first three perforation configurations. These perforation configurations were 1 SPF top 

perforation, 1 SPF bottom perforation, and 2 SPF top and bottom perforation configurations. This 

range of injection rates was selected to satisfy two conditions including: 1) injecting at a rate higher 

than the minimum settling velocity of the particles, and 2) keeping the back pressure lower than 

the maximum operating pressure of the pump to avoid shutting down the pump. A manual valve 

was installed at the end of the valve and was kept slightly open with less than 10% of the pump 

diameter for all experimental tests, as shown in Figure 4.6.   

 
Figure 4.6. Valve opening at the end of the wellbore. 

 

The second set of injection rates used to test the last two perforation configurations which 

were 3 SPF bottom perforation closed and 4 SPF. The injection rates started at 50 gpm, followed 

by 60 gpm and 70 gpm. Having more perforations open to flow allowed the pump to achieve these 

higher injection rates without experiencing any difficulties with the pump. 

 



53 

 

Different experimental parameters were varied during the experimental tests including the 

proppant size, proppant concentration, injection rate, and perforation configurations. During each 

test, the slurry behavior and the proppant settling inside the wellbore were observed and analyzed 

to understand the proppant transport behavior and settling. Furthermore, the distribution of the 

proppant between the three perforation clusters was analyzed. Sections 4.2.1-4.2.1.7 discuss the 

experimental results for all perforation configurations in more detail for the 100-mesh brown sand. 

Sections 4.2.2-4.2.2.6 discuss the results for the 40/70 mesh white sand. 

4.2.1 100 Mesh Brown Sand 

This section presents the results of the experimental tests conducted using the 100-mesh 

brown sand. The sand has a specific gravity of 2.65 g/cc and a median particle diameter of 0.2 mm. 

The high specific gravity of the sand caused large portions of the sand to settle in the mixing tank. 

The mixed proppant concentration increased incrementally from 0.5 ppg to 2 ppg with three 

different injection rates for each set of the proppant concentrations. The combination of the 

proppant concentrations and the injection rates were used in each of the five perforation 

configurations. Thus, a total of 60 experimental tests were conducted on the 100-mesh brown sand 

to investigate the effect of these variables on the proppant transportation and distribution between 

the three perforation clusters. All tested injection rates achieved turbulent flow with a Reynolds 

number higher than 4000, as discussed previously in Chapter 3 and tabulated in Table 3.2.  

4.2.1.1 Top Perforation Configuration 

The results in this section show the proppant distribution between the three perforation 

clusters using the top perforation configuration. Using this perforation configuration, the slurry 

exits the horizontal wellbore through the top perforation from the three clusters. Three different 

injection rates were tested for each of the four proppant concentrations to investigate the effect of 

the slurry injection rate and proppant concentration on the distribution of the 100-mesh brown 

sand.  

4.2.1.1.1 Injection Rate of 20 gpm 

The injection rate of 20 gpm was tested at four injected proppant concentrations of 0.23 

ppg, 0.61 ppg, 1.79 ppg, and 2.82 ppg. Figure 4.7 shows the proppant and water distribution 

between the three perforation clusters at an injected proppant concentration of 0.23 ppg. The 

distribution of the 100-mesh sand showed even distribution between the three perforation clusters 
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with negligible increase at the third (toe) cluster. The toe cluster received a proppant concentration 

of 0.01 ppg compared to 0.007 ppg at the first two clusters.  

Increasing the injected proppant concentration to 0.61 ppg, showed similar even proppant 

distribution between the three perforation clusters as shown in Figure 4.8. A proppant 

concentration of 0.01 ppg was received at the heel and middle clusters, first two clusters. The last 

(toe) cluster received a little more proppant concentration of 0.13 ppg.  

Figure 4.9 shows that increasing the proppant concentration to 1.79 ppg resulted to uneven 

toe-biased distribution. The first cluster received about 3% of the injected proppant concentration 

while the middle cluster received 6% of the injected proppant concentration. The last cluster 

received more proppant concentration of about 0.18 ppg, which is 10% of the total injected 

proppant concentration.  

 
Figure 4.7. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 0.23 ppg (modified after Alajmei and Miskimins 2021).  
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Figure 4.8. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 0.61 ppg.  

 

 
Figure 4.9. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 1.79 ppg. 
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 The last test using this perforation configuration with a similar injection rate and an injected 

proppant concentration of 2.82 ppg as shown in Figure 4.10. The proppant concentration received 

at the first (heel) cluster was 0.09 ppg followed by 0.167 ppg at the middle cluster and 0.31 ppg at 

the last (toe) cluster. This resulted in a toe-biased uneven proppant distribution.  

 
Figure 4.10. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 2.82 ppg (modified after Alajmei and Miskimins 2021). 

 

 The results obtained using an injection rate of 20 gpm showed even proppant distribution 

between the three perforation clusters at low injected proppant concentrations of 0.23 ppg and 0.61 

ppg. However, increasing the injected proppant concentrations to 1.79 ppg and 2.82 ppg changed 

the proppant distribution to more uneven with a biased toward the toe cluster. This is attributed to 

the higher amount of the fine particles entering the horizontal pipe at higher injected proppant 

concentration which allows the carrier fluid to transport more fine particles towards the toe cluster. 

Also, injecting at higher proppant concentrations of 1.79 ppg and 2.82 ppg reduced the spaces 

between the injection streamlines. Thus, the carrier fluid transports more particles towards the toe 

cluster. 
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4.2.1.1.2 Injection Rate of 30 gpm 

The second set of tests were conducted at an injection rate of 30 gpm and at 0.45 ppg, 0.81 

ppg, 1.59 ppg, and 2.59 ppg. The proppant distribution shows even proppant distribution between 

the three perforation clusters at an injected proppant concentration of 0.45 ppg as shown in Figure 

4.11. The three perforation clusters received similar proppant concentrations of 0.05 ppg, which 

represents about 11% of the total injected proppant concentration.  

 
Figure 4.11. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 0.45 ppg (modified after Alajmei and Miskimins 2021). 

 

 At an injected concentration of 0.81 ppg, similar even proppant distribution between the 

three perforation clusters were observed with little decrease at the toe cluster. The first two clusters 

(heel and middle) received 0.1 ppg, whereas only 0.09 ppg was received at the toe cluster as shown 

in Figure 4.12.   

The proppant distribution between the three perforation clusters at an injected proppant 

concentration of 1.59 ppg were relatively even with little increase at the toe cluster as shown in 

Figure 4.13. The proppant concentration of the heel and middle clusters were nearly identical with 

0.12 ppg and 0.147 ppg, followed by a little increase towards the toe cluster with 0.195 ppg. These 
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proppant concentrations represent 7.5%, 9.25%, and 12.3% of the total injected proppant 

concentration, respectively.  

Lastly, the injection rate of 30 gpm was used to test the proppant distribution between the 

three perforation clusters at an injected proppant concentration of 2.59 ppg. Figure 4.14 shows the 

distribution behavior between the three perforation clusters as uneven toe-biased distribution. The 

first cluster received 0.22 ppg, which is about 8% of the total injected proppant concentration. The 

proppant concentration received at the middle cluster was higher by 0.05 ppg compared to the heel 

cluster. The toe cluster received the highest proppant concentration percentage of about 18% of 

the total injected proppant concentration.  

 
Figure 4.12. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 0.81 ppg. 
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Figure 4.13. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 1.59 ppg. 

 

 
Figure 4.14. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 2.59 ppg (modified after Alajmei and Miskimins 2021). 
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The results obtained using an injection rate of 30 gpm showed even proppant distribution 

between the three perforation clusters at low injected proppant concentrations of 0.45 ppg and 0.81 

ppg. However, increasing the injected proppant concentrations to 1.59 ppg and 2.59 ppg changed 

the proppant distribution to more biased behavior towards the toe cluster. This is attributed to the 

higher amount of the fine particles entering the horizontal pipe at higher injected proppant 

concentration which allows the carrier fluid to transport more fine particles towards the toe cluster. 

Similarly, injecting at higher proppant concentrations of 1.59 ppg and 2.59 ppg reduced the spaces 

between the injection streamlines. As a result, the carrier fluid transports more particles towards 

the toe cluster. 

4.2.1.1.3 Injection Rate of 40 gpm 

This section presents the results of the conducted tests at an injection rate of 40 gpm and 

at 0.37 ppg, 0.82 ppg, 1.38 ppg, and 2 ppg. The proppant distribution shows even proppant 

distribution between the three perforation clusters at an injected proppant concentration of 0.37 

ppg as shown in Figure 4.15. The three perforation clusters received similar proppant concentration 

of 0.08 ppg, which represents about 21% of the total injected proppant concentration.  

 
Figure 4.15. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 40 gpm and an injected proppant 

concentration of 0.37 ppg (modified after Alajmei and Miskimins 2021). 
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 The proppant distribution between the three perforation clusters showed similar even 

distribution at an injected concentration of 0.82 ppg with little decrease at the heel cluster as shown 

in Figure 4.16. The last two clusters (middle and toe) received about 0.17 ppg, whereas the first 

cluster received about 0.15 ppg.   

 
Figure 4.16. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 40 gpm and an injected proppant 

concentration of 0.82 ppg. 

 

 Similarly, the proppant distribution between the three perforation clusters at an injected 

proppant concentration of 1.38 ppg were relatively even with little decrease at the heel cluster as 

shown in Figure 4.17. The heel cluster received a proppant concentration of 0.21 ppg, followed by 

a little increase towards the middle and toe clusters with an identical proppant concentration of 

0.25 ppg.  

At an injected proppant concentration of 2 ppg, the proppant distribution between the three 

perforation clusters showed relatively even with a slight toe-biased distribution as shown in Figure 

4.18. The first cluster received 0.35 ppg, which is about 17.7% of the total injected proppant 

concentration. The proppant concentration received at the middle cluster was about 20% of the 
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total injected proppant concentration. The toe cluster received the highest proppant concentration 

percentage of about 20.7% of the total injected proppant concentration.  

 
Figure 4.17. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 40 gpm and an injected proppant 

concentration of 1.38 ppg. 

 

 
Figure 4.18. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 40 gpm and an injected proppant 

concentration of 2 ppg (modified after Alajmei and Miskimins 2021). 
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The results obtained using an injection rate of 40 gpm showed more even proppant 

distribution between the three perforation clusters at all injected proppant concentrations of 0.37 

ppg, 0.82 ppg, 1.38 ppg, and 2 ppg. The high injection rate of 40 gpm allows the carrier fluid to 

transport and distribute more particles evenly between the three perforation clusters. Moreover, 

injecting at higher proppant concentrations of 1.38 ppg and 2 ppg increased the injected velocity. 

Therefore, the distribution behavior showed even distribution with a tendency towards the toe 

cluster. 

4.2.1.2 Bottom Perforation Configuration 

The results of the proppant distribution between the three perforation clusters using the 

bottom perforation configuration are discussed in this section. The mixed slurry was allowed to 

exit the horizontal wellbore through the bottom perforation at each cluster. Three different 

injection rates were tested for each of the four proppant concentrations to investigate the effect of 

the slurry injection rate and proppant concentration on the distribution of the 100-mesh brown sand 

using the bottom perforation configuration.  

4.2.1.2.1 Injection Rate of 20 gpm 

The proppant distribution between the three perforation clusters was investigated using this 

injection rate at four injected proppant concentrations of 0.3 ppg, 0.76 ppg, 1.48 ppg, and 4.17 

ppg. Figure 4.19 shows the proppant and water distribution between the three perforation clusters 

at an injected proppant concentration of 0.3 ppg. The distribution of the 100-mesh sand using the 

bottom perforation configuration showed a strongly uneven with heel-biased distribution between 

the three perforation clusters. The heel cluster received the highest proppant concentration with 

0.69 ppg, followed by 0.25 ppg at the middle cluster and 0.11 ppg at the toe cluster.  

The proppant distribution between the three perforation clusters showed similar heel-

biased behavior using a higher injected proppant concentration of 0.76 ppg as shown in Figure 

4.20. The heel cluster received the majority of the proppant concentration with 1.72 ppg, whereas 

lower proppant concentrations were received at the middle and toe clusters of 0.72 ppg and 0.19 

ppg, respectively.  
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Figure 4.19. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 0.3 ppg (modified after Alajmei and Miskimins 2021).  

 

 
Figure 4.20. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 0.76 ppg.  
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The next test was conducted at a proppant concentration of 1.48 ppg and resulted in uneven 

heel-biased distribution. The first cluster received 2.2 ppg following by 0.45 ppg received at 

middle cluster resulting to a strongly uneven heel-biased distribution. The toe cluster received 

negligible proppant concentration of 0.04 ppg as shown in Figure 4.21.  

A similar trend of strongly uneven heel-biased proppant distribution resulted at an injected 

proppant concentration of 4.17 ppg as shown in Figure 4.22. The heel cluster received the highest 

proppant concentration of 4 ppg followed by 2 ppg at the middle cluster. The toe cluster received 

only 0.42 ppg, resulting in a strongly uneven heel-biased distribution. 

 
Figure 4.21. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 1.48 ppg. 

 

The results obtained using an injection rate of 20 gpm showed a strongly heel-biased 

uneven proppant distribution between the three perforation clusters at all injected proppant 

concentrations of 0.3 ppg, 0.76 ppg, 1.48 ppg, and 4.17 ppg. The gravitational force acting on the 

sand particles is higher than the inertia force, which allows more particles to exit throughout to the 

heel cluster.  
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Figure 4.22. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 4.17 ppg (modified after Alajmei and Miskimins 2021). 

 

4.2.1.2.2 Injection Rate of 30 gpm 

Another set of tests were conducted at an injection rate of 30 gpm and at 0.44 ppg, 0.92 

ppg, 1.44 ppg, and 2.91 ppg. Figure 4.23 shows the proppant distribution at an injected proppant 

concentration of 0.44 ppg. The results showed uneven heel-biased distribution between the three 

perforation clusters. The first (heel) cluster received a proppant concentration of 0.9 ppg, followed 

by 0.7 ppg and 0.4 ppg at the middle and toe clusters, respectively.  

Increasing the injected proppant concentration to 0.92 ppg showed similar uneven heel-

biased proppant distribution between the three perforation clusters as shown in Figure 4.24. A 

proppant concentration of 1.9 ppg was received at the heel cluster, whereas the middle and toe 

clusters received 1.3 and 0.7 ppg, respectively.   
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Figure 4.23. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 0.44 ppg (modified after Alajmei and Miskimins 2021). 

 

 
Figure 4.24. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 0.92 ppg. 
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 The next test was conducted at an injected proppant concentration of 1.44 ppg and showed 

uneven heel-biased proppant distribution between the three perforation clusters as shown in Figure 

4.25. The proppant concentration received at the heel and middle clusters were 3 ppg and 2.4 ppg, 

respectively. The toe cluster received the lowest proppant concentration of 0.72 ppg.   

At an injected proppant concentration of 2.91 ppg, the proppant distribution between the 

three perforation clusters resulted in a strongly uneven heel-biased distribution as shown in Figure 

4.26. The first cluster received 3.9 ppg, whereas the middle and toe clusters received 2.4 ppg and 

0.9 ppg, respectively.  

 
Figure 4.25. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 1.44 ppg. 

 

The results obtained using an injection rate of 30 gpm showed a heel-biased uneven 

proppant distribution between the three perforation clusters at all injected proppant concentrations 

of 0.44 ppg, 0.92 ppg, 1.44 ppg, and 2.91 ppg. Although the increase in the injection rate helps 

transporting more sand particles to the toe cluster, the gravitational force exerted on the sand 

particles was still higher than the inertia force created by the higher injection rate.  
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Figure 4.26. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 2.91 ppg (modified after Alajmei and Miskimins 2021). 

 

4.2.1.2.3 Injection Rate of 40 gpm 

The results of the last four tests conducted at an injection rate of 40 gpm and at 0.35 ppg, 

0.65 ppg, 1.36 ppg, and 1.83 ppg are presented in this section. Figure 4.27 shows the proppant 

distribution between the three perforation clusters at an injected proppant concentration of 0.35 

ppg with uneven heel-biased distribution. The heel cluster received the highest concentration of 

0.8 ppg, followed by the middle cluster with 0.6 ppg. The toe cluster received the lowest proppant 

concentration of 0.37 ppg.  

At a proppant concentration of 0.65 ppg, the proppant distribution between the three 

perforation clusters showed similar uneven heel-biased distribution as shown in Figure 4.28. The 

heel cluster received the highest proppant concentration of 1.7 ppg, which is equivalent to the total 

proppant concentrations received at both middle and toe clusters. The middle cluster received 1.2 

ppg, whereas the lowest proppant concentration of 0.5 ppg was received at the toe cluster.  
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Figure 4.27. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 40 gpm and an injected proppant 

concentration of 0.35 ppg (modified after Alajmei and Miskimins 2021). 

   

 
Figure 4.28. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 40 gpm and an injected proppant 

concentration of 0.65 ppg. 

 

 Increasing the proppant concentration to 1.36 ppg, the proppant distribution between the 

three perforation clusters showed uneven heel-biased distribution. The heel cluster received 2.2 

ppg, followed by 1.7 ppg received at the middle cluster. The toe cluster received 1.1 ppg as shown 

in Figure 4.29. 
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At an injected proppant concentration of 1.83 ppg, the proppant distribution between the 

three perforation clusters showed uneven heel-biased distribution as shown in Figure 4.30. The 

heel cluster received 3.2 ppg, whereas the middle cluster received 2.4 ppg. The lowest proppant 

concentration of 1.3 ppg was received at the toe cluster.   

 
Figure 4.29. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 40 gpm and an injected proppant 

concentration of 1.36 ppg. 

 

 
Figure 4.30. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 40 gpm and an injected proppant 

concentration of 1.83 ppg (modified after Alajmei and Miskimins 2021). 
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Similarly, the results observed using an injection rate of 40 gpm showed a heel-biased 

uneven proppant distribution between the three perforation clusters at all injected proppant 

concentrations of 0.35 ppg, 0.65 ppg, 1.36 ppg, and 1.83 ppg. The increase in the injection rate 

helps transporting more sand particles to the toe cluster especially at high injected proppant 

concentrations. However, the gravitational force exerted on the sand particles was dominating the 

particle distribution compared to the inertia force created by the higher injection rate.  

4.2.1.3 Top and Bottom (2 SPF) Perforation Configuration 

This section presents the results of the proppant distribution between the three perforation 

clusters using 2 SPF (top and bottom) perforation configuration with 180 degrees phasing. Using 

this configuration, the mixed slurry drained out of the horizontal wellbore through both top and 

bottom perforations at each cluster. A total of 12 experimental runs were conducted using three 

injection rates and four different proppant concentrations.  

4.2.1.3.1 Injection Rate of 20 gpm 

The proppant distribution between the three perforation clusters was investigated using an 

injection rate of 20 gpm at four injected proppant concentrations of 0.13 ppg, 0.83 ppg, 1.92 ppg, 

and 3.28 ppg. The distribution of the proppant and the water between the three perforation clusters 

an injected proppant concentration of 0.13 ppg is shown in Figure 4.31. The distribution of the 

100-mesh sand using the top and bottom perforations configuration showed a slightly uneven with 

heel-biased distribution between the three perforation clusters. The heel cluster received the 

highest proppant concentration with 0.18 ppg, followed by 0.1 ppg at the middle cluster and 0.03 

ppg at the toe cluster.  

The proppant distribution between the three perforation clusters showed a strongly heel-

biased behavior using higher injected proppant concentration of 0.83 ppg, as shown in Figure 4.32. 

The heel cluster received the majority of the proppant concentration with 1.08 ppg, while the toe 

cluster received the lowest proppant concentration of 0.21 ppg. 
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Figure 4.31. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 20 gpm and an injected 

proppant concentration of 0.13 ppg (modified after Alajmei and Miskimins 2021).  

 

 
Figure 4.32. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 20 gpm and an injected 

proppant concentration of 0.83 ppg.  

 

Another test conducted at a proppant concentration to 1.92 ppg also resulted in a strongly 

uneven heel-biased distribution, as shown in Figure 4.33. The first cluster received 1.7 ppg 

following by 1.03 ppg and 0.2 ppg received at the middle and toe clusters, respectively.  
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Figure 4.33. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 20 gpm and an injected 

proppant concentration of 1.92 ppg. 

 

 The last conducted test using this rate showed a similar trend of strongly uneven heel-

biased proppant distribution at an injected proppant concentration of 3.28 ppg, as shown in Figure 

4.34. A proppant concentration of 2.4 ppg was received at the heel cluster, followed by 1.54 ppg 

at the middle cluster. The toe cluster received only 0.64 ppg, which resulted in a strongly uneven 

heel-biased distribution.  

 
Figure 4.34. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 20 gpm and an injected 

proppant concentration of 3.28 ppg (modified after Alajmei and Miskimins 2021). 
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The experimental results found using an injection rate of 20 gpm showed a heel-biased 

uneven proppant distribution between the three perforation clusters at all injected proppant 

concentrations of 0.13 ppg, 0.83 ppg, 1.92 ppg, and 3.28 ppg. The gravitational force acting on the 

sand particles allowed more coarser particles to exit the horizontal wellbore from the bottom 

perforation at the first cluster. The slurry concentration passing the first cluster contained more 

finer particles. However, the total proppant concentration is less as more proppant concentration 

exited at the first cluster. The injected slurry at 20 gpm arrived at the toe cluster with less total 

proppant concentration, mostly fine particles, which exited mostly from the bottom perforation.  

4.2.1.3.2 Injection Rate of 30 gpm 

The results of the four different tests conducted at an injection rate of 30 gpm and at 0.48 

ppg, 0.96 ppg, 1.61 ppg, and 2.03 ppg are discussed below. Figure 4.35 shows the proppant 

distribution at an injected proppant concentration of 0.48 ppg. The result showed a slightly uneven 

heel-biased distribution between the three perforation clusters. The first (heel) cluster received a 

proppant concentration of 0.64 ppg, followed by 0.55 ppg and 0.47 ppg at the middle and toe 

clusters, respectively.  

 
Figure 4.35. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 30 gpm and an injected 

proppant concentration of 0.48 ppg (modified after Alajmei and Miskimins 2021). 
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 Another test was conducted by increasing the injected proppant concentration to 0.96 ppg, 

as shown in Figure 4.36. These results showed similar uneven heel-biased proppant distribution 

between the three perforation clusters with the highest proppant concentration of 1.2 ppg received 

at the heel cluster. The middle cluster received a slightly lower proppant concentration of 1.1 ppg, 

followed by 0.82 ppg received at the toe cluster.  

The third test was conducted at an injected proppant concentration of 1.61 ppg and showed 

uneven heel-biased proppant distribution between the three perforation clusters, as shown in Figure 

4.37. The proppant concentration received at the heel and middle clusters were the same at 1.64 

ppg. The toe cluster received the lowest proppant concentration of 1.33 ppg.   

The last test at this rate was conducted at an injected proppant concentration of 2.03 ppg, 

as shown in Figure 4.38. the proppant distribution between the three perforation clusters resulted 

in a strongly uneven heel-biased distribution. The first cluster received 2 ppg, whereas the middle 

and toe clusters received 1.7 ppg and 0.85 ppg, respectively.  

 
Figure 4.36. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 30 gpm and an injected 

proppant concentration of 0.96 ppg. 
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Figure 4.37. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 30 gpm and an injected 

proppant concentration of 1.61 ppg. 

 

 
Figure 4.38. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 30 gpm and an injected 

proppant concentration of 2.03 ppg (modified after Alajmei and Miskimins 2021). 
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The experimental results obtained using an injection rate of 30 gpm showed a similar heel-

biased uneven proppant distribution between the three perforation clusters at all injected proppant 

concentrations of 0.48 ppg, 0.96 ppg, 1.61 ppg, and 2.03 ppg. The gravitational force exerted on 

the sand particles allowed more coarser particles to exit from the first two cluster, heel and middle, 

compared to the toe cluster.  

4.2.1.3.3 Injection Rate of 40 gpm 

The results of the last four tests conducted at an injection rate of 40 gpm and at 0.33 ppg, 

0.67 ppg, 1.35 ppg, and 1.84 ppg are presented in this section. Figure 4.39 shows the proppant 

distribution between the three perforation clusters at an injected proppant concentration of 0.33 

ppg with more even proppant distribution. The heel and middle clusters received similar proppant 

concentrations of 0.4 ppg, while the toe cluster received a slightly higher proppant concentration 

of 0.46 ppg.  

 
Figure 4.39. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 40 gpm and an injected 

proppant concentration of 0.33 ppg (modified after Alajmei and Miskimins 2021). 

 

 At a proppant concentration of 0.67 ppg, the proppant distribution between the three 

perforation clusters showed similar even proppant distribution, as shown in Figure 4.40. The heel 

cluster received a little higher proppant concentration of 0.85 ppg, while the middle and toe clusters 

received similar proppant concentrations of 0.8 ppg.   
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Increasing the proppant concentration to 1.35 ppg, the proppant distribution between the 

three perforation clusters showed similar even proppant distribution. The heel and toe clusters 

received similar proppant concentrations of 1.4 ppg, while a slightly higher proppant concentration 

was received at the middle cluster of 1.48 ppg, as shown in Figure 4.41. 

The last test was conducted at an injected proppant concentration of 1.84 ppg, as shown in 

Figure 4.42. The proppant distribution between the three perforation clusters showed similar even 

proppant distribution. The heel and middle clusters received the same proppant concentrations of 

1.7 ppg, whereas the toe cluster received a slightly lower proppant concentration of 1.6 ppg. 

 
Figure 4.40. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 40 gpm and an injected 

proppant concentration of 0.67 ppg. 

 

The results observed at the highest injection rate using 2 SPF, top and bottom perforations, 

of 40 gpm showed more even proppant distribution between the three perforation clusters at all 

injected proppant concentrations of 0.33 ppg, 0.67 ppg, 1.35 ppg, and 1.84 ppg. The inertia force 

exerted on the sand particles exceeded the gravitational force, which allowed the carrier fluid to 

distribute the sand particles evenly between the perforation clusters. 
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Figure 4.41. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 40 gpm and an injected 

proppant concentration of 1.35 ppg. 

    

 
Figure 4.42. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 40 gpm and an injected 

proppant concentration of 1.84 ppg (modified after Alajmei and Miskimins 2021). 
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4.2.1.4 3 SPF Perforation Configuration 

The experimental results of the conducted tests using the 3 SPF perforation configuration 

are presented below. This configuration utilized the original 4 SPF configuration with 90 degrees 

phasing by closing the bottom perforation at each cluster, which allows the slurry to drain out of 

horizontal wellbore using the top and two side perforations only. Four different proppant 

concentrations were used with three different injection rates to investigate the proppant distribution 

across the three perforation clusters. The injection rates for this configuration were increased to 50 

gpm, 60 gpm, and 70 gpm. These rates were allowable due to the additional open perforation at 

each cluster, which reduce the back pressure acting on the pump even with higher injection rates 

compared to the limited entry configurations.  

4.2.1.4.1 Injection Rate of 50 gpm 

The proppant distribution between the three perforation clusters using this 3 SPF 

configuration was first investigated using an injection rate of 50 gpm at four injected proppant 

concentrations of 0.33 ppg, 0.84 ppg, 1.29 ppg, and 2.21 ppg. The distribution of the proppant and 

the water between the three perforation clusters at an injected proppant concentration of 0.33 ppg 

is shown in Figure 4.43. The distribution of the 100-mesh sand using this perforation configuration 

showed a slightly uneven with toe-biased distribution between the three perforation clusters. The 

heel cluster received the lowest proppant concentration with 0.16 ppg followed by 0.2 ppg at the 

middle cluster. The toe cluster received a concentration close to the mix proppant concentration of 

0.47 ppg.  

The proppant distribution between the three perforation clusters showed a strongly toe-

biased behavior using a higher injected proppant concentration of 0.84 ppg, as shown in Figure 

4.44. The toe cluster received the majority of the proppant concentration with 1.07 ppg, while the 

heel cluster received the lowest proppant concentration of 0.39 ppg. 

The third test was conducted at an injected proppant concentration of 1.29 ppg. Figure 4.45 

shows the water and proppant distribution across the three perforation clusters. The result indicates 

a strongly uneven toe-biased distribution. The toe cluster received the highest proppant 

concentration of 1.4 ppg followed by 0.73 ppg at the middle cluster and 0.6 ppg received at the 

heel cluster.  
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Figure 4.43. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 50 gpm and an injected proppant 

concentration of 0.33 ppg (modified after Alajmei and Miskimins 2020).  

 

 

 
Figure 4.44. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 50 gpm and an injected proppant 

concentration of 0.84 ppg.  
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The last conducted test using this rate showed a similar trend of a strongly uneven toe-

biased proppant distribution at an injected proppant concentration of 2.21 ppg, as shown in Figure 

4.46. A proppant concentration of 2.3 ppg received at the toe cluster, followed by 1.23 ppg at the 

middle cluster. The heel cluster received the lowest proppant concentration of 0.86 ppg.  

 
Figure 4.45. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 50 gpm and an injected proppant 

concentration of 1.29 ppg. 

 

 
Figure 4.46. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 50 gpm and an injected proppant 

concentration of 2.21 ppg (modified after Alajmei and Miskimins 2020). 
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The experimental results using an injection rate of 50 gpm showed a strongly toe-biased 

uneven proppant distribution between the three perforation clusters at all injected proppant 

concentrations of 0.33 ppg, 0.84 ppg, 1.29 ppg, and 2.21 ppg. The inertia force acting on the sand 

particles was higher than the gravitational force. Thus, more sand particles were prevented from 

turning around the corners and exiting the horizontal wellbore through the first two clusters. 

4.2.1.4.2 Injection Rate of 60 gpm 

This section presents the results of the four different tests conducted at an injection rate of 

60 gpm and at injected proppant concentrations of 0.35 ppg, 0.72 ppg, 1.17 ppg, and 1.79 ppg. 

Figure 4.47 shows the proppant distribution at an injected proppant concentration of 0.35 ppg. The 

results showed uneven toe-biased distribution between the three perforation clusters. The first 

cluster received a proppant concentration of 0.19 ppg, followed by 0.23 ppg and 0.43 ppg at the 

middle and toe clusters, respectively.  

Increasing the injected proppant concentration to 0.72 ppg showed similar toe-biased 

uneven proppant distribution between the three perforation clusters, as shown in Figure 4.48. The 

first cluster received 0.38 ppg, followed by 0.47 ppg at the middle cluster. The toe cluster received 

the highest proppant concentration of 0.95 ppg.  

 
Figure 4.47. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 60 gpm and an injected proppant 

concentration of 0.35 ppg (modified after Alajmei and Miskimins 2020). 
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Figure 4.48. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 60 gpm and an injected proppant 

concentration of 0.72 ppg. 

 

 The third test was conducted at an injected proppant concentration of 1.17 ppg, as shown 

in Figure 4.49. The results showed similar uneven toe-biased proppant distribution between the 

three perforation clusters. The proppant concentration at the heel cluster received the lowest 

concentration of 0.6 ppg. A proppant concentration of 0.79 ppg was received at the middle cluster. 

The highest proppant concentration of 1.38 ppg was received at the toe cluster.  

The last test was conducted at an injected proppant concentration of 1.78 ppg, as shown in 

Figure 4.50. The proppant distribution between the three perforation clusters resulted in a strongly 

uneven toe-biased distribution. The first cluster received 0.88 ppg, whereas the middle and toe 

clusters received 1.07 ppg and 2.03 ppg, respectively.  

At a higher injection rate of 60 gpm, the results showed a strongly toe-biased uneven 

proppant distribution between the three perforation clusters at all injected proppant concentrations 

of 0.35 ppg, 0.72 ppg, 1.17 ppg, and 1.79 ppg. Similarly, the inertia force prevented the sand 

particles from turning around the corners and exiting the horizontal wellbore through the first two 

clusters. 
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Figure 4.49. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 60 gpm and an injected proppant 

concentration of 1.17 ppg. 

 

 
Figure 4.50. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 60 gpm and an injected proppant 

concentration of 1.78 ppg (modified after Alajmei and Miskimins 2020). 

 

4.2.1.4.3 Injection Rate of 70 gpm 

The results of the last tests were conducted at an injection rate of 70 gpm and at four 

different proppant concentrations of 0.3 ppg, 0.54 ppg, 1.02 ppg, and 1.64 ppg. Figure 4.51 shows 
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the proppant distribution between the three perforation clusters at an injected proppant 

concentration of 0.3 ppg with uneven toe-biased proppant distribution. The heel and middle 

clusters received similar proppant concentrations of 0.2 ppg, while the toe cluster received a little 

more proppant concentration of 0.33 ppg.  

At a proppant concentration of 0.54 ppg, the proppant distribution between the three 

perforation clusters showed similar uneven toe-biased proppant distribution, as shown in Figure 

4.52. The heel cluster received a proppant concentration of 0.36 ppg, while the middle cluster 

received a similar proppant concentration of 0.38 ppg. The toe cluster received almost a doubled 

proppant concentration of 0.62 ppg.   

 
Figure 4.51. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 70 gpm and an injected proppant 

concentration of 0.3 ppg (modified after Alajmei and Miskimins 2020). 

 

 The result of the third experimental test was achieved by increasing the proppant 

concentration to 1.02 ppg. The proppant distribution between the three perforation clusters showed 

uneven toe-biased proppant distribution. The heel cluster received the lowest proppant 

concentration of 0.6 ppg. The middle cluster received a little higher proppant concentration of 0.7 

ppg, followed by a proppant concentration of 1.17 ppg at the toe cluster, as shown in Figure 4.53.  
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Figure 4.52. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 70 gpm and an injected proppant 

concentration of 0.54 ppg. 

 

The last test was conducted at an injected proppant concentration of 1.64 ppg, as shown in 

Figure 4.54. The proppant distribution between the three perforation clusters showed a strongly 

uneven toe-biased proppant distribution. The heel and middle clusters received proppant 

concentrations of 0.9 ppg and 1.12 ppg, respectively. The toe cluster received the highest proppant 

concentration of 2.0 ppg.  

 
Figure 4.53. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 70 gpm and an injected proppant 

concentration of 1.02 ppg. 
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Figure 4.54. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 70 gpm and an injected proppant 

concentration of 1.64 ppg (modified after Alajmei and Miskimins 2020). 

 

The experimental results observed at the highest injection rate of 70 gpm showed a strongly 

toe-biased uneven proppant distribution between the three perforation clusters at all injected 

proppant concentrations of 0.3 ppg, 0.54 ppg, 1.02 ppg, and 1.64 ppg. The inertia force dominated 

the distribution behavior by preventing the sand particles from turning around the corners and 

exiting the horizontal wellbore through the first two clusters. 

4.2.1.5 4 SPF Perforation Configuration 

The results of the last experimental set that were conducted using this 4 SPF perforation 

configuration are presented below. This configuration utilized the original 4 SPF configuration 

with 90 degrees phasing by opening all perforations at each cluster. The slurry is allowed to drain 

out of horizontal wellbore using the top, two sides, and bottom perforations. Four different 

proppant concentrations were used with three different injection rates to investigate the proppant 

distribution across the three perforation clusters. The injection rates for this configuration were 

similar to the ones used with 3 SPF, i.e. 50 gpm, 60 gpm, and 70 gpm. The back pressure acting 

on the pump while pumping using 4 SPF is minimized, which allows injecting the slurry at these 

high rates.  
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4.2.1.5.1 Injection Rate of 50 gpm 

Four experimental runs were conducted at an injection rate of 50 gpm at proppant 

concentrations of 0.35 ppg, 0.76 ppg, 1.27 ppg, and 2.12 ppg. The distribution of the proppant and 

the water between the three perforation clusters an injected proppant concentration of 0.35 ppg is 

shown in Figure 4.55. The distribution of the 100-mesh sand using this perforation configuration 

showed a slightly uneven with toe-biased distribution between the three perforation clusters. The 

heel cluster received the lowest proppant concentration of 0.33 ppg. This proppant concentration 

is close to the injected proppant concentration. The middle and toe clusters received a slightly 

higher concentration compared to the injected concentration with 0.36 ppg.  

 
Figure 4.55. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 4 SPF configuration at an injection rate of 50 gpm and an injected proppant 

concentration of 0.35 ppg (modified after Alajmei and Miskimins 2020).  

 

The next test was conducted using a higher injected proppant concentration of 0.76 ppg.  

The proppant distribution between the three perforation clusters showed a toe-biased distribution, 

as shown in Figure 4.56. The toe cluster received a proppant concentration of 0.75 ppg, which is 

similar to the injected proppant concentration. The middle and heel clusters received lower 

proppant concentrations of 0.67 ppg and 0.57 ppg, respectively.  
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Figure 4.56. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 4 SPF configuration at an injection rate of 50 gpm and an injected proppant 

concentration of 0.76 ppg.  

 

The third test was conducted at an injected proppant concentration of 1.27 ppg. Figure 4.57 

shows the water and proppant distribution across the three perforation clusters. The result indicates 

uneven toe-biased distribution. The toe cluster received the highest proppant concentration of  1.1 

ppg followed by 1.04 ppg at the middle cluster and 0.92 ppg received at the heel cluster.  

 
Figure 4.57. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 4 SPF configuration at an injection rate of 50 gpm and an injected proppant 

concentration of 1.27 ppg. 
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 The last conducted test using 50 gpm showed similar trend of uneven toe-biased proppant 

distribution at an injected proppant concentration of 2.21 ppg, as shown in Figure 4.58. A proppant 

concentration of 1.6 ppg received at the toe cluster, followed by 1.46 ppg at the middle cluster. 

The heel cluster received the lowest proppant concentration of 1.34 ppg.  

 
Figure 4.58. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 4 SPF configuration at an injection rate of 50 gpm and an injected proppant 

concentration of 2.12 ppg (modified after Alajmei and Miskimins 2020). 

 

The experimental results using an injection rate of 50 gpm showed a toe-biased uneven 

proppant distribution between the three perforation clusters at all injected proppant concentrations 

of 0.35 ppg, 0.76 ppg, 1.27 ppg, and 2.12 ppg. Although the slurry was allowed to exit the 

horizontal wellbore through four open perforations at each cluster, the inertia force was dominating 

the distribution behavior and preventing the sand particles from turning around and exiting through 

the first two perforation clusters.  

4.2.1.5.2 Injection Rate of 60 gpm 

This section presents the results of the four different tests conducted at an injection rate of 

60 gpm and at injected proppant concentrations of 0.33 ppg, 0.69 ppg, 1.11 ppg, and 1.83 ppg. 

Figure 4.59 shows the proppant distribution at an injected proppant concentration of 0.33 ppg. The 

results showed uneven toe-biased distribution between the three perforation clusters. The first 

cluster received a proppant concentration of 0.29 ppg, followed by 0.32 ppg and 0.39 ppg at the 

middle and toe clusters, respectively.  
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Figure 4.59. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 4 SPF configuration at an injection rate of 60 gpm and an injected proppant 

concentration of 0.33 ppg (modified after Alajmei and Miskimins 2020). 

 

 An injected proppant concentration of 0.69 ppg showed similar toe-biased uneven proppant 

distribution between the three perforation clusters, as shown in Figure 4.60. The first cluster 

received 0.58 ppg, followed by 0.66 ppg at the middle cluster. The toe cluster received the highest 

proppant concentration of 0.75 ppg.  

 
Figure 4.60. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 4 SPF configuration at an injection rate of 60 gpm and an injected proppant 

concentration of 0.69 ppg. 
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 Another test was conducted at an injected proppant concentration of 1.11 ppg, as shown in 

Figure 4.61. These results showed similar uneven toe-biased proppant distribution between the 

three perforation clusters. The proppant concentration at the heel cluster received the lowest 

concentration of 0.83 ppg. A proppant concentration of 0.94 ppg was received at the middle cluster. 

The proppant concentration at the toe cluster approached the injected proppant concentration of 

1.11 ppg.  

The fourth test was conducted at an injected proppant concentration of 1.83 ppg, as shown 

in Figure 4.62. The proppant distribution between the three perforation clusters resulted in an 

uneven toe-biased distribution. The first cluster received 1.26 ppg, whereas the middle and toe 

clusters received 1.4 ppg and 1.66 ppg, respectively.  

 
Figure 4.61. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 4 SPF configuration at an injection rate of 60 gpm and an injected proppant 

concentration of 1.11 ppg. 

 

The experimental results using an injection rate of 60 gpm also showed a toe-biased uneven 

proppant distribution between the three perforation clusters at all injected proppant concentrations 

of 0.33 ppg, 0.69 ppg, 1.11 ppg, and 1.83 ppg. The inertia force acting on the sand particles was 

higher than the gravitational force. As a result, more sand particles were prevented from turning 

around the corners and exiting the horizontal wellbore through the first two clusters. 
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Figure 4.62. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 4 SPF configuration at an injection rate of 60 gpm and an injected proppant 

concentration of 1.83 ppg (modified after Alajmei and Miskimins 2020). 

 

4.2.1.5.3 Injection Rate of 70 gpm 

The last set of tests was conducted at an injection rate of 70 gpm and at four different 

injected proppant concentrations of 0.31 ppg, 0.52 ppg, 0.93 ppg, and 1.55 ppg. The results of 

these four runs are presented in this section. Figure 4.63 shows the proppant distribution between 

the three perforation clusters at an injected proppant concentration of 0.31 ppg with a slightly 

uneven toe-biased proppant distribution. The heel cluster received a proppant concentration of 

0.27 ppg. The middle cluster received a proppant concentration similar to the injected proppant 

concentration of 0.3 ppg. The toe cluster received the highest proppant concentration of 0.34 ppg. 

Another test was conducted at 70 gpm and at a proppant concentration of 0.52 ppg. The 

proppant distribution between the three perforation clusters showed a similar slightly uneven toe-

biased proppant distribution, as shown in Figure 4.64. The heel cluster received a proppant 

concentration of 0.43 ppg, while the middle received a proppant concentration of 0.46 ppg. The 

toe cluster received a proppant concentration similar to the injected concentration of 0.54 ppg.   

The third experimental test was achieved by increasing the proppant concentration to 0.93 

ppg. Figure 4.65 shows the proppant distribution between the three perforation clusters as uneven 

toe-biased proppant distribution. The heel cluster received the lowest proppant concentration of 
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0.73 ppg. The middle cluster received a proppant concentration of 0.79 ppg, followed by a 

proppant concentration of 0.96 ppg at the toe cluster. 

 
Figure 4.63. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 4 SPF configuration at an injection rate of 70 gpm and an injected proppant 

concentration of 0.31 ppg (modified after Alajmei and Miskimins 2020). 

 

 
Figure 4.64. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 4 SPF configuration at an injection rate of 70 gpm and an injected proppant 

concentration of 0.52 ppg. 
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Figure 4.65. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 4 SPF configuration at an injection rate of 70 gpm and an injected proppant 

concentration of 0.93 ppg. 

 

  The last test was conducted at an injected proppant concentration of 1.55 ppg, as shown in 

Figure 4.66. The proppant distribution between the three perforation clusters showed a strongly 

uneven toe-biased proppant distribution. The heel and middle clusters received proppant 

concentrations of 1.18 ppg and 1.29 ppg, respectively. The toe cluster received the highest 

proppant concentration of 1.58 ppg.  

 
Figure 4.66. Fluid and proppant distribution of the 100-mesh sand between the three perforation 

clusters using 4 SPF configuration at an injection rate of 70 gpm and an injected proppant 

concentration of 1.55 ppg (modified after Alajmei and Miskimins 2020). 
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The experimental results observed at the highest injection rate of 70 gpm showed a toe-

biased uneven proppant distribution between the three perforation clusters at all injected proppant 

concentrations of 0.31 ppg, 0.52 ppg, 0.93 ppg, and 1.55 ppg. The inertia force exceeded the 

gravitational forces, which prevented the sand particles from turning around the corners and 

exiting the horizontal wellbore through the first two clusters. 

4.2.1.6 Particle Settling 

All tested injection rates were higher than the minimum settling velocity and achieved 

turbulent flow condition with Reynolds numbers greater than 4000, ranging from 42,166 at an 

injection rate of 20 gpm to 147,582 at an injection rate of 70 gpm. However, the carrier fluid was 

not able to suspend all the sand particles. Consequently, a considerable amount of the injected sand 

settled down at the bottom of the wellbore at different injection rates and proppant concentrations.  

The sand amount settled at the bottom of the horizontal wellbore was measured for all 

experimental runs. Additionally, the settled sand was divided over the total injected sand mass to 

quantify the percentage of the sand settling at the bottom of the wellbore for each test (Alajmei 

and Miskimins 2020b), as expressed in Equation 4.1.  

𝑆𝑎𝑛𝑑 𝑆𝑒𝑡𝑡𝑙𝑖𝑛𝑔,% =
𝑆𝑒𝑡𝑡𝑙𝑒𝑑 𝑆𝑎𝑛𝑑

𝑇𝑜𝑡𝑎𝑙 𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑆𝑎𝑛𝑑
𝑋100 

 
(4.1) 

 

 The percentage of the sand settling at the bottom of the horizontal wellbore decreases with 

increasing of the injection rate. The capability of the carrier fluid to suspend the sand particles 

increases with high injection rates. The highest settling of 96% was observed using the 1 SPF, top 

perforation configuration at an injection rate of 20 gpm and at an injected proppant concentration 

of 0.61 ppg. However, increasing the injection rate to 40 gpm at an injected proppant concentration 

of 0.82 ppg dramatically reduced the settling percentage to 4% of the total injected proppant 

concentration. Increasing the injected proppant concentration from 0.61 ppg to 2.82 ppg at the 

same injection rate of 20 gpm, decreased the settling percentage from 96% to 23.5%, as shown in 

Figure 4.67. 
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Figure 4.67. Settling percentage of the 100-mesh sand using 1 SPF, top perforation configuration 

at different injection rate and various mixed proppant concentrations (modified after Alajmei and 

Miskimins 2021). 

 

 The settling percentage using the 1 SPF, bottom perforation configuration showed 8.5% at 

an injection rate of 20 gpm and an injected proppant concentration of 0.76 ppg. This is attributed 

to the gravitational force exerted on the sand particles in addition to the location of the open 

perforations at the bottom of the horizontal wellbore. The suspension ability of the carrier fluid 

increased with increasing the injection rate to 40 gpm, resulted in an even lower settling percentage 

at the bottom of the wellbore of only 2.65%. The settling results observed at an injected proppant 

concentration of 4.2 ppg at a similar injection rate of 20 ppg was 16.7%, as shown in Figure 4.68.  

The settling percentage behavior changed with changing the perforation configuration to a 

2 SPF, top and bottom perforations configuration, as shown in Figure 4.69. Similar settling 

percentages were observed using different injected proppant concentrations at similar injection 

rates. For example, at an injected proppant concentration of 0.83 ppg at an injection rate of 20 gpm 

resulted in a sand settling percentage of 22%, which is similar to the sand settling percentage of 

21% at an injected proppant concentration of 3.3 ppg.  
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Figure 4.68. Settling percentage of the 100-mesh sand using 1 SPF, bottom perforation 

configuration at different injection rate and various mixed proppant concentrations (modified 

after Alajmei and Miskimins 2021). 
 

Changing the perforation configuration to 3 SPF resulted in a different settling behavior of 

the 100-mesh brown sand. The settling percentage shown in Figure 4.70 ranged from 11% at an 

injected proppant concentration of 0.33 ppg and an injection rate of 50 gpm to 0.6% at an injected 

proppant concentration of 0.54 ppg and an injection rate of 70 gpm. The high injection rates 

resulted in lower sand settling percentages at the bottom of the wellbore at various injected 

proppant concentrations.  

 
Figure 4.69. Settling percentage of the 100-mesh sand using 2 SPF, top and bottom perforations, 

configuration at different injection rate and various mixed proppant concentrations (modified 

after Alajmei and Miskimins 2021). 
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Figure 4.70. Settling percentage of the 100-mesh sand using 3 SPF configuration at different 

injection rate and various mixed proppant concentrations (modified after Alajmei and Miskimins 

2020). 
 

The results of the last perforation configuration, 4 SPF, showed similar low sand settling 

percentages, as shown in Figure 4.71. The highest settling percentage of 8% was observed at an 

injected proppant concentration of 0.35 ppg and an injection rate of 50 gpm, whereas the lowest 

settling percentage of 0.15% was observed at an injected proppant concentration of 0.52 ppg and 

an injection rate of 70 gpm.  

 
Figure 4.71. Settling percentage of the 100-mesh sand using 4 SPF configuration at different 

injection rate and various mixed proppant concentrations (modified after Alajmei and Miskimins 

2020). 
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4.2.1.7 Sieve Distribution 

 The resulting sieve distribution is an essential parameter in the analysis of transport 

mechanisms using freshwater. As the sand particles become smaller, the capability of the carrier 

fluid to suspend and carry the particles is improved. Sieve analysis was performed on sand samples 

collected from all open perforations at each cluster. This section presents the sieve distribution 

results of the sand exited at the toe cluster, cluster #3, and the sand settled at the bottom of the 

wellbore to illustrate the transportability of freshwater at two different injection rates using the 

same proppant concentration of 1 ppg.  The remaining results are shown in Appendix A.  

 The sieve distribution of the sand exited at the toe cluster using 1 SPF, top perforation 

configuration at an injection rate of 20 gpm is shown in Figure 4.72. These results showed the 

capability of the carrier fluid to transport higher percentages of fine particles to the toe cluster as 

compared to the original 100-mesh sieve distribution. Consequently, higher percentages of the 

coarser particles were settled at the bottom of the horizontal wellbore, as shown in Figure 4.73.  

 
Figure 4.72. Sieve distribution of 100-mesh sand exited at the toe cluster using 1 SPF, top 

perforation configuration at an injection rate of 20 gpm (Alajmei and Miskimins 2021). 
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Figure 4.73. Sieve distribution of 100-mesh sand settled at the bottom of the wellbore using 1 

SPF, top perforation configuration at an injection rate of 20 gpm (Alajmei and Miskimins 2021). 

 

Increasing the injection rate to 40 gpm increased the ability of the carrier fluid and helped 

in transporting higher percentages of the coarser particles to the toe cluster, as shown in Figure 

4.74. Comparing the sieve distribution of the sand samples exited at the toe cluster at two injection 

rates of 20 gpm and 40 gpm, the higher injection rate of 40 gpm helped in transporting higher 

percentages of the coarser particles and reduced the high percentage of the fine particles to have a 

similar sieve distribution as the original sample. Also, lower percentages of the coarser particles 

were able to settle at the bottom of the wellbore at an injection rate of 40 gpm, as shown in Figure 

4.75.    

Changing the position of the open perforation to the bottom side of the horizontal wellbore, 

1 SPF bottom perforation, resulted in a different sieve distribution. Figure 4.76 shows the sieve 

distribution of sand exited from the bottom perforation of the toe cluster at an injection rate of 20 

gpm. At this low injection, the carrier fluid transported lower percentages of the coarser particles 

compared to the original distribution of the 100-mesh sand and higher percentages of the fine 

particles to the toe cluster. The majority of the coarser particles exited the horizontal wellbore at 

the heel cluster as shown in Figure 4.77. As a result, the sieve distribution of sand deposited at the 

bottom of the wellbore showed similar percentages of the coarser particles to the original 

distribution of the 100-mesh sand, as shown in Figure 4.78. 
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Figure 4.74. Sieve distribution of 100-mesh sand exited at the toe cluster using 1 SPF, top 

perforation configuration at an injection rate of 40 gpm (Alajmei and Miskimins 2021). 

 
 

 
Figure 4.75. Sieve distribution of 100-mesh sand settled at the bottom of the wellbore using 1 

SPF, top perforation configuration at an injection rate of 40 gpm (Alajmei and Miskimins 2021). 
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Figure 4.76. Sieve distribution of 100-mesh sand exited at the toe cluster using 1 SPF, bottom 

perforation configuration at an injection rate of 20 gpm (Alajmei and Miskimins 2021). 

 

 
Figure 4.77. Sieve distribution of 100-mesh sand exited at the heel cluster using 1 SPF, bottom 

perforation configuration at an injection rate of 20 gpm (Alajmei and Miskimins 2021). 
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Figure 4.78. Sieve distribution of 100-mesh sand settled at the bottom of the wellbore using 1 

SPF, bottom perforation configuration at an injection rate of 20 gpm (Alajmei and Miskimins 

2021). 

 

 
Figure 4.79. Sieve distribution of 100-mesh sand exited at the toe cluster using 1 SPF, bottom 

perforation configuration at an injection rate of 40 gpm (Alajmei and Miskimins 2021). 
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Comparing the results observed at an injection rate of 40 gpm with 20 gpm, the higher 

injection rate of 40 gpm transported more coarser particles to the toe cluster as shown in Figure 

4.79. Figure 4.80 shows that the heel cluster received less coarser particles as more coarser 

particles transported to the toe cluster. Thus, less coarser particles were able to be deposited at the 

bottom of the horizontal wellbore as shown in Figure 4.81.  

The sieve distribution of the sand exited at the toe cluster using 2 SPF, top and bottom, 

perforation configuration at an injection rate of 20 gpm is shown in Figure 4.82. At this injection 

rate, the majority of the coarser particles exited the horizontal wellbore at the bottom perforation 

of the heel cluster, as shown in Figure 4.82. The top perforation received higher percentages of the 

fine particles. As a result, the bottom perforation of the toe cluster received lower percentages of 

the coarser particles compared to the heel cluster and less fine particles received at the top 

perforation as shown in Figure 4.83. Also, the sieve distribution of the sand deposited at the bottom 

of the horizontal wellbore received less coarser particles than the heel cluster with a sieve 

distribution similar to the original 100-mesh sand, as shown in Figure 4.84.  

 
Figure 4.80. Sieve distribution of 100-mesh sand exited at the heel cluster using 1 SPF, bottom 

perforation configuration at an injection rate of 40 gpm (Alajmei and Miskimins 2021). 
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Figure 4.81. Sieve distribution of 100-mesh sand settled at the bottom of the wellbore using 1 

SPF, bottom perforation configuration at an injection rate of 40 gpm (Alajmei and Miskimins 

2021). 

 

 
Figure 4.82. Sieve distribution of 100-mesh sand exited at the heel cluster using 2 SPF, top and 

bottom perforations, configuration at an injection rate of 20 gpm (Alajmei and Miskimins 2021). 
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Figure 4.83. Sieve distribution of 100-mesh sand exited at the toe cluster using 2 SPF, top and 

bottom perforations, configuration at an injection rate of 20 gpm (Alajmei and Miskimins 2021). 
 

 
Figure 4.84. Sieve distribution of 100-mesh sand settled at the bottom of the wellbore using 2 

SPF, top and bottom perforations, configuration at an injection rate of 20 gpm (Alajmei and 

Miskimins 2021). 
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 Increasing the injection rate to 40 gpm, improved the ability of the carrier fluid to transport 

more coarser particles to the toe cluster, as shown in Figure 4.85. Also, the top perforation of the 

toe cluster received higher percentages of the fine particles compared to 20 gpm. Figure 4.86 shows 

the sieve distribution of the sand settled at the bottom of the horizontal wellbore. It shows less 

coarser particles were deposited at a higher injection rate of 40 gpm.  

The sieve distribution of the sand exited at the toe cluster using the 3 SPF perforation 

configuration at an injection rate of 50 gpm is shown in Figure 4.87. The side perforations of the 

toe cluster received higher percentages of the coarser particles, whereas the top perforation 

received higher percentage of the fine particles. This illustrates the ability of the carrier fluid to 

transport coarser particles to the toe cluster at an injection rate of 50 gpm. However, this injection 

rate was not able to create higher turbulence to transport coarser particles throughout the top 

perforation. Although higher percentages of the coarser particles were transported to the toe 

cluster, high percentages of the coarser particles were also deposited at the bottom of the horizontal 

wellbore, as shown in Figure 4.88.  

 
Figure 4.85. Sieve distribution of 100-mesh sand exited at the toe cluster using 2 SPF, top and 

bottom perforations, configuration at an injection rate of 40 gpm (Alajmei and Miskimins 2021). 
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Figure 4.86. Sieve distribution of 100-mesh sand settled at the bottom of the wellbore using 2 

SPF, top and bottom perforations, configuration at an injection rate of 40 gpm (Alajmei and 

Miskimins 2021). 

 

 
Figure 4.87. Sieve distribution of 100-mesh sand exited at the toe cluster using 3 SPF perforation 

configuration at an injection rate of 50 gpm. 
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Figure 4.88. Sieve distribution of 100-mesh sand settled at the bottom of the wellbore using 3 

SPF perforation configuration at an injection rate of 50 gpm. 

 

 
Figure 4.89. Sieve distribution of 100-mesh sand exited at the toe cluster using 3 SPF perforation 

configuration at an injection rate of 70 gpm (Alajmei and Miskimins 2020). 
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Increasing the injection rate to 70 gpm improved the ability of the carrier fluid to transport 

even more fine particles along the coarser particles to the toe cluster, as shown in Figure 4.89. 

Also, at this high injection rate, the carrier fluid was able to transport higher percentages of the 

coarser particles throughout the top perforation compared to 50 gpm. Consequently, less coarser 

particles were deposited at the bottom of the wellbore and resulted in a sieve distribution similar 

to the original distribution of the 100-mesh sand, as shown in Figure 4.90.  

 
Figure 4.90. Sieve distribution of 100-mesh sand settled at the bottom of the wellbore using 3 

SPF perforation configuration at an injection rate of 70 gpm (Alajmei and Miskimins 2020). 
 

The last perforation configuration of 4 SPF at 50 gpm resulted in a similar sieve distribution 

behavior to the sample collected from the 3 SPF at an injection rate of 50 gpm. Figure 4.91 shows 

that both side perforations and bottom perforation at the toe cluster received higher percentages of 

the coarser particles, whereas the top perforation received higher percentage of the fine particles. 

Although the capability of the carrier fluid was improved and helped transport coarser particles to 

the toe cluster at an injection rate of 50 gpm, the created turbulence at this injection rate was not 

sufficient to lift coarser particles to exit throughout the top perforation. The sand particles exited 

from the top perforation contained higher percentages of the fine particles.  Also, higher 

percentages of the coarser particles settled down at the bottom of the horizontal wellbore as shown 

in Figure 4.92. 
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Increasing the injection rate to 70 gpm created more turbulence and improved the capability 

of the carrier fluid to lift more coarser particles to the top perforation. However, most of the coarser 

particles exited the last two perforations located before the valve, i.e. the right perforation of the 

injection direction and bottom perforation as shown in Figure 4.93. This might be attributed to the 

high inertia associated with the high injection rate that prevented high percentages of the coarser 

particles from turning around the corner and exiting throughout the left perforation. Figure 4.94 

shows the sieve distribution of the sand settled at the bottom of the horizontal wellbore at an 

injection rate of 70 gpm. These results show less coarser particles compared to the original sieve 

distribution settled at the bottom of the horizontal wellbore.  

 
Figure 4.91. Sieve distribution of 100-mesh sand exited at the toe cluster using 4 SPF perforation 

configuration at an injection rate of 50 gpm. 
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Figure 4.92. Sieve distribution of 100-mesh sand settled at the bottom of the wellbore using 4 

SPF perforation configuration at an injection rate of 50 gpm. 

 

 
Figure 4.93. Sieve distribution of 100-mesh sand exited at the toe cluster using 4 SPF perforation 

configuration at an injection rate of 70 gpm (Alajmei and Miskimins 2020). 
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Figure 4.94. Sieve distribution of 100-mesh sand settled at the bottom of the wellbore using 4 

SPF perforation configuration at an injection rate of 70 gpm (Alajmei and Miskimins 2020). 

 

4.2.2 40/70 Mesh White Sand 

Another set of experimental tests were conducted using the 40/70 mesh white sand. This 

sand also has a specific gravity of 2.65 g/cc, but a larger median particle diameter compared to the 

100-mesh brown sand of 0.312 mm. The high specific gravity and the large sand particles of this 

sand caused higher percentages of bigger sand particles to settle at the bottom of the mixing tank.  

The mixed proppant concentration of the 40/70 mesh sand increased incrementally from 

0.5 ppg to 2 ppg with three different injection rates for each set of the proppant concentrations. 

The combination of the proppant concentrations and the injection rates were used in each of the 

four perforation configurations. Thus, a total of 48 experimental tests were conducted on the 40/70 

mesh white sand to investigate the effect of these variables on the proppant transportation and 

distribution between the three perforation clusters. A total of 12 experimental tests using 4 SPF 

perforation configuration were excluded from the scope of work of this research due to the fact 

that it was investigated previously on the 40/70 mesh sand by Ahmad and Miskimins (2019). 
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4.2.2.1 Top Perforation Configuration 

The results in this section discuss the proppant distribution between the three perforation 

clusters using the top perforation configuration. Using this perforation configuration, the slurry 

was allowed to exit the horizontal wellbore through the top perforation from the three clusters. 

Three different injection rates were tested for each of the four proppant concentrations to 

investigate the effect of the slurry injection rate and proppant concentration on the distribution of 

the 40/70 mesh white sand. All injection rate figures for the 40/70 sand are placed in Appendices 

B, C, D, and E to improve readability of this section.  

4.2.2.1.1 Injection Rate of 20 gpm 

The injection rate of 20 gpm was tested at four injected proppant concentrations of 0.04 

ppg, 0.19 ppg, 0.59 ppg, and 1.15 ppg. The proppant and water distribution between the three 

perforation clusters at an injected proppant concentration of 0.04 ppg is shown in Figure B.1. The 

distribution of the 40/70 mesh sand showed an even distribution between the three perforation 

clusters with a slight increase at the heel cluster. The heel cluster received a proppant concentration 

of 0.0008 ppg compared to 0.00009 ppg at the middle cluster and 0 ppg at the toe cluster. The 

following test used an injected proppant concentration to 0.19 ppg and showed similar even 

proppant distribution between the three perforation clusters (Figure B.2). A proppant concentration 

of 0.003 ppg was received at the heel cluster followed by a proppant concentration of 0.002 ppg 

at the middle cluster and 0.0015 ppg at the toe cluster.  

Increasing the injected proppant concentration to 0.59 ppg resulted in an uneven toe-biased 

distribution. The heel and middle clusters received similar proppant concentrations of 0.006 ppg 

followed by a proppant concentration of 0.017 ppg at the toe cluster (Figure B.3). The last test 

using this perforation configuration with a similar injection rate and an injected proppant 

concentration of 1.15 ppg resulted in a toe-biased uneven proppant distribution (Figure B.4). The 

proppant concentration received at the heel cluster was 0.007 ppg followed by 0.013 ppg at the 

middle cluster and 0.03 ppg at the toe cluster.  

4.2.2.1.2 Injection Rate of 30 gpm 

The second set of tests were conducted at an injection rate of 0.22 ppg, 0.51 ppg, 0.67 ppg, 

and 1.05 ppg. The proppant distribution shows a relatively even proppant distribution between the 

three perforation clusters at an injected proppant concentration of 0.22 ppg (Figure B.5). The heel 
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cluster received a proppant concentration of 0.005 ppg followed by a proppant concentration of 

0.0095 ppg. The toe cluster received a proppant concentration of 0.0069 ppg. At an injected 

concentration of 0.51 ppg, an uneven proppant distribution between the three perforation clusters 

were observed with a toe-biased (Figure B.6). The first two clusters received a similar proppant 

concentration of 0.02 ppg and 0.025 ppg. The toe cluster received the highest proppant 

concentration of 0.056 ppg.  

The proppant distribution between the three perforation clusters at an injected proppant 

concentration of 0.67 ppg were uneven with a toe-biased distribution (Figure B.7). The proppant 

concentration of the heel and middle clusters were similar with 0.028 ppg and 0.03 ppg, followed 

by a little increase towards the toe cluster with 0.04 ppg. Lastly, the injection rate of 30 gpm was 

used to test the proppant distribution between the three perforation clusters at an injected proppant 

concentration of 1.05 ppg. Figure B.8 shows the distribution behavior between the three 

perforation clusters as uneven toe-biased distribution. The heel cluster received a proppant 

concentration of 0.02 ppg followed by a proppant concentration of 0.03 ppg at the middle cluster. 

The toe cluster received the highest proppant concentration of 0.057 ppg.  

4.2.2.1.3 Injection Rate of 40 gpm 

This section presents the results of the conducted tests at an injection rate of 40 gpm and 

at 0.2 ppg, 0.41 ppg, 0.65 ppg, and 1.17 ppg. Figure B.9 shows the proppant distribution between 

the three perforation clusters at an injected proppant concentration of 0.2 ppg. The distribution 

result shows a toe-biased uneven distribution with a similar proppant concentration received at the 

heel and the middle clusters of 0.008 ppg. The toe cluster received the most proppant concentration 

of 0.011 ppg. Doubling the injected proppant concentration to 0.41 ppg resulted in a similar toe-

biased uneven distribution between the three perforation clusters (Figure B.10). The first two 

clusters received similar proppant concentrations of 0.016 ppg whereas the toe cluster received a 

proppant concentration of 0.023 ppg.   

 The proppant distribution between the three perforation clusters at an injected proppant 

concentration of 0.65 ppg were relatively even with a little decrease at the heel cluster (Figure 

B.11). The heel cluster received a proppant concentration of 0.02 ppg, followed by a little increase 

towards the middle and toe clusters with similar proppant concentrations of 0.023 ppg and 0.024, 

respectively. The result of the last experimental test performed at this injection rate and at an 
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injected proppant concentration of 1.17 ppg (Figure B.12). The heel cluster received a proppant 

concentration of 0.046 ppg followed by 0.063 ppg at the middle cluster. A proppant concentration 

of 0.1 ppg was received at the toe cluster.  

4.2.2.2 Bottom Perforation Configuration 

The results of the proppant distribution between the three perforation clusters using the 

bottom perforation configuration are discussed in this section. The mixed slurry was allowed to 

exit the horizontal wellbore through the bottom perforation at each cluster. Three different 

injection rates were tested for each of the four proppant concentrations to investigate the effect of 

the slurry injection rate and proppant concentration on the distribution of the 40/70 mesh white 

sand using the bottom perforation configuration.  

4.2.2.2.1 Injection Rate of 20 gpm 

The proppant distribution between the three perforation clusters was investigated using this 

injection rate at four injected proppant concentrations of 0.18 ppg, 0.29 ppg, 0.61 ppg, and 1.7 

ppg. The proppant and water distribution between the three perforation clusters at an injected 

proppant concentration of 0.18 ppg is shown in Figure C.1. The result shows a heel-biased uneven 

proppant distribution between the three perforation clusters. The heel cluster received the highest 

proppant concentration with 0.17 ppg, followed by 0.124 ppg at the middle cluster and 0.128 ppg 

at the toe cluster. The proppant distribution between the three perforation clusters showed a similar 

heel-biased behavior using a higher injected proppant concentration of 0.29 ppg (Figure C.2). The 

heel cluster received the majority of the proppant concentration with 0.48 ppg, whereas the lowest 

proppant concentration was received at the middle cluster with 0.097 ppg. The toe cluster received 

a proppant concentration of 0.13 ppg.  

The third test was conducted at a doubled injected proppant concentration of 0.61 ppg 

resulted in a strongly heel-biased uneven distribution (Figure C.3). The first cluster received the 

highest proppant concentration of 1.02 ppg following by 0.21 ppg received at middle cluster. The 

toe cluster received the least proppant concentration of 0.17 ppg. A similar trend of strongly 

uneven heel-biased proppant distribution resulted at an injected proppant concentration of 1.7 ppg 

(Figure C.4). The heel cluster received the highest proppant concentration of 1.7 ppg followed by 

0.42 ppg at the middle cluster. The toe cluster received the least proppant concentration of 0.3 ppg.   
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4.2.2.2.2 Injection Rate of 30 gpm 

Multiple tests were conducted at an injection rate of 30 gpm and at 0.09 ppg, 0.48 ppg, 

0.74 ppg, and 1.08 ppg. The proppant distribution at an injected proppant concentration of 0.09 

ppg shows a heel-biased uneven distribution between the three perforation clusters (Figure C.5).  

The heel cluster received the highest proppant concentration of 0.26 ppg. The middle cluster 

received a proppant concentration of 0.05 ppg followed by 0.012 ppg at the toe cluster. Increasing 

the injected proppant concentration to 0.48 ppg showed a similar heel-biased uneven proppant 

distribution between the three perforation clusters (Figure C.6). A proppant concentration of 0.8 

ppg was received at the heel cluster, whereas the middle and toe clusters received 0.2 ppg and 0.3 

ppg, respectively.   

 The next test was conducted at an injected proppant concentration of 0.74 ppg and shows 

uneven heel-biased proppant distribution between the three perforation clusters (Figure C.7). The 

proppant concentration received at the heel was 1.46 ppg followed by 0.56 ppg at the middle 

cluster. The toe cluster received the lowest proppant concentration of 0.28 ppg. The last test was 

conducted at an injected proppant concentration of 1.08 ppg showed a strongly uneven heel-biased 

distribution between the three perforation clusters (Figure C.8). The first cluster received a 

proppant concentration of 1.95 ppg, whereas the middle and toe clusters received 0.8 ppg and 0.36 

ppg, respectively.  

4.2.2.2.3 Injection Rate of 40 gpm 

This section shows results of the last four tests conducted at an injection rate of 40 gpm 

and at 0.24 ppg, 0.43 ppg, 0.55 ppg, and 0.81 ppg. The proppant distribution between the three 

perforation clusters at an injected proppant concentration of 0.24 ppg shows a heel-biased uneven 

distribution (Figure C.9). The heel cluster received the highest concentration of 0.5 ppg, followed 

by 0.16 ppg at the middle cluster. The toe cluster received the lowest proppant concentration of 

0.15 ppg. Increasing the injected proppant concentration to 0.43 ppg shows a similar uneven heel-

biased distribution between the three perforation clusters (Figure C.10). The heel cluster received 

the highest proppant concentration of 0.87 ppg followed by 0.41 ppg at the middle cluster. The toe 

cluster received the lowest proppant concentration of 0.21 ppg.  

 The next test was conducted at an injected proppant concentration of 0.55 ppg and shows 

the proppant distribution between the three perforation clusters as uneven heel-biased distribution 
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(Figure C.11). The heel cluster received 1.2 ppg followed by 0.59 ppg at the middle cluster. The 

toe cluster received the lowest proppant concentration of 0.21 ppg. At an injected proppant 

concentration of 0.81 ppg, the proppant distribution between the three perforation clusters showed 

a heel-biased uneven distribution (Figure C.12). The heel cluster received 1.6 ppg, whereas the 

middle cluster received 0.73 ppg. The lowest proppant concentration of 0.21 ppg was received at 

the toe cluster.   

4.2.2.3 Top and Bottom (2 SPF) Perforation Configuration 

This section presents the results of the 40/70 mesh sand distribution between the three 

perforation clusters using 2 SPF (top and bottom) perforation configuration with 180 degrees 

phasing. Using this configuration, the mixed slurry was allowed to exit the horizontal wellbore 

through both top and bottom perforations at each cluster. A total of 12 experimental runs were 

conducted using three injection rates and four different proppant concentrations.  

4.2.2.3.1 Injection Rate of 20 gpm 

The proppant distribution between the three perforation clusters was investigated using an 

injection rate of 20 gpm at four injected proppant concentrations of 0.08 ppg, 0.23 ppg, 0.56 ppg, 

and 1.33 ppg. The distribution of the proppant and the water between the three perforation clusters 

an injected proppant concentration of 0.08 ppg is shown in Figure D.1. The distribution shows a 

heel-biased uneven distribution between the three perforation clusters. The heel cluster received 

the highest proppant concentration with 0.11 ppg, followed by 0.04 ppg at the middle cluster and 

0.038 ppg at the toe cluster. Increasing the injected proppant concentration to 0.23 ppg shows a 

similar heel-biased uneven proppant distribution between the three perforation clusters (Figure 

D.2). The heel cluster received the highest proppant concentration of 0.34 ppg, whereas the middle 

cluster received a proppant concentration of 0.1 ppg. The toe cluster received the lowest proppant 

concentration of 0.038 ppg. 

The third test was conducted at a proppant concentration to 0.56 ppg resulted in a similar 

heel-biased uneven distribution (Figure D.3). The first cluster received the highest proppant 

concentration of 0.81 ppg. The middle cluster received a proppant concentration of 0.25 ppg, 

whereas the toe cluster received a proppant concentration of 0.08 ppg. The last conducted test 

shows a similar heel-biased uneven proppant distribution at an injected proppant concentration of 

1.33 ppg (Figure D.4). A proppant concentration of 0.85 ppg was received at the heel cluster 
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followed by 0.175 ppg at the middle cluster. The toe cluster received the lowest proppant 

concentration of 0.065 ppg.   

4.2.2.3.2 Injection Rate of 30 gpm 

The results of the four additional tests conducted at an injection rate of 30 gpm and at 0.24 

ppg, 0.49 ppg, 0.68 ppg, and 1.23 ppg are presented in this section. The proppant distribution at 

an injected proppant concentration of 0.24 ppg as a heel-biased uneven distribution between the 

three perforation clusters (Figure D.5). The heel cluster received a proppant concentration of 0.34 

ppg, followed by 0.19 ppg and 0.18 ppg at the middle and toe clusters, respectively. Another test 

was conducted by doubling the injected proppant concentration to 0.49 ppg (Figure D.6). The 

results show a similar uneven heel-biased proppant distribution between the three perforation 

clusters.  The highest proppant concentration 0.66 ppg was received at the heel cluster. The middle 

and toe clusters received similar proppant concentrations of 0.3 ppg. 

 The third test was conducted at an injected proppant concentration of 0.68 ppg and showed 

a similar uneven heel-biased proppant distribution between the three perforation clusters (Figure 

D.7). The proppant concentration received at the heel cluster was the highest with 0.85 ppg. The 

middle cluster received a proppant concentration of 0.54 ppg, whereas the toe cluster received the 

lowest proppant concentration of 0.33 ppg. The last test at this rate was conducted at an injected 

proppant concentration of 1.23 ppg (Figure D.8). The proppant distribution between the three 

perforation clusters resulted in a similar uneven heel-biased distribution. The heel cluster received 

a proppant concentration of 1.3 ppg, whereas the middle and toe clusters received proppant 

concentrations of 0.79 ppg and 0.47 ppg, respectively.  

4.2.2.3.3 Injection Rate of 40 gpm 

This section presents the results of the last four tests conducted at an injection rate of 40 

gpm and at 0.15 ppg, 0.38 ppg, 0.5 ppg, and 0.71 ppg. A heel-biased uneven proppant distribution 

between the three perforation clusters is shown at an injected proppant concentration of 0.15 ppg 

(Figure D.9). The heel cluster received a proppant concentration of 0.2 ppg followed by a proppant 

concentration of 0.18 ppg at the middle cluster. The toe cluster received the lowest proppant 

concentration of 0.1 ppg. At a proppant concentration of 0.38 ppg, the proppant distribution 

between the three perforation clusters showed a similar heel-biased uneven proppant distribution 

(Figure D.10). The heel cluster received a proppant concentration of 0.52 ppg, while the middle 
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cluster received a proppant concentration of 0.39 ppg. The toe cluster received a proppant 

concentration of 0.2 ppg.   

 Increasing the injected proppant concentration to 0.5 ppg also resulted in a heel-biased 

uneven proppant distribution between the three perforation clusters (Figure D. 11). The heel cluster 

received the highest proppant concentration of 0.68 ppg followed by a slight decrease at the middle 

cluster with a proppant concentration of 0.55 ppg. The toe cluster received the lowest proppant 

concentration of 0.3 ppg. The last test was conducted at an injected proppant concentration of 0.71 

ppg (Figure D.12). The proppant distribution between the three perforation clusters showed a heel-

biased uneven proppant distribution. The majority of the proppant concentration of 0.83 ppg was 

received at the heel cluster followed by a proppant concentration of 0.65 ppg at the middle cluster. 

The toe cluster received the lowest proppant concentration of 0.32 ppg.  

4.2.2.4 3 SPF Perforation Configuration 

This section presents the experimental results of the conducted tests using the 3 SPF 

perforation configuration are presented below. The 3 SPF configuration utilized the original 4 SPF 

configuration with 90 degrees phasing by intentionally closing the bottom perforation at each 

cluster, which allows the slurry to exit out of horizontal wellbore using the top and two side 

perforations only. Four different proppant concentrations were used with three different injection 

rates to study the proppant distribution across the three perforation clusters using 3 SPF perforation 

configuration. The injection rates were increased to 50 gpm, 60 gpm, and 70 gpm.  

4.2.2.4.1 Injection Rate of 50 gpm 

The proppant distribution between the three perforation clusters using this 3 SPF 

configuration was first investigated using an injection rate of 50 gpm at four injected proppant 

concentrations of 0.17 ppg, 0.37 ppg, 0.5 ppg, and 0.85 ppg. The distribution of the proppant and 

the water between the three perforation clusters at an injected proppant concentration of 0.17 ppg 

is shown in Figure E.1. The distribution showed a toe-biased uneven distribution between the three 

perforation clusters. The heel cluster received the lowest proppant concentration of 0.057 ppg 

followed by a proppant concentration of 0.13 ppg at the middle cluster. The toe cluster received 

the highest proppant concentration of 0.3 ppg. Increasing the injected proppant concentration to 

0.37 ppg resulted in a similar toe-biased distribution between the three perforation clusters (Figure 
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E.2). The heel cluster received a proppant concentration of 0.12 ppg followed by a proppant 

concentration of 0.28 ppg. The toe cluster received the highest proppant concentration of 0.53 ppg.  

Another test was conducted at an injected proppant concentration of 0.5 ppg (Figure E.3). 

The results showed a toe-biased uneven proppant distribution across the three perforation clusters. 

The heel cluster received a proppant concentration of 0.15 ppg followed by a proppant 

concentration of 0.3 ppg at the middle cluster. The toe cluster received the highest proppant 

concentration of 0.72 ppg. The last conducted test showed a similar toe-biased uneven proppant 

distribution at an injected proppant concentration of 0.85 ppg (Figure E.4). A proppant 

concentration of 0.24 ppg received at the heel cluster followed by a proppant concentration of 0.47 

ppg at the middle cluster. The toe cluster received the highest proppant concentration of 1.06 ppg.  

4.2.2.4.2 Injection Rate of 60 gpm 

The results of the four experimental tests conducted at an injection rate of 60 gpm and at 

injected proppant concentrations of 0.16 ppg, 0.32 ppg, 0.5 ppg, and 0.66 ppg are presented in this 

section. The proppant distribution at an injected proppant concentration of 0.16 ppg (Figure E.5). 

The results showed a toe-biased uneven distribution between the three perforation clusters. The 

heel cluster received a proppant concentration of 0.066 ppg followed by a proppant concentration 

of 0.11 ppg. The toe cluster received the highest proppant concentration of 0.29 ppg. Doubling the 

injected proppant concentration to 0.32 ppg showed a similar toe-biased uneven proppant 

distribution between the three perforation clusters (Figure E.6). The heel cluster received a 

proppant concentration of 0.13 ppg followed by a proppant concentration of 0.2 ppg at the middle 

cluster. The toe cluster received the highest proppant concentration of 0.53 ppg.  

 The third test was conducted at an injected proppant concentration of 0.5 ppg (Figure E.7). 

The results showed a toe-biased uneven proppant distribution between the three perforation 

clusters. The heel cluster received the lowest proppant concentration of 0.19 ppg. A proppant 

concentration of 0.28 ppg was received at the middle cluster. The highest proppant concentration 

of 0.77 ppg was received at the toe cluster. The last test was conducted at an injected proppant 

concentration of 0.66 ppg (Figure E.8). The proppant distribution between the three perforation 

clusters resulted in a toe-biased uneven distribution. The heel cluster received a proppant 

concentration of 0.22 ppg, whereas the middle and toe clusters received proppant concentrations 

of 0.32 ppg and 0.9 ppg, respectively.  
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4.2.2.4.3 Injection Rate of 70 gpm 

Multiple tests were conducted at an injection rate of 70 gpm and at four different proppant 

concentrations of 0.09 ppg, 0.29 ppg, 0.46 ppg, and 0.73 ppg. The proppant distribution between 

the three perforation clusters at an injected proppant concentration of 0.09 showed a toe-biased 

uneven proppant distribution (Figure E.9). The heel cluster received a proppant concentration of 

0.047 ppg followed by a proppant concentration of 0.062 ppg at the middle cluster. The toe cluster 

received the highest proppant concentration of 0.144 ppg. At a proppant concentration of 0.29 ppg, 

the proppant distribution between the three perforation clusters showed a similar toe-biased uneven 

proppant distribution (Figure E.10). The heel cluster received a proppant concentration of 0.15 

ppg, while the middle cluster received a proppant concentration of 0.18 ppg. The toe cluster 

received the highest proppant concentration of 0.46 ppg.   

 The result of the third experimental test was achieved by increasing the proppant 

concentration to 0.46 ppg. The proppant distribution between the three perforation clusters also 

showed a toe-biased uneven proppant distribution. The heel cluster received the lowest proppant 

concentration of 0.2 ppg. The middle cluster received a little higher proppant concentration of 0.26 

ppg, followed by a proppant concentration of 0.66 ppg at the toe cluster (Figure E.11). The last 

test was conducted at an injected proppant concentration of 0.73 ppg (Figure E.12). The proppant 

distribution between the three perforation clusters showed a toe-biased uneven proppant 

distribution. The heel cluster received a proppant concentration of 0.32 ppg, while the middle 

cluster received a proppant concentration of 0.42 ppg. The toe cluster received the highest proppant 

concentration of 0.98 ppg. 

4.2.2.5 Particle Settling 

Similar to the 100-mesh sand, the amount of the 40/70 mesh sand settled at the bottom of 

the horizontal wellbore was measured and a settling percentage analysis was performed for all 

experimental runs. The settling percentage at the bottom of the horizontal wellbore decreases with 

increasing of the injection rate. The capability of the carrier fluid to suspend the 40/70 mesh sand 

increases with higher injection rates. In general, the settling percentage of the 40/70 mesh sand is 

higher compared to the settling percentage of the 100-mesh sand. This is attributed to the larger 

sand particles of the 40/70 mesh sand.  
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The highest settling of 99% was observed using the 1 SPF, top perforation configuration 

at an injection rate of 20 gpm and at an injected proppant concentration of 0.04 ppg. However, 

increasing the injection rate to 40 gpm at an injected proppant concentration of 0.2 ppg decreased 

the settling percentage dramatically to 11% of the total injected proppant concentration. Increasing 

the injected proppant concentration from 0.04 ppg to 1.15 ppg at the same injection rate of 20 gpm, 

decreased the settling percentage from 99% to 67%, as shown in Figure 4.95. The settling 

percentage using the 1 SPF, bottom perforation configuration showed 26% at an injection rate of 

20 gpm and an injected proppant concentration of 0.18 ppg. This is attributed to the gravitational 

force exerted on the sand particles in addition to the location of the open perforations at the bottom 

of the horizontal wellbore. Increasing the injection rate to 40 gpm improved the capability of the 

carrier fluid to suspend more sand particles and resulted in a settling percentage of only 1.4%. A 

settling percentage of 11% was observed when increased the injected proppant concentration from 

0.18 ppg to 0.8 ppg at a similar injection rate of 20 ppg, as shown in Figure 4.96.  

Changing the perforation configuration to a 2 SPF, top and bottom perforations 

configuration resulted in a different settling behavior of the 40/70 mesh sand, as shown in Figure 

4.97. The highest settling percentage of 32.5% was observed at an injected proppant concentration 

of 1.33 ppg and at an injection rate of 20 gpm. Reducing the injected proppant concentration from 

1.33 ppg to 0.56 ppg at a similar injection rate decreased the settling percentage at the bottom of 

the wellbore to 10.6%. Figure 4.98 shows the 40/70 mesh sand settling behavior using the 3 SPF 

perforation configuration. The settling percentage ranged from 11% at an injected proppant 

concentration of 0.5 ppg and an injection rate of 50 gpm to 3% at an injected proppant 

concentration of 0.73 ppg and an injection rate of 70 gpm.  
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Figure 4.95. Settling percentage of the 40/70 mesh sand using 1 SPF, top perforation 

configuration at different injection rate and various mixed proppant concentrations. 

 

 
Figure 4.96. Settling percentage of the 40/70 mesh sand using 1 SPF, bottom perforation 

configuration at different injection rate and various mixed proppant concentrations. 
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Figure 4.97. Settling percentage of the 40/70 mesh sand using 2 SPF, top and bottom 

perforations, configuration at different injection rate and various mixed proppant concentrations. 

 

 
Figure 4.98. Settling percentage of the 40/70 mesh sand using 3 SPF configuration at different 

injection rate and various mixed proppant concentrations. 
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4.2.2.6 Sieve Distribution 

 Similar to the 100-mesh sand, sieve analysis was performed on the 40/70 mesh sand 

samples that were collected from all open perforations at each cluster. This section presents the 

sieve distribution results of the sand exited at the toe cluster, cluster #3, and the sand settled at the 

bottom of the wellbore to illustrate the transportability of freshwater at two different injection rates 

using the same proppant concentration of 1 ppg.  The remaining sieve analysis results are shown 

in Appendix F.  

 The sieve distribution of the sand exited at the toe cluster using the 1 SPF, top perforation 

configuration at an injection rate of 20 gpm is shown in Figure 4.99. The results showed the 

capability of the carrier fluid to transport higher percentages of only 100-mesh particles to the toe 

cluster as compared to the original 40/70 mesh sieve distribution. Therefore, higher percentages 

of the coarser particles were settled at the bottom of the horizontal wellbore, as shown in Figure 

4.100.  

 
Figure 4.99. Sieve distribution of 40/70 mesh sand exited at the toe cluster using 1 SPF, top 

perforation configuration at an injection rate of 20 gpm. 
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Figure 4.100. Sieve distribution of 40/70 mesh sand settled at the bottom of the wellbore using 1 

SPF, top perforation configuration at an injection rate of 20 gpm. 

 

Increasing the injection rate to 40 gpm increased the ability of the carrier fluid and helped 

in transporting higher percentages of the coarser particles to the toe cluster, as shown in Figure 

4.101. Also, higher percentages of the fine particles were transported to the toe cluster at this higher 

injection rate. Figure 4.102 shows the sieve distribution of the sand settled at the bottom of the 

wellbore. The higher injection rate of 40 gpm helped in transporting higher percentages of the 

coarser particle while reducing the percentages of the coarser particles settled at the bottom of the 

wellbore, simultaneously.  

The sieve distribution of the 40/70 mesh sand exited at the toe cluster by using 1 SPF 

bottom perforation at an injection rate of 20 gpm is shown in Figure 4.103. At this low injection 

rate, the carrier fluid transported similar percentages of the coarser particles compared to the 

original distribution of the 40/70 mesh sand. This might be attributed to the fact that higher 

percentages of the coarser 40/70 mesh sand settled at the bottom of the tank and were not injected 

to the horizontal wellbore. Another reason to explain this sand distribution might be due to 

experimental error while performing the sieve analysis. The sieve distribution of the sand settled 

at the bottom of the wellbore shows a slightly higher percentages of the coarser particles compared 

to the original 40/70 mesh sand, as shown in Figure 4.104. This means that the carrier fluid was 

not able to suspend higher percentages of the coarser particles.  
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Figure 4.101. Sieve distribution of 40/70 mesh sand exited at the toe cluster using 1 SPF, top 

perforation configuration at an injection rate of 40 gpm. 

 

 

Figure 4.102. Sieve distribution of 40/70 mesh sand settled at the bottom of the wellbore using 1 

SPF, top perforation configuration at an injection rate of 40 gpm. 

 



132 

 

 
Figure 4.103. Sieve distribution of 40/70 mesh sand exited at the toe cluster using 1 SPF, bottom 

perforation configuration at an injection rate of 20 gpm. 
 

 
Figure 4.104. Sieve distribution of 40/70 mesh sand exited at the heel cluster using 1 SPF, 

bottom perforation configuration at an injection rate of 20 gpm. 
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Increasing the injection rate to 40 gpm did not help the carrier fluid to transport higher 

percentages of the coarser particles to the toe cluster as shown in Figure 4.105. Higher percentages 

of the coarser particles exited the horizontal wellbore at the heel cluster as shown in Figure 4.106. 

The distribution of the sand settled at the bottom of the wellbore also shows lower percentages of 

the coarser particles as shown in Figure 4.107.  

 
Figure 4.105. Sieve distribution of 40/70 mesh sand exited at the toe cluster using 1 SPF, bottom 

perforation configuration at an injection rate of 40 gpm. 
 

 
Figure 4.106. Sieve distribution of 40/70 mesh sand exited at the heel cluster using 1 SPF, 

bottom perforation configuration at an injection rate of 40 gpm. 
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Figure 4.107. Sieve distribution of 40/70 mesh sand settled at the bottom of the wellbore using 1 

SPF, bottom perforation configuration at an injection rate of 40 gpm. 

 

 
Figure 4. 108. Sieve distribution of 40/70 mesh sand settled at the bottom of the wellbore using 2 

SPF, top and bottom perforations, configuration at an injection rate of 20 gpm. 

 

At an injection rate of 20 gpm, the majority of the coarser particles settled at the bottom of 

the horizontal wellbore resulting in a distribution similar to the original 40/70 mesh distribution, 

as shown in Figure 4.108. The sieve distribution of the sand exited at the heel cluster using 2 SPF, 
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top and bottom, perforation configuration at an injection rate of 20 gpm is shown in Figure 4.109. 

The distribution of the sand exited at the bottom perforation shows similar distribution compared 

to the original distribution. Consequently, lower percentages of the coarser particles were 

transported to the toe cluster as shown in Figure 4.110.  

 
Figure 4.109. Sieve distribution of 40/70 mesh sand exited at the heel cluster using 2 SPF, top 

and bottom perforations, configuration at an injection rate of 20 gpm. 

 

 
Figure 4.110. Sieve distribution of 40/70 mesh sand exited at the toe cluster using 2 SPF, top and 

bottom perforations, configuration at an injection rate of 20 gpm. 
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 Increasing the injection rate to 40 gpm, improved the ability of the carrier fluid to transport 

more coarser particles to the toe cluster compared to an injection rate of 20 gpm, as shown in 

Figure 4.111. Also, the top perforation of the toe cluster received higher percentages of the coarser 

particles compared to 20 gpm. Therefore, lower percentages of the coarser particles settled at the 

bottom of the horizontal wellbore as shown in Figure 4.112.  

 
Figure 4.111. Sieve distribution of 40/70 mesh sand exited at the toe cluster using 2 SPF, top and 

bottom perforations, configuration at an injection rate of 40 gpm. 
 

 
Figure 4.112. Sieve distribution of 40/70 mesh sand settled at the bottom of the wellbore using 2 

SPF, top and bottom perforations, configuration at an injection rate of 40 gpm. 
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The sieve distribution of the sand exited at the toe cluster using the 3 SPF perforation 

configuration at an injection rate of 50 gpm is shown in Figure 4.113. The side perforations of the 

toe cluster received higher percentages of the coarser particles similar to the original distribution 

of the 40/70 mesh sand, whereas the top perforation received higher percentage of the fine 

particles. The ability of the carrier fluid to transport coarser particles to the toe cluster at an 

injection rate of 50 gpm was achieved. However, this injection rate was not able to create higher 

turbulence to transport coarser particles throughout the top perforation. Thus, lower percentages 

of the coarser particles settled at the bottom of the horizontal wellbore as shown in Figure 4.114.  

Increasing the injection rate to 70 gpm improved the ability of the carrier fluid to transport 

even more fine particles along the coarser particles to the toe cluster, as shown in Figure 4.115. 

Also, at this higher injection rate, the carrier fluid was able to transport higher percentages of the 

coarser particles throughout the side perforation compared to original distribution of the 40/70 

mesh sand. Consequently, less coarser particles settled at the bottom of the wellbore as shown in 

Figure 4.116.  

 
Figure 4.113. Sieve distribution of 40/70 mesh sand exited at the toe cluster using 3 SPF 

perforation configuration at an injection rate of 50 gpm. 
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Figure 4.114. Sieve distribution of 40/70 mesh sand settled at the bottom of the wellbore using 3 

SPF perforation configuration at an injection rate of 50 gpm. 
 

 

 
Figure 4.115. Sieve distribution of 40/70 mesh sand exited at the toe cluster using 3 SPF 

perforation configuration at an injection rate of 70 gpm. 
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Figure 4.116. Sieve distribution of 40/70 mesh sand settled at the bottom of the wellbore using 3 

SPF perforation configuration at an injection rate of 70 gpm. 
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CHAPTER 5 

DISCUSSION OF THE RESULTS 

 

Multi-stage hydraulic fracturing techniques have been heavily implemented in the oil and 

gas industry to unlock the potential of unconventional reservoirs. One of the main challenges in 

hydraulic fracturing treatments is to successfully transporting the proppant to the created fractures 

in order to hold the fractures open for production enhancement. Uniform proppant distribution 

across the different perforation clusters within a single stage helps the hydraulic fractures to 

contribute evenly to the production. The industry has assumed that the injected proppant is 

distributed uniformly across the different perforation clusters. However, this assumption is not 

valid most of the time as seen in Chapter 4.  

This chapter discusses the experimental results observed while testing two different 

proppants using five different perforation configurations and freshwater as the transport fluid. The 

main reason to use tap water as the carrier fluid is to stimulate slickwater fluids frequently used in 

hydraulic fracturing treatments. Different types of perforation configurations play a significant 

role on proppant transport and distribution between the perforation clusters in a single hydraulic 

fracturing stage. The results indicate the significance of the injected proppant concentration and 

proppant size in addition to the injection rate on the proppant distribution and settling.  

5.1 Top Perforation Configuration 

Experiments were conducted on both 100-mesh and 40/70 mesh sand using a 1 SPF, top 

perforation configuration using four different proppant concentrations and three different injection 

rates. These different testing parameters were used to investigate the proppant distribution and 

particles settling at the bottom of the wellbore using the 1 SPF, top perforation configuration. The 

proppant settling at the bottom of the wellbore is inversely proportionate to the injection rate. If 

the injection rate increased, the amount of proppant settled at the bottom of the wellbore is 

decreased and vice versa. This is attributed to the high momentum associated with the higher 

injection rate that help suspend and transport more proppant to the three perforation clusters and 

reduce the proppant settling at the bottom of the wellbore. Also, increasing the injected proppant 

concentrations at lower injection rates reduces the spaces between the injection streamlines. This 

results to an increase of the injected velocity which helps in transporting more proppant particles 
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to the toe cluster. Another factor affecting the proppant distribution across the three perforation 

clusters is the proppant size. The settling increases with increasing the proppant size from 100-

mesh to 40/70 mesh sand. This is attributed to the gravitational forces effect acting on the larger 

sand particles as compared to the smaller particles.  

Experiments conducted on the 100-mesh sand at an injection rate of 20 gpm and at the 

lower injected proppant concentrations of 0.23 ppg and 0.61 ppg showed even distribution between 

the three perforation clusters. However, the gravitational forces acting on the sand were larger 

compared to the momentum forces as evidenced by the large amount of sand settled at the bottom 

of the wellbore. When the injected proppant concentration was increased to 1.79 ppg and 2.82 ppg, 

the distribution resulted in uneven toe-biased distribution. Also, the sand settling at the bottom of 

the wellbore decreased by about 72% when the injected proppant concentration increased from 

0.61 ppg to 2.82 ppg. When the injected rate was increased to 40 gpm, even more distribution 

showed with a toe-biased distribution at the higher injected proppant concentration of 2 ppg. 

However, lower sand settling of less than 10% was observed at the bottom of the wellbore. These 

results suggest that the high momentum forces associated with the higher injection rate surpassed 

the effect of the gravitational forces and reduced the sand settling significantly. Also, higher 

turbulence is associated with the high injection rates, which carries more sand particles to the top 

perforation compared to lower injection rates.  

The results obtained from experiments conducted on the larger sand particles of 40/70 mesh 

sand showed similar distribution behavior to the 100-mesh sand at the lower injection rate of 20 

gpm. However, at the higher injection rates of 30 gpm and 40 gpm, the distribution behavior 

changed to a toe-biased uneven distribution at all injected proppant concentrations. The 

momentum forces exerted on the sand particles pushed more sand towards the toe cluster. 

However, this high momentum was not able to suspend all the sand particles. Consequently, higher 

sand settling was observed at the bottom of the wellbore with the 40/70 mesh compared to the 100-

mesh sand at the same injection rates.   

An even proppant distribution using 1 SPF, top perforation, is achievable at lower proppant 

concentrations for the 100-mesh sand and at lower proppant concentrations and lower injection 

rates for the 40/70 mesh sand. However, under these conditions, lower proppant concentrations 

exit from the three perforation clusters resulting in high proppant settling at the bottom of the 
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wellbore. This technique can be valuable if the proppant concentration to prop the hydraulic 

fractures is needed to be even but not in high concentrations. Also, the wellbore requires careful 

post-treatment cleanout operations due to the high sand settling at the bottom of the wellbore.  

5.2 Bottom Perforation Configuration 

The second set of experiments was conducted using a 1 SPF, bottom perforation 

configuration. Experiments were carried out on both 100-mesh and 40/70 mesh using four different 

injected proppant concentrations and three different injection rates. Using this perforation 

configuration, the sand particles tended to exit the horizontal wellbore at the heel cluster resulting 

in an uneven heel-biased distribution. The gravitational force acting on both sand particle sizes 

exceeded the momentum force created by the injection rates.  

 The results obtained from experiments conducted on the 100-mesh sand showed uneven 

heel-biased distribution at all injection rates. At an injection rate of 20 gpm and at the lower 

proppant concentration of 0.3 ppg, the heel cluster received a proppant concentration of 0.7 ppg. 

This is attributed to the low momentum associated with the low injection rate of 20 gpm, which 

allowed the highest proppant concentration to exit the horizontal wellbore at the heel cluster. The 

proppant concentration received at the heel cluster increased to 1.72 ppg when injecting a higher 

proppant concentration of 0.76 ppg at the same low injection rate of 20 gpm. When the injection 

rate increased to 40 gpm, similar behavior was observed at the heel cluster. At an injected proppant 

concentration of 0.35 ppg, the heel cluster received a proppant concentration of 0.8 ppg, whereas 

the heel cluster received 3.2 ppg at an injected proppant concentration of 1.83 ppg.  

Experimental tests conducted on the 40/70 mesh sand showed similar heel-biased 

distribution between the three perforation clusters. However, the sand settling of the larger sand 

particles at the bottom of the wellbore is reduced using this 1 SPF, bottom perforation 

configuration as compared to the 100-mesh sand. The results suggest that the available spaces 

between the sand particles is more uniform using 40/70 sand compared to 100-mesh sand, which 

increases the velocity and helps carry more sand particles to the middle and toe clusters. Also, this 

might be attributed to the higher proppant concentration of the injected proppant exiting the 

horizontal wellbore at the heel cluster leaving lower proppant concentrations to be transported to 

the middle and toe clusters.  
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Overall, the proppant concentration received at the heel cluster increases with the increase 

of the injected proppant concentration entering the system and vice versa. Also, uniform proppant 

distribution was not achieved using this bottom perforation configuration at the tested injection 

rates and proppant concentrations due to the high impact of the gravitational force. However, this 

technique can be useful for propping the heel cluster of the stage with the highest proppant 

concentration. Thus, it is strongly not recommended for achieving uniform proppant distribution 

between the three perforation clusters.  

5.3 Top and Bottom (2 SPF) Perforation Configuration 

The third set of the tested limited entry configurations used a 2 SPF, top and bottom 

perforation system with 180o phasing. The injection rate and proppant size have significant effect 

on the sand distribution behavior, which resulted in mixed distribution behavior using this 

configuration. 

Experiments conducted on the 100-mesh sand showed a heel-biased uneven distribution at 

low injection rates of 20 gpm and 30 gpm and at all injected proppant concentrations. The effect 

of the gravitational force exerted on the sand particles exceeded the momentum force. Therefore, 

the majority of the sand particles tend to exit the horizontal wellbore at the bottom perforation of 

the heel cluster. However, increasing the momentum force with an injection rate of 40 gpm 

surpassed the gravitational effect and resulted in more even distribution between the three 

perforation clusters. The sand settling at the bottom of the horizontal wellbore reduced 

significantly with the increase of the injection rate at all tested proppant concentrations. This is 

attributed to the high turbulence associated with the higher injection rate that helps suspend more 

sand particles to be transported towards the toe cluster.  

Experiments carried out on the 40/70 mesh sand showed an uneven heel-biased distribution 

at all tested injection rates and injected proppant concentrations. The gravitational force acting on 

the bigger particles of the 40/70 sand is larger than the momentum force.  The sand settling at the 

bottom of the horizontal wellbore is less compared to the 100-mesh sand. This is due to the fact 

that gravity is draining most of the highest percentage of the injected proppant concentration out 

of the heel cluster.  

Even proppant distribution of the 100-mesh between the three perforation clusters can be 

achieved using this perforation configuration at the higher injection rate of 40 gpm. However, 
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using lower injection rates and larger particle sizes are not recommended for this configuration to 

accomplish even proppant distribution.  

5.4 3 SPF Perforation Configuration 

The results obtained from the experiments conducted using this perforation configuration 

used a higher set of injection rates. The additional open perforation at each of the perforation 

clusters reduced the effect of the high back pressure acting on the pump, which allowed the pump 

to achieve higher injection rates. The results from the experimental runs conducted on the 100-

mesh sand showed uneven toe-biased distribution at all injection rates and proppant 

concentrations. The high momentum force acting on the sand particles prevented the sand particles 

from turning around the corners and exit throughout the first two clusters. The proppant 

concentration received at the toe cluster is influenced by the total injected proppant concentration 

to the horizontal wellbore. If the injected proppant concentration increases, the proppant 

concentration received at the toe cluster increases. The sand settling at the bottom of the horizontal 

wellbore is strongly affected by the injection rates. The high turbulence associated with the 

injection rates allows the carrier fluid to suspend and transport the sand particles to the toe cluster.  

Experiments carried on the 40/70 mesh sand showed a similar uneven toe-biased 

distribution at all injection rates and proppant concentrations. The high inertia exerted on the sand 

particles prevents them from turning around the corners and exit the heel and middle clusters. The 

sand settling at the bottom of the horizontal wellbore is a slightly higher than the settling 

percentage of the 100-mesh sand. The interpretation of the results indicates that the gravitational 

effect on the larger sand particles of the 40/70 mesh sand is slightly higher than the 100-mesh sand.  

This technique is not recommended to achieve even proppant distribution at the tested 

injection rates and proppant concentrations. However, it is strongly recommended for transporting 

more sand particles to the toe cluster of a single plug-and-perf stage. 

3.6 4 SPF Perforation Configuration 

Experiments conducted using this perforation configuration were carried out on the 100-

mesh sand only. An additional open perforation at each cluster reduced the total pressure inside 

the horizontal wellbore even more than the 3 SPF configuration. This lowered the difference 

between the proppant concentration exiting at the heel and toe clusters compared to the 3 SPF 

configuration. However, uneven toe-biased distribution was observed at all injection rates and all 
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injected proppant concentrations. The momentum force acting on the proppant particles near the 

first two clusters prevented higher percentages of the proppant particles turning around the corners 

and transported them further towards the toe cluster. Similar to the previously discussed 3 SPF 

configuration, the proppant concentration received at the toe cluster is dependent on the total 

injected proppant concentration to the system.  

The sand settling observed using 4 SPF was the lowest among the different perforation 

configurations. There are two main factors influencing the low sand settling using this 

configuration: 1) the high turbulence associated with the higher injection rates, which helps the 

carrier fluid to suspend and transport more sand particles to the toe cluster, and 2) opening the 

bottom perforation tunnel at each cluster directs more sand particles out of the horizontal wellbore 

through that tunnel and reducing the sand settling.  

Experiments using the 4 SPF perforation configuration conducted on the 40/70 mesh sand 

is available in the literature (Ahmad and Miskimins 2019). Using a lower injection rate of 35 gpm, 

the distribution of the 40/70 mesh sand showed a heel-biased distribution. At this lower injection 

rate, the gravity force acting on the sand particles exceeded the momentum force associated with 

the injection rate. However, when the momentum increased by increasing the injection rate to 75 

gpm, this resulted in a toe-biased distribution.  

At the tested injection rates and injected proppant concentrations ranges, using a 4 SPF 

configuration helped the carrier fluid to transport higher percentages of the sand concentrations to 

the toe cluster. However, this technique is not recommended to achieve even distribution of either 

the 100-mesh and 40/70 mesh sands.  

3.7 Comparison with Published Simulation Studies 

Proppant transport and distribution through multiple clusters along the horizontal wellbore 

have been studied extensively experimentally and numerically over the past decade. These efforts 

reflect the significance of proppant transport and distribution on the success of the hydraulic 

fracturing treatments. Several numerical studies were performed using computational fluid 

dynamics (CFD) to understand the proppant distribution behavior along the horizontal wellbore. 

This section compares some of the published simulations to the conducted experiments in this 

research.  
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Bokane et al. (2014) investigated the proppant distribution across three different 

perforation clusters within a single stage. The investigation was carried across a 4-inch, 100-ft 

long pipe using three different injection rates. A single perforation at each cluster were modeled 

parallel to the ground in the positive x-direction.   

Five different cases were simulated by changing the carrier fluid viscosity, injection rate, 

and the tested proppant. The first simulated case was performed on a 100-mesh sand using a linear 

gel with 15 cp viscosity at an injection rate of 8 bbl/min. The simulation case showed even 

proppant distribution between the three perforation clusters. However, changing the proppant size 

to 20/40 mesh Ottawa sand reduced the proppant received at the toe cluster (Perf 3). The third 

performed simulation used a higher viscosity with 17 cp as the carrier fluid with 16/30 mesh 

ceramic. The higher viscosity transported more proppant concentration to the toe cluster. Another 

simulated case used a linear gel with a viscosity of 19 cp to investigate the distribution of the 16/30 

mesh ceramic. The middle perforation (Perf 2) received a higher proppant concentration compared 

to the first and last perforations. The last tested case used water as the carrier fluid similar to the 

experimental tests performed in this research. However, the simulated case used 20/40 mesh 

Ottawa sand, which has larger sand particles compared to the tested proppants (100-mesh and 

40/70 mesh) sands used in this research. The simulated results showed an uneven proppant 

distribution between the three perforation clusters. However, the results were deemed not 

conclusive due to the effect of the discharge coefficient on the pressure difference variations. This 

simulated result showed a comparable toe-biased distribution to most of the experimental results 

in this research conducted using the 1 SPF, perforation configuration.  

The number of perforations were varied to 6 perforations, (2 SPF) with 180o phasing (side 

perforations) in one of the simulation studies. This case simulated the distribution of the 170/200 

mesh sand, which is smaller compared to the tested sand in this research, by varying the injection 

rates from 30 bbl/min to 60 bbl/min. Both tested injection rates showed a relatively even 

distribution with a toe-biased distribution.  

A simulation study conducted by Zhang and Dunn-Norman (2015) investigated the 

proppant distribution with different perforation phasing using 0.42-in. perforation diameter. The 

number of perforations at each cluster increased from 1 SPF to 6 SPF with three perforation 

phasings (60o, 90o, and 180o) with variable rotation degrees while keeping a constant flow rate of 
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2 bbl/min at each perforation. The simulation model conducted using 180o phasing with zero-

degree rotation showed a comparable result to the tested (2 SPF) configuration in this research 

with heel-biased distribution using 40/70 mesh sand.  

The effect of perforation geometry and orientation on proppant distribution in a horizontal 

wellbore has been also simulated by Wu and Sharma (2016). Proppant transport and distribution 

were measured using the transported particle efficiency (Ei). They also studied the effect of 

varying casing diameter, proppant size, proppant density, proppant concentration, injection rate, 

fluid rheology, and perforation size. They found that the proppant distribution is greatly influenced 

by the perforation orientation at low wellbore flow rates. The low side perforation always has a 

larger proppant concentration compared to the wellbore proppant concentration. This finding 

agrees to the findings in this research using the 1 SPF, bottom perforation configuration. The 

proppant concentration received at the high-side or a side perforation is also smaller than the 

wellbore proppant concentration. Thus, the results of the high side simulation are also comparable 

to the experimental results using the 1 SPF, top perforation configuration.  

One of the most recent simulation studies to investigate the proppant transport and 

distribution in a horizontal wellbore was conducted using two perforation rotations (0o phasing 

and 45o angled perforation) (Almulhim et al. 2020). The simulation study used a field-scale with 

15 clusters in a 250-ft hydraulic fracturing stage with 25 top-side perforations. The number of 

perforations started with 1 SPF for the first five clusters and increased to 2 SPF for the remaining 

clusters with 0.35-in. diameter. Both 100-mesh and 40/70 mesh sands were used with slickwater 

(water and 2 cp friction reducer) and varied the proppant concentrations from 1 ppg to 2 ppg. The 

proppant distribution between the different perforation clusters of both sands showed a toe-biased 

uneven distribution at a proppant concentration of 1 ppg. However, the larger particles of 40/70 

mesh sand experienced a higher toe-biased trend compared to the 100-mesh sand. The simulation 

results are comparable to the experimental results conducted in this research with the 1 SPF, top 

perforation configuration with both 100-mesh and 40/70 mesh sands.   
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3.8 Applications to the Field 

Proppant transport and distribution in hydraulic fracturing treatments play an important 

role in developing the conductivity of the created fractures. Therefore, it is crucial to extend the 

laboratory experiments conducted in this research to the field. This research showed that the 

effectiveness of the hydraulic fracturing treatment is highly influenced by the perforation 

configuration and orientation along the horizontal wellbore. The perforation design should be 

considered to evenly distribute the proppant between the different perforation clusters and ensure 

the proppant placement into the fractures. This can significantly impact the resulting fracture 

conductivity and the well productivity.  

Sand settling at the bottom of the horizontal wellbore also plays a crucial role in the 

hydraulic fracturing design. Higher sand settling requires a comprehensive flow back for wellbore 

cleaning and might cause different completion problems including corrosion and plugging. The 

sand settling is influenced mainly by the injection rate and the interactions between the particles 

and between the particles and the wellbore. Based on the conducted tests, higher injection rates 

helped overcome the high settling percentage of the sand at the bottom of the horizontal wellbore. 

Also, the orientation of the perforation affects the amount of the sand settling at the bottom of the 

wellbore. This should be considered to achieve a successful hydraulic fracturing treatment.  

The injection rates used in this research can be scaled up and applied in the field using 

velocity to diameter ratio. Injection rates of 20, 30, 40, 50, 60, and 70 gpm used in the lab with a 

1.5-in. horizontal wellbore mimic field injection rates of 23, 35, 47, 59, 71, and 82 bbl/min using 

a 5.5-in horizontal wellbore.  

3.9 Experimental Limitations 

It is worth mentioning that this experimental work comes with some limitations. First, the 

length of the horizontal wellbore is limited to the available space in the lab and a longer wellbore 

could not be achieved. Also, the valve located at the end of the horizontal wellbore was kept 

slightly open during all experimental tests. This was done to avoid the back pressure acting on the 

pump that has a maximum working pressure of 125 psi. Also, higher injected proppant 

concentration could not be achieved especially in the case of 40/70 mesh sand. Although the mixer 

was used at the highest possible RPM, the majority of the sand particles tended to settle at the 

bottom of the mixing tank and were not injected into the wellbore. Finally, the size of the mixing 
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tank was not big enough to mix larger slurry volumes and increase the injection rates or the 

injection duration.  
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CHAPTER 6 

EXPERIMENTAL CORRELATIONS 

  

 Proppant distribution in horizontal wells is influenced by several experimental variables, 

including proppant concentration, slurry injection rate, pipe diameter, and the number of 

perforations contributing to the flow. This chapter presents the experimental correlations that were 

developed by investigating the effect of these variables to optimize proppant distribution across 

different perforation clusters. The developed correlations can be used to predict the proppant 

distribution of two different sands with different average particle diameters, i.e. 100-mesh and 

40/70 mesh sands. Such correlations are essential in designing future hydraulic fracturing 

treatments and providing clear insights about the anticipated proppant distribution across different 

perforation clusters within a single hydraulic fracturing stage. 

 Several laboratory experiments were conducted on 100-mesh brown and 40/70 mesh white 

sands with different proppant concentrations, injection rates, and perforation configurations. The 

experimental variables were used as independent variables to develop dimensionless correlations 

using the Buckingham (1914) pi-theorem. These independent variables were pipe diameter, fluid 

viscosity, slurry injection rate, proppant concentration, proppant average diameter, proppant 

density, number of perforations open to flow, and the arc length between perforations. During the 

laboratory experiments, five of these independent variables were varied and their effect on the 

proppant distribution (dependent variable) was monitored. The remaining independent variables, 

which were the pipe diameter, fluid viscosity, and proppant density, were held constant throughout 

the experiments. This theorem was used to relate the experimental independent variables to the 

dependent variable of proppant distribution, as shown in Equation 6.1.  

 

Π1 = function (Π2, Π3, … , Π𝑛−𝑘) (6.1) 

 

where: 

Π1: The dependent variable; 

Π2, Π3, … , Π𝑛−𝑘: The independent experimental variables.  
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 The proppant distributions across the different perforation clusters were first determined 

for all the experimental tests. To determine the proppant distribution for each experimental run, 

the standard deviation of proppant concentration exited from the three clusters and from the valve 

at the end of the wellbore was calculated, as shown in Equation 6.2. Then, the proppant distribution 

was calculated as the percentage increase/decrease between the actual injected proppant 

concentration and the calculated standard deviation. If the percentage increase/decrease is equal to 

100%, this means the standard deviation is zero and the data is scattered around the average value. 

In other words, the proppant concentration exited from the three perforation clusters and the end 

vale are equal or close to each other.  

 

 

𝜎 = √
∑(𝑋 − µ)2

𝑛
 (6.2) 

where: 

𝜎: The standard deviation of all exited proppant concentrations, ppg, [M][L]-3; 

µ: The mean of all exited proppant concentrations, ppg, [M][L]-3; 

𝑛: Number of the exited proppant concentrations, dimensionless.  

 

The calculated proppant distribution was divided to five different classifications, as shown 

in Table 6.1. This classification was the same as used by Ahmad (2020).   

 

Table 6.1. Classification of proppant distribution. 

Proppant Distribution (PD), % Classification 

100 Strongly even distribution 

80 Even distribution 

60 Partially even distribution 

40 Uneven distribution 

20 and less Strongly uneven distribution 

 

After the determination of the proppant distribution, a dimensionless analysis was 

conducted on the dependent and independent variables to develop the experimental correlations. 

Then, the SI units and the basic dimensions of all these variables were determined, as shown Table 
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6.2. All variables have three common basic dimensions which are as follows: [M] representing the 

mass, [L] representing the length, and [T] representing the time.  

 

Table 6.2. SI unit and basic dimensions of all experimental variables. 

Variable SI Unit Dimension 

Pipe Diameter, ID m [M0 L1 T0] 

Fluid Viscosity, µ kg/m.s [M1 L-1 T-1] 

Injection Rate, q m3/s [M0 L3 T-1] 

Proppant Concentration, Cp kg/m3 [M1 L-3 T0] 

Proppant Median Diameter, Dp m [M0 L1 T0] 

Proppant Density, ρp kg/m3 [M1 L-3 T0] 

Number of Perforation, N - [M0 L0 T0] 

Arc Length, s m [M0 L1 T0] 

Proppant Distribution, PD - [M0 L0 T0] 

 

The total number of pi terms required to develop the experimental correlations was 

determined by subtracting the referenced three dimensions from the total number of variables, as 

shown in Equation 6.3, resulting in six pi terms.  

 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖 𝑡𝑒𝑟𝑚𝑠 = k − r (6.3) 

where: 

k: Total number of dependent and independent variables, dimensionless;  

r:  Minumum number of reference dimensions, dimensionless.  

  

 To determine each pi term, the repeating variables were determined such that their number 

was equal to the three referenced dimensions. These repeating variables were selected as follows: 

pipe diameter (ID), fluid viscosity (µ), and proppant concentration (Cp). The three repeating 

variables were multiplied by one of the six nonrepeating variables each time to determine the pi 

term of each nonrepeating variable.  

 

 The first pi term was developed for the dependent variable i.e. the proppant distribution, 

(PD). The proppant distribution was multiplied by the three repeating variables raised to three 

unknown exponents to express the first pi term as follows:  
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Π1 = 𝑃𝐷 ∗ ID𝑎 ∗ µ 𝑏 ∗ Cp𝑐  (6.4) 

 The dimensions of the repeating variables were also raised to the three exponents that will 

make the relationship dimensionless as follows:  

 

[M0 L0 T0] = [M0 L0 T0] ∗ [M0 L1 T0]𝑎 ∗  [M1 L−1 T−1]𝑏 ∗  [M1 L−3 T0]𝑐  (6.5) 

  

 From the above equation, the exponents a, b, and c can be determined as follows: 

 

𝑏 + 𝑐 = 0               𝑓𝑜𝑟 [𝑀]  (6.6) 

 

𝑎 + 2𝑏 = 0              𝑓𝑜𝑟 [𝐿]  (6.7) 

 

−𝑏 = 0                     𝑓𝑜𝑟 [𝑇]  (6.8) 

 

 The solution to the above algebraic equations were determined to get the desired values of 

exponents a, b, and c as zero and, therefore,  

Π1 = 𝑃𝐷 (6.9) 

 

 The above process was repeated to formulate the remaining pi terms, and one nonrepeating 

variable was selected at a time. The second nonrepeating variable was selected to be the injection 

rate (q) to formulate the second pi term as follows: 

  

Π2 = 𝑞 ∗ ID
𝑎 ∗ µ 𝑏 ∗ Cp𝑐 (6.10) 

  

A similar procedure was followed to find the values of the exponents by making the 

combination as dimensionless, as expressed in Equation 6.11.  

 

[M0 L0 T0] = [M0 L3 T−1] ∗ [M0 L1 T0]𝑎 ∗  [M1 L−1 T−1]𝑏 ∗  [M1 L−3 T0]𝑐  (6.11) 
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Therefore, 

 

 

𝑏 + 𝑐 = 0                               𝑓𝑜𝑟 [𝑀]  (6.12) 

 

3 + 𝑎 − 𝑏 − 3𝑐 = 0           𝑓𝑜𝑟 [𝐿]  (6.13) 

 

−1 − 𝑏 = 0                        𝑓𝑜𝑟 [𝑇]  (6.14) 

 

Solving these equations resulted in finding the values of a, b, and c as -1, -1, and 1, 

respectively. Thus, the second pi term was determined as follows: 

  

Π2 =
𝑞 ∗ Cp

ID ∗ µ
 (6.15) 

  

The third pi term was determined by multiplying the proppant diameter (Dp) by the three 

repeating variables as follows: 

 

Π3 = 𝐷𝑝 ∗ ID
𝑎 ∗ µ 𝑏 ∗ Cp𝑐 (6.16) 

  

[M0 L0 T0] = [M0 L1 T0] ∗ [M0 L1 T0]𝑎 ∗  [M1 L−1 T−1]𝑏 ∗  [M1 L−3 T0]𝑐  (6.17) 

 

Therefore, 

 

𝑏 + 𝑐 = 0                                 𝑓𝑜𝑟 [𝑀]  (6.18) 

 

1 + 𝑎 − 𝑏 − 3𝑐 = 0             𝑓𝑜𝑟 [𝐿]  (6.19) 

 

−𝑏 = 0                                 𝑓𝑜𝑟 [𝑇]  (6.20) 

 



155 

 

Solving Equations 6.18 to 6.20 gives the values of a, b, and c exponents as -1, 0, and 0, 

respectively. Therefore, the third pi term is formed as follows:  

Π3 =
𝐷𝑝

𝐼𝐷
 (6.21) 

The proppant density (ρp) was chosen as the next nonrepeating variable to develop the 

fourth pi term as follows: 

 

Π4 = ρ𝑝 ∗ ID
𝑎 ∗ µ 𝑏 ∗ Cp𝑐 (6.22) 

 

[M0 L0 T0] = [M1 L−3 T0] ∗ [M0 L1 T0]𝑎 ∗  [M1 L−1 T−1]𝑏 ∗  [M1 L−3 T0]𝑐  (6.23) 

 

Therefore, 

 

1 + 𝑏 + 𝑐 = 0                                 𝑓𝑜𝑟 [𝑀]  (6.24) 

 

−3 + 𝑎 − 𝑏 − 3𝑐 = 0               𝑓𝑜𝑟 [𝐿]  (6.25) 

 

−𝑏 = 0                                        𝑓𝑜𝑟 [𝑇]  (6.26) 

 

Solving Equations 6.24 to 6.26 gives the values of a, b, and c exponents as 0, 0, and -1, 

respectively. Therefore, the third pi term is formed as follows:  

Π4 =
ρ𝑝

Cp
 (6.27) 

 

Next, the fifth pi term was developed by multiplying the number of perforations as the 

nonrepeating variable by the three repeating variables as follows: 

 

 

Π5 = 𝑁 ∗ ID
𝑎 ∗ µ 𝑏 ∗ Cp𝑐 (6.28) 

 

[M0 L0 T0] = [M0 L0 T0] ∗ [M0 L1 T0]𝑎 ∗  [M1 L−1 T−1]𝑏 ∗  [M1 L−3 T0]𝑐  (6.29) 
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Therefore, 

 

𝑏 + 𝑐 = 0                                 𝑓𝑜𝑟 [𝑀]  (6.30) 

 

𝑎 − 𝑏 − 3𝑐 = 0                      𝑓𝑜𝑟 [𝐿]  (6.31) 

 

−𝑏 = 0                                        𝑓𝑜𝑟 [𝑇]  (6.32) 

 

Solving Equations 6.30 to 6.32 gives the values of a, b, and c exponents as 0, 0, and 0, 

respectively. Therefore, the third pi term was determined as follows:  

Π5 = 𝑁 (6.33) 

 

The last nonrepeating variable was the arc length between the perforations. This variable 

measures the distance between the perforations for each configuration and calculated as shown 

below: 

 

𝑠 = 𝑟𝜃 (6.34) 

 

where: 

𝑠: Arc length between the perforations, inch, [L]; 

𝑟: Radius of the internal pipe cross section, inch, [L]; 

𝜃: Angle between perforations, radian, dimensionless.  

 

Π6 = 𝑠 ∗ ID𝑎 ∗ µ 𝑏 ∗ Cp𝑐 (6.35) 

 

[M0 L0 T0] = [M0 L1 T0] ∗ [M0 L1 T0]𝑎 ∗  [M1 L−1 T−1]𝑏 ∗  [M1 L−3 T0]𝑐  (6.36) 

 

Therefore, 

 

𝑏 + 𝑐 = 0                                         𝑓𝑜𝑟 [𝑀]  (6.37) 
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1 + 𝑎 − 𝑏 − 3𝑐 = 0                      𝑓𝑜𝑟 [𝐿]  (6.38) 

 

−𝑏 = 0                                          𝑓𝑜𝑟 [𝑇]  (6.39) 

 

Solving Equations 6.37 to 6.39 gives the values of a, b, and c exponents as -1, 0, and 0, 

respectively. Therefore, the third pi term is formed as follows:  

Π6 =
𝑠

𝐼𝐷
 (6.40) 

  

The next crucial step is to check that all six pi terms are actually dimensionless as follows: 

 

Π1 = 𝑃𝐷 ≐  [M0 L0 T0]  (6.41) 

 

Π2 =
𝑞 ∗ Cp

ID ∗ µ
 ≐  

[M0 L3 T−1][M1 L−3 T0]

[M0 L1 T0][M1 L−1 T−1]
= [M0 L0 T0] (6.42) 

 

Π3 =
𝐷𝑝

𝐼𝐷
 ≐
[M0 L1 T0]

[M0 L1 T0]
= [M0 L0 T0] (6.43) 

 

Π4 =
ρ𝑝

Cp
≐  
[M1 L−3 T0]

[M1 L−3 T0]
= [M0 L0 T0] (6.44) 

 

Π5 = 𝑁 ≐ [M0 L0 T0]  (6.45) 

 

Π6 =
𝑠

𝐼𝐷
 ≐
[M0 L1 T0]

[M0 L1 T0]
= [M0 L0 T0] (6.46) 

 

Five of the above six pi terms can be used to express the independent variables of the 

proppant distribution as follows: 

 

Proppant distribution, PD = 𝑓 (
𝑞Cp

IDµ
,
𝐷𝑝

𝐼𝐷
,
ρ𝑝

Cp
,𝑁,

𝑠

𝐼𝐷
) (6.47) 
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where: 

 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 

Dp = Proppant median diameter, m, [M0 L1 T0]; 

ρp = Proppant density, kg/m3, [M1 L−3 T0]; 

N = Number of perforations, dimensionless; 

S = Arc length, m, [M0 L1 T0]. 

 

This dimensionless analysis reduced the number of the original variables from nine to six 

dimensionless variables. Thus, the above pi terms, expressed in Equation 6.47, were determined 

for all the experimental tests to investigate their effect on overall proppant distribution.   

 

6.1 100 Mesh Brown Sand  

A total of 60 different experimental tests were conducted on the 100-mesh brown sand with 

a specific gravity of 2.65 g/cc and a median particle diameter of 0.2 mm. Five perforation 

configurations were tested by incrementally increasing the proppant concentration from 0.5 ppg to 

2 ppg with three different injection rates for each set of proppant concentrations.  Sections 6.1.1-

6.1.6 discuss the proppant distribution correlations for all perforation configurations in more detail.  

6.1.1 Top Perforation Configuration 

The first set of experimental tests on the 100-mesh brown sand used a 1 SPF, top 

perforation configuration. During these tests, the slurry was allowed to exit out the horizontal 

wellbore through the top perforation only at each cluster. Three injection rates for each of the four 

proppant concentrations were used to investigate the effect of injection rate on proppant 

distribution between the three perforation clusters using this top perforation configuration.  

6.1.1.1 Injection Rate of 20 gpm 

Proppant distribution between the three perforation clusters was investigated using a 20 

gpm injection rate at four injected proppant concentrations of 0.23 ppg, 0.61 ppg, 1.79 ppg, and 

2.82 ppg, as shown in Figure 6.1. The proppant concentration received at the three different 

clusters were similar at the proppant concentrations of 0.23 and 0.61 ppg. However, increasing the 
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proppant concentrations to 1.79 ppg and 2.82 ppg changed the proppant distribution to a toe-biased 

distribution.  

 
Figure 6.1. Proppant distribution between the three perforation clusters for 100-mesh brown sand 

at an injection rate of 20 gpm and injected proppant concentrations of 0.23, 0.61, 1.79, and 2.82 

ppg. 

 For these experimental tests, the proppant distribution was calculated as the percentage of 

increase/decrease between the actual injected proppant concentrations and the calculated standard 

deviation using Equation 6.2. Table 6.3 shows the proppant distribution for each injected proppant 

concentration at an injection rate of 20 gpm. The proppant distribution was highest at an injected 

proppant concentration of 0.61 ppg with 99%, which represents a strongly even proppant 

distribution across the three clusters. However, the proppant concentration exited from the three 

clusters was only around 0.01 ppg compared to the actual injected proppant concentration of 0.61 

ppg.  

Table 6.3. Proppant distribution of the 100-mesh brown sand at an injection rate of 20 gpm and 

injected proppant concentrations of 0.23, 0.61, 1.79, and 2.82 ppg using 1 SPF (top perforation) 

configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.23 0.01 0.01 0.01 0.15 0.06 73.06 

0.61 0.01 0.01 0.01 0.02 0.01 99.15 

1.79 0.05 0.11 0.18 1.56 0.63 64.85 

2.82 0.09 0.17 0.31 2.57 1.03 63.31 
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6.1.1.2 Injection Rate of 30 gpm 

Another set of tests was conducted on the 100-mesh brown sand using a 1 SPF, top 

perforation configuration at an injection rate of 30 gpm. These tests were also performed to 

investigate the effect of the injection rate on the proppant distribution at four injected proppant 

concentrations of 0.45 ppg, 0.81 ppg, 1.59 ppg, and 2.59 ppg, as shown in Figure 6.2. The proppant 

concentrations received at the three different clusters were similar overall at the proppant 

concentrations of 0.45, 0.81, and 1.59 ppg. However, increasing the proppant concentrations to 

2.59 ppg changed the proppant distribution to a toe-biased distribution.  

 

 
Figure 6.2. Proppant distribution between the three perforation clusters for 100-mesh brown sand 

at an injection rate of 30 gpm and injected proppant concentrations of 0.45, 0.81, 1.59, and 2.59 

ppg. 

 

 The proppant distributions for these four tests were calculated as shown in Table 6.4. The 

highest proppant distribution was 43.61% at an injected proppant concentration of 2.59 ppg. This 

proppant distribution percentage indicates the distribution between the three perforation clusters 

is partially even distribution. However, increasing the injection rate from 20 gpm to 30 gpm 

increased the proppant concentrations exiting from the three perforation clusters.  
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Table 6.4. Proppant distribution of the 100-mesh brown sand at an injection rate of 30 gpm and 

injected proppant concentrations of 0.45, 0.81, 1.59, and 2.59 ppg using 1 SPF (top perforation) 

configuration. 

Proppant 

Concentration, ppg 

Cluster 1, 

ppg 

Cluster 

2, ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.45 0.05 0.05 0.05 0.72 0.29 35.62 

0.81 0.10 0.11 0.09 1.25 0.50 38.47 

1.59 0.13 0.15 0.20 2.40 0.97 38.81 

2.59 0.22 0.27 0.47 3.68 1.46 43.61 

 

6.1.1.3 Injection Rate of 40 gpm 

 The last four tests using the 1 SPF, top perforation configuration were conducted at an 

injection rate of 40 gpm to investigate the effect of the injection rate on the proppant distribution 

of the 100-mesh brown sand. Figure 6.3 shows the proppant concentration exited at each 

perforation cluster using the four different injected proppant concentrations of 0.37 ppg, 0.82 ppg, 

1.38 ppg, and 2 ppg.  The proppant distribution between the three perforation clusters shows 

partially even distribution for all injected proppant concentrations with a toe-biased distribution, 

most noticeably at the injected proppant concentrations of 1.38 and 2 ppg.  

 
Figure 6.3. Proppant distribution between the three perforation clusters for 100-mesh brown sand 

at an injection rate of 40 gpm and injected proppant concentrations of 0.37, 0.82, 1.38, and 2 

ppg. 
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 As with the other test rates, the proppant distribution was calculated for each experimental 

test as shown in Table 6.5. The proppant distributions ranged from 32% to 40.68%, which specify 

partially even distribution to uneven distribution. This is attributed to the high proppant 

concentration exiting the valve at the end of the horizontal wellbore with the higher injection rate.  

Table 6.5. Proppant distribution of the 100-mesh brown sand at an injection rate of 40 gpm and 

injected proppant concentrations of 0.37, 0.82, 1.38, and 2 ppg using 1 SPF (top perforation) 

configuration. 

Proppant 

Concentration, 

ppg 

Cluster 

1, ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.37 0.08 0.08 0.08 0.65 0.25 32.99 

0.82 0.15 0.18 0.17 1.30 0.49 39.92 

1.38 0.21 0.25 0.25 2.33 0.91 34.42 

2.00 0.35 0.40 0.41 3.13 1.19 40.68 

 

6.1.1.4 Correlation Development for 100 Mesh Sand using 1 SPF, Top Perforation 

 The experimental tests performed using the 1 SPF, top perforation configuration were used 

to develop an experimental correlation to predict the proppant distribution between the three 

perforation clusters for the 100-mesh brown sand when changing the injection rate (q), proppant 

concentration (Cp), and proppant density (ρp). 

 The first correlation was developed to describe the relationship between the proppant 

distribution and the ratio of proppant density to proppant concentrations for all tested injection 

rates, as shown in Figure 6.4. A 2nd order polynomial trend was used to fit the data for all tested 

injection rates of 20, 30, and 40 gpm and resulted in R2 values of 0.97, 0.82, and 0.45, respectively.  

The fitted equations and the R2 values are shown in Table 6.6 and can be used to predict 

the proppant distribution using any ratio of proppant density to proppant concentration ratio for 

the 100-mesh brown sand using a 1 SPF (top perforation) configuration at each of the tested 

injection rates.  
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Figure 6.4. Proppant distribution as a function of the ratio of proppant density to proppant 

concentration for 1 SPF (top perforation) configuration at injection rates of 20, 30, and 40 gpm.  

 

Table 6.6. Developed correlations and R2 values for the 100-mesh brown sand at three tested 

injection rates using 1 SPF (top perforation) configuration. 

Injection rate, gpm Developed Correlations R2 

20 PD = -0.0205 (ρp/ Cp)
2 + 2.2362 (ρp/ Cp) + 44.068 0.97  

30 PD = 0.0044 (ρp/ Cp)
2 - 0.417 (ρp/ Cp) + 45.673  0.82  

40 PD = -0.0033 (ρp/ Cp)
2  + 0.1303 (ρp/ Cp) + 37.162  0.45  

 

 To generalize the correlation for any used injection rate (q), proppant concentration (Cp), 

and carrier fluid viscosity (µ) using any pipe diameter (ID), the experimental data shown in Table 

6.7 were used to develop a correlation between the proppant distribution and the two pi terms, as 

shown in Equation 6.48. This developed correlation has a multiple R value of 0.33, which is 

improved when combining more perforation configurations in later sections. 
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Table 6.7. Experimental data expressed in dimensionless terms for 100-mesh brown sand using 1 

SPF (top perforation) configuration.  

Injection Rate, gpm Injected Concentration, ppg PD, % 
𝜌𝑝

Cp
 

𝑞 Cp

IDµ
 

 

20  

0.23 73.06 94.1 955.9 

0.61 99.15 36.4 2089.9 

1.79 64.85 12.4 7217.1 

2.82 63.31 7.8 12671.7 

30 

0.45 35.62 48.9 2659.6 

1.59 38.81 13.9 9569.7 

2.59 43.61 8.5 14566.7 

0.81 38.47 27.2 5654.4 

40 

0.37 32.99 60.2 2893.4 

0.82 39.92 27.0 6761.9 

1.38 34.42 16.0 9892.2 

2.00 40.68 11.0 15350.5 

 

The constants of the developed correlation for the 100-mesh brown sand using 1 SPF (top 

perforation) configuration were determined using a Microsoft Excel Solver as follows: 

Proppant distribution, PD = 67.54 − 0.0018 (
𝑞Cp

IDµ
) − 0.1155 ( 

𝜌𝑝

Cp
) (6.48) 

 

where: 

 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 

ρp = Proppant density, kg/m3, [M1 L−3 T0]. 

 

6.1.2 Bottom Perforation Configuration 

Another set of experimental tests was conducted on the 100-mesh brown sand using a 1 

SPF, bottom perforation configuration. During these tests, the slurry was allowed to exit out the 

horizontal wellbore through the bottom perforation only at each cluster. For each of the four 

proppant concentrations, three injection rates were used to investigate the effect of injection rate 
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on proppant distribution between the three perforation clusters using this bottom perforation 

configuration. 

6.1.2.1 Injection Rate of 20 gpm 

The proppant distribution between the three perforation clusters was first investigated using 

a 20 gpm injection rate at four injected proppant concentrations of 0.3 ppg, 0.76 ppg, 1.48 ppg, 

and 4.17 ppg, as shown in Figure 6.5. The proppant concentration received at the first (heel) cluster 

was the highest compared to the proppant concentration received at the second (middle) and the 

third (toe) clusters, resulting in uneven heel-biased distribution between the three clusters. The 

gravitational force exerted on the proppant particle was the dominant force over the viscous and 

inertia forces. Therefore, more proppant concentration exited at the first cluster or settled on the 

bottom of the wellbore, leaving less proppant concentration to exit at the subsequent two 

perforation clusters.  

 
Figure 6.5. Proppant distribution between the three perforation clusters for 100-mesh brown sand 

at an injection rate of 20 gpm and injected proppant concentrations of 0.3, 0.76, 1.48, and 4.17 

ppg. 

 The proppant distribution was calculated as the percentage increase/decrease between the 

actual injected proppant concentrations and the calculated standard deviation using Equation 6.2. 

Table 6.8 shows the proppant distribution for each injected proppant concentration at an injection 

rate of 20 gpm. The proppant distribution was highest at an injected proppant concentration of 4.17 

ppg with 62.6%, which represents an even proppant distribution across the three clusters. However, 
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at proppant concentrations of 0.3 and 0.76 ppg, the results showed poor proppant distribution of 

12% to 13% representing a strongly uneven proppant distribution.  

Table 6.8. Proppant distribution of the 100-mesh brown sand at an injection rate of 20 gpm and 

injected proppant concentrations of 0.3, 0.76, 1.48, and 4.17 ppg using 1 SPF (bottom 

perforation) configuration.  

Proppant 

Concentration, ppg 

Cluster 

1, ppg 

Cluster 

2, ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.30 0.69 0.25 0.11 0.01 0.26 12.80 

0.76 1.72 0.72 0.19 0.02 0.66 12.25 

1.48 2.19 0.45 0.04 0.03 0.89 39.91 

4.17 3.99 1.97 0.42 0.02 1.56 62.58 

 

6.1.2.2 Injection Rate of 30 gpm 

An additional four experimental tests were conducted on the 100-mesh brown sand using 

a 1 SPF, bottom perforation configuration at an injection rate of 30 gpm. These tests were also 

performed to investigate the effect of the injection rate on the proppant distribution at four injected 

proppant concentrations of 0.44 ppg, 0.92 ppg, 1.44 ppg, and 2.91 ppg, as shown in Figure 6.6.  

Similar to 20 gpm, the proppant concentration received at the first (heel) cluster was the 

highest compared to the proppant concentration received at the second (middle) and the third (toe) 

clusters, resulting in uneven heel-biased distribution between the three clusters. However, the 

change of proppant concentration received at the second and third clusters was less than compared 

to 20 gpm. Although the gravitational force is still dominant using this perforation configuration, 

inertia forces are trying to overcome some of the gravitational effect and transport some sand 

particles to the second and third perforation clusters.  

The proppant distributions for these four tests were calculated as shown in Table 6.9. The 

highest proppant distribution was 49.91% at an injected proppant concentration of 2.91 ppg. This 

proppant distribution percentage specifies the distribution between the three perforation clusters is 

partially even distribution.  
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Figure 6.6. Proppant distribution between the three perforation clusters for 100-mesh brown sand 

at an injection rate of 30 gpm and injected proppant concentrations of 0.44, 0.92, 1.44, and 2.91 

ppg. 

 

Table 6.9. Proppant distribution of the 100-mesh brown sand at an injection rate of 30 gpm and 

injected proppant concentrations of 0.44, 0.92, 1.44, and 2.91 ppg using 1 SPF (bottom 

perforation) configuration.   

Proppant 

Concentration, ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.44 0.90 0.67 0.41 0.06 0.31 28.76 

0.92 1.86 1.32 0.66 0.11 0.66 27.93 

1.44 2.98 2.38 0.72 0.07 1.18 17.78 

2.91 3.93 2.42 0.90 0.13 1.46 49.91 

 

6.1.2.3 Injection Rate of 40 gpm 

 The last four tests using a 1 SPF, bottom perforation configuration were conducted at an 

injection rate of 40 gpm to investigate the effect of the injection rate on the proppant distribution 

of the 100-mesh brown sand. Figure 6.7 shows the proppant concentration that exited at each 

perforation cluster using four different injected proppant concentrations of 0.35 ppg, 0.65 ppg, 

1.36 ppg, and 1.83 ppg.  The proppant distribution at the heel cluster is highest, reflecting the 

gravitational force dominance using the 1 SPF, bottom perforation configuration.  
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Figure 6.7. Proppant distribution between the three perforation clusters for 100-mesh brown sand 

at an injection rate of 40 gpm and injected proppant concentrations of 0.35, 0.65, 1.36, and 1.83 

ppg. 

 

 The proppant distribution was calculated for each experimental test, as shown in Table 

6.10. The proppant distributions range from 9% to 45 %, which specify strongly uneven 

distribution at a proppant concentration of 0.65 ppg to partially even distribution at proppant 

concentration of 1.36 ppg.  

Table 6.10. Proppant distribution of the 100-mesh brown sand at an injection rate of 40 gpm and 

injected proppant concentrations of 0.35, 0.65, 1.36, and 1.83 ppg using 1 SPF (bottom 

perforation) configuration. 

Proppant 

Concentration, ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.35 0.77 0.56 0.37 0.07 0.26 26.64 

0.65 1.71 1.21 0.54 0.19 0.59 8.96 

1.36 2.22 1.72 1.10 0.21 0.75 45.01 

1.83 3.18 2.36 1.31 0.22 1.11 39.11 

 

6.1.2.4 Correlation Development for 100 Mesh Sand using 1 SPF, Bottom Perforation 

 The set of experimental tests performed using the 1 SPF, bottom perforation configuration 

was used to develop another correlation to predict the proppant distribution between the three 
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perforation clusters for the 100-mesh brown sand when changing the injection rate (q), proppant 

concentration (Cp), and proppant density (ρp). 

 A relationship between the proppant distribution and the ratio of proppant density to 

proppant concentrations for all injection rates is shown in Figure 6.8. A 2nd order polynomial trend 

was used to fit the data for all tested injection rates of 20, 30, and 40 gpm and resulted in R2 values 

of 0.99, 0.55, and 0.83, respectively. The resulting polynomial trends and R2 values illustrate the 

relationship between the proppant distribution and the proppant concentration. As the proppant 

concentration increases, the proppant distribution decreases. However at high proppant 

concentrations, the proppant distribution tends to increase again. This can be explained by the high 

drag forces through the small available pore space between the proppant particles at higher 

proppant concentration.  

 
Figure 6.8. Proppant distribution as a function of the ratio of proppant density to proppant 

concentration for 1 SPF (bottom perforation) configuration at injection rates of 20, 30, and 40 

gpm.  

 

The fitted equations and the R2 values can be used to predict the proppant distribution using 

any ratio of proppant density to proppant concentration ratio for the 100-mesh brown sand using a 

1 SPF, bottom perforation configuration at each of the tested injection rates, as shown in Table 

6.11.  
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Table 6.11. Developed correlations and R2 values for the 100-mesh brown sand at three tested 

injection rates using 1 SPF (bottom perforation) configuration. 

Injection rate, gpm Developed Correlations R2 

20 PD = 0.0303 (ρp/ Cp)
2 - 3.1498 (ρp/ Cp) + 79.026 0.99  

30 PD = 0.0428 (ρp/ Cp)
2 - 2.8311(ρp/ Cp) + 63.525 0.55  

40 PD = 0.0409 (ρp/ Cp)
2  - 3.4287 (ρp/ Cp) + 81.079 0.83  

 

 The above three correlations can be combined to predict the proppant distribution for any 

used injection rate (q), proppant concentration (Cp), and carrier fluid viscosity (µ) using any pipe 

diameter (ID).  Table 6.12 shows the experimental results used to develop multilinear correlation 

between the proppant distribution and the two pi terms, as shown in Equation 6.49. This developed 

correlation has a multiple R2 value of 0.8.  

Table 6.12. Experimental data expressed in dimensionless terms for 100-mesh brown sand using 

1 SPF (top perforation) configuration.  

Injection Rate, gpm Injected Concentration, ppg PD, % 
𝜌𝑝

Cp
 

𝑞 Cp

IDµ
 

 

20  

0.30 12.80 74.6 1195.2 

0.76 12.25 29.2 3102.6 

1.48 39.91 14.9 5381.8 

4.17 62.58 5.3 15162.6 

30 

0.44 28.76 50.3 2471.1 

0.92 27.93 24.1 5335.9 

1.44 17.78 15.3 8102.2 

2.91 49.91 7.6 14449.6 

40 

0.35 26.64 62.4 2697.4 

0.65 8.96 34.2 5134.2 

1.36 45.01 16.2 12048.1 

1.83 39.11 12.1 13166.0 

 

The constants of the developed correlation for the 100-mesh brown sand using the 1 SPF, 

bottom perforation configuration were determined using Microsoft Excel Solver as follows: 

Proppant distribution, PD = 7.03 + 0.00294 (
𝑞Cp

IDµ
) + 0.082 ( 

𝜌𝑝

Cp
) (6.49) 

 

where: 
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 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 

ρp = Proppant density, kg/m3, [M1 L−3 T0]. 

 

6.1.3 Top and Bottom (2 SPF) Perforation Configuration 

A number of experimental tests were also conducted on the 100-mesh brown sand using a 

2 SPF (top and bottom) perforation configuration with 180° phasing. This configuration was 

achieved by closing the side perforation valves and allowing the slurry to exit out the horizontal 

wellbore through the top and bottom perforations at each cluster. 

The same three injection rates for each of the four proppant concentrations were used to 

investigate the effect of injection rate on the proppant distribution between the three perforation 

clusters using the top and bottom (2 SPF) perforation configuration.  

6.1.3.1 Injection Rate of 20 gpm 

An injection rate of 20 gpm was used as one of the three injection rates to investigate the 

proppant distributions between the three perforation clusters of each injection rate at four injected 

proppant concentrations of 0.13 ppg, 0.83 ppg, 1.92 ppg, and 3.28 ppg, as shown in Figure 6.9.  

The proppant concentration received at the first (heel) cluster was the highest compared to 

the proppant concentration received at the second (middle) and the third (toe) clusters, resulting in 

partially even distribution to even distribution between the three clusters. As mentioned 

previously, the effect of the gravitational force exerted on the proppant particle was higher in this 

situation compared to the viscous and inertia forces. Therefore, higher proppant concentration 

exited at the first two clusters or settled on the bottom of the wellbore, leaving less proppant 

concentration to exit at the subsequent two perforation clusters.  

 

The proppant concentrations received at the first two clusters were similar at a proppant 

concentration of 0.13 ppg. However, increasing the proppant concentrations to 1.92 ppg and 3.28 

ppg changed the proppant distribution to more of a heel-biased distribution.  
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Figure 6.9. Proppant distribution between the three perforation clusters for 100-mesh brown sand 

at an injection rate of 20 gpm and injected proppant concentrations of 0.13, 0.83, 1.92, and 3.28 

ppg. 

 Equation 6.2 was used to determine the standard deviation of the proppant concentrations 

exited at the three perforation clusters and the valve, as shown in Table 6.13. Then, the proppant 

distribution was calculated as the percentage increase/decrease between the actual injected 

proppant concentrations and the standard deviation for each injected proppant concentration at an 

injection rate of 20 gpm. Table 6.13 shows that the proppant distributions ranged from 48% 

specifying partially even distribution to even distribution with 73% proppant distribution.  

Table 6.13. Proppant distribution of the 100-mesh brown sand at an injection rate of 20 gpm and 

injected proppant concentrations of 0.13, 0.83, 1.92, and 3.28 ppg using 2 SPF (top and bottom) 

perforation configuration. 

Proppant 

Concentration, ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation

, ppg 

Proppant 

Distribution

, % 

0.13 0.18 0.10 0.03 0.01 0.07 48.04 

0.83 1.08 0.62 0.21 0.02 0.41 50.85 

1.92 1.68 1.03 0.19 0.01 0.67 65.20 

3.28 2.36 1.54 0.64 0.03 0.89 73.00 

 

6.1.3.2 Injection Rate of 30 gpm 

The effect of the injection rate on proppant distribution of the 100-mesh brown sand using 

the 2 SPF perforation configuration was studied by testing an injection rate of 30 gpm at four 

proppant concentrations. Figure 6.10 shows the proppant distribution between the three perforation 
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clusters at injected concentrations of 0.48 ppg, 0.96 ppg, 1.61 ppg, and 2.03 ppg. The proppant 

concentrations received at the three different clusters were similar at all four tested proppant 

concentrations.  

 
Figure 6.10. Proppant distribution between the three perforation clusters for 100-mesh brown 

sand at an injection rate of 30 gpm and injected proppant concentrations of 0.48, 0.96, 1.61, and 

2.03 ppg. 
 

 The proppant distributions for these four tests were calculated as shown in Table 6.14. The 

proppant distributions ranged between 61% and 68%. The proppant distributions for the four tested 

proppant concentrations specified even distribution between the three perforation clusters.  

6.1.3.3 Injection Rate of 40 gpm 

 Another four tests using the 2 SPF (top and bottom) perforation configuration were 

conducted at an injection rate of 40 gpm to investigate the effect of injection rate on proppant 

distribution of the 100-mesh brown sand. Figure 6.11 shows the proppant concentration exited at 

each perforation cluster using the four different injected proppant concentrations of 0.33 ppg, 0.67 

ppg, 1.35 ppg, and 1.84 ppg.  The proppant distribution between the three perforation clusters 
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shows even distribution for all tested proppant concentrations except using 0.67 ppg, which 

specified partially even distribution of the proppant.  

Table 6.14. Proppant distribution of the 100-mesh brown sand at an injection rate of 30 gpm and 

injected proppant concentrations of 0.48, 0.96, 1.61, and 2.03 ppg using 2 SPF (top and bottom) 

perforation configuration. 

Proppant 

Concentration, ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.48 0.64 0.55 0.47 0.14 0.19 61.35 

0.96 1.17 1.09 0.82 0.21 0.38 60.65 

1.61 1.64 1.64 1.33 0.39 0.51 68.24 

2.03 2.00 1.68 0.85 0.10 0.74 63.46 

 

 
Figure 6.11. Proppant distribution between the three perforation clusters for 100-mesh brown 

sand at an injection rate of 40 gpm and injected proppant concentrations of 0.33, 0.67, 1.35, and 

1.84 ppg. 

 

 The proppant distribution was calculated for each experimental test, as shown in Table 

6.15. The proppant distributions ranged from 57% to 74%, which specify partially even 

distribution to even distribution. This is attributed to the high injection rate which helps the carrier 

fluid to transport and distribute the 100-mesh sand evenly between the three perforation clusters.  
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Table 6.15. Proppant distribution of the 100-mesh brown sand at an injection rate of 40 gpm and 

injected proppant concentrations of 0.33, 0.67, 1.35, and 1.84 ppg using 2 SPF (top and bottom) 

perforation configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.33 0.39 0.40 0.46 0.13 0.13 61.60 

0.67 0.85 0.79 0.77 0.14 0.29 56.98 

1.35 1.42 1.48 1.40 0.33 0.48 64.78 

1.84 1.71 1.72 1.60 0.59 0.47 74.31 

 

6.1.3.4 Correlation Development for 100 Mesh Sand using 2 SPF, Top and Bottom 

Perforation 

 Multiple experimental tests were performed using the 2 SPF (top and bottom) perforation 

configuration to develop an experimental correlation to predict the proppant distribution between 

the three perforation clusters for the 100-mesh brown sand when changing the injection rate (q), 

proppant concentration (Cp), and proppant density (ρp). 

The proppant distribution was plotted against the ratio of proppant density to proppant 

concentrations for all injection rates, as shown in Figure 6.12. A 2nd order polynomial trend was 

used to fit the data for all tested injection rates of 20, 30, and 40 gpm and resulted in R2 values of 

0.99, 0.44, and 0.92, respectively. The resulting polynomial trends and R2 values illustrate that the 

proppant distribution is influenced by the proppant concentration. As the proppant concentration 

increases, the proppant distribution decreases. However the small available pore space between 

the proppant particles at high proppant concentrations creates high drag forces that enhance the 

proppant distribution. 

The fitted equations and the R2 values are shown in Table 6.16 and can be used to predict 

the proppant distribution using any ratio of proppant density to proppant concentration for the 100-

mesh brown sand using a 2 SPF (top and bottom) perforation configuration at each of the tested 

injection rates.  

Table 6.17 was used to develop a correlation between the proppant distribution and the two 

pi terms by combining multiple variables including injection rate (q), proppant concentration (Cp), 

pipe diameter (ID), carrier fluid viscosity (µ), and proppant density (𝜌𝑝), as shown in Equation 

6.50.  
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Figure 6.12. Proppant distribution as a function of the ratio of proppant density to proppant 

concentration for 2 SPF (top and bottom) configuration at injection rates of 20, 30, and 40 gpm. 

 

Table 6.16. Developed correlations and R2 values for the 100-mesh brown sand at three tested 

injection rates using 2 SPF (top and bottom) perforation configuration. 

Injection rate, gpm Developed Correlations R2 

20 PD = 0.0067 (ρp/ Cp)
2 - 1.306 (ρp/ Cp) + 80.559 0.99  

30 PD = 0.009 (ρp/ Cp)
2 - 0.6479 (ρp/ Cp) + 71.927  0.44  

40 PD = 0.0168 (ρp/ Cp)
2  - 1.5222 (ρp/ Cp) + 88.043  0.92 

 

Table 6.17. Experimental data expressed in dimensionless terms for 100-mesh brown sand using 

2 SPF (top and bottom) perforation configuration.  

Injection Rate, gpm Injected Concentration, ppg PD, % 
𝜌𝑝

Cp
 

𝑞 Cp

IDµ
 

 

20  

0.13 48.04 164.4 489.3 

0.83 50.85 26.7 3178.8 

1.92 65.20 11.5 7002.9 

3.28 73.00 6.7 13453.6 

30 

0.48 61.35 45.9 2773.4 

0.96 60.65 23.1 5698.3 

1.61 68.24 13.7 9602.0 

2.03 63.46 10.9 12735.8 

40 

0.33 61.60 67.6 2878.2 

0.67 56.98 32.9 5953.1 

1.35 64.78 16.3 9855.2 

1.84 74.31 12.0 15359.3 
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The constants of the developed correlation for the 100-mesh brown sand using a 2 SPF (top 

and bottom) perforation configuration were determined using Microsoft Excel Solver and the 

correlation has a multiple R value of 0.86 as follows: 

Proppant distribution, PD = 54.91 + 0.001172 (
𝑞Cp

IDµ
) − 0.03397 ( 

𝜌𝑝

Cp
) (6.50) 

 

where: 

 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 

ρp = Proppant density, kg/m3, [M1 L−3 T0]. 

 

6.1.4 3 SPF Perforation Configuration 

Several experimental tests were conducted on the 100-mesh brown sand using a 3 SPF 

configuration with 90° phasing. This configuration was achieved by intentionally closing the 

bottom perforation valve and allowing the slurry to exit out the horizontal wellbore through the 

top and two side perforations at each cluster. 

A higher set of injection rates was used to investigate the effect of injection rate on proppant 

distribution between the three perforation clusters using the 3 SPF perforation configuration. These 

injection rates of 50 gpm, 60 gpm, and 70 gpm were used individually with four proppant 

concentrations for this perforation configuration.  

6.1.4.1 Injection Rate of 50 gpm 

The lowest injection rate was 50 gpm and was used to investigate the proppant distribution 

between the three perforation clusters at four injected proppant concentrations of 0.33 ppg, 0.84 

ppg, 1.29 ppg, and 2.21 ppg, as shown in Figure 6.13.  

The proppant concentration received at the third (toe) cluster was the highest compared to 

the proppant concentration received at the second (middle) and the first (heel) clusters for all tested 

concentrations. However, the distribution of the proppant concentration between the three clusters 
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was similar, resulting in an average of even distribution. The high inertia force was the primary 

driver of the proppant particles, minimizing the gravitational effect exerted on the proppant 

particles. Thus, the high momentum at this high injection rate prevented most of the proppant from 

turning around the corner and exiting the first two perforation clusters. As can be seen from Figure 

6.13, the toe cluster received the highest proppant concentration followed by the middle cluster for 

the four tested proppant concentrations.  

 
Figure 6.13. Proppant distribution between the three perforation clusters for 100-mesh brown 

sand at an injection rate of 50 gpm and injected proppant concentrations of 0.33, 0.84, 1.29, and 

2.21 ppg.  
 

 Table 6.18 shows calculated proppant distribution at the four tested proppant 

concentrations. The calculated proppant distributions ranged from 65% to 76% indicating even 

proppant distribution between the three perforation clusters. Using this perforation configuration 

and at an injection rate of 50 gpm, the proppant concentration is directly proportionate to the 

proppant distribution.   

Table 6.18. Proppant distribution of the 100-mesh brown sand at an injection rate of 50 gpm and 

injected proppant concentrations of 0.33, 0.84, 1.29, and 2.21 ppg using 3 SPF perforation 

configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.33 0.16 0.21 0.47 0.29 0.12 65.24 

0.84 0.39 0.49 1.07 0.88 0.28 66.79 

1.29 0.59 0.73 1.39 1.25 0.34 73.72 

2.21 0.86 1.23 2.31 1.36 0.54 75.76 
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6.1.4.2 Injection rate of 60 gpm 

Another set of experimental tests was performed using an injection rate of 60 gpm. These 

experiments also tested the effect of proppant concentration on the proppant distribution of the 

100-mesh brown sand using the 3 SPF perforation configuration. Figure 6.14 shows the proppant 

distribution between the three perforation clusters at injected concentrations of 0.35 ppg, 0.72 ppg, 

1.17 ppg, and 1.79 ppg. The proppant concentrations received at the three different clusters were 

similar for the four injected proppant concentrations.  

 
Figure 6.14. Proppant distribution between the three perforation clusters for 100-mesh brown 

sand at an injection rate of 60 gpm and injected proppant concentrations of 0.35, 0.72, 1.17, and 

1.79 ppg. 

 The proppant distributions for these four tests were calculated as shown in Table 6.19. The 

proppant distribution resulted from testing an injection rate of 60 gpm at the four proppant 

concentrations ranged between 68% and 75%. The proppant distribution for the four tested 

proppant concentrations indicated even distribution between the three perforation clusters.  

Table 6.19. Proppant distribution of the 100-mesh brown sand at an injection rate of 60 gpm and 

injected proppant concentrations of 0.35, 0.72, 1.17, and 1.79 ppg using 3 SPF perforation 

configuration. 

Proppant 

Concentration, ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.35 0.19 0.23 0.43 0.43 0.11 68.17 

0.72 0.38 0.47 0.95 0.75 0.23 68.55 

1.17 0.60 0.79 1.38 1.03 0.29 75.39 

1.79 0.88 1.07 2.03 1.65 0.46 74.38 
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6.1.4.3 Injection Rate of 70 gpm 

 The last four tests using the 3 SPF perforation configuration were conducted at an injection 

rate of 70 gpm. Figure 6.15 shows the proppant concentration exited at each perforation cluster 

using four different injected proppant concentrations of 0.3 ppg, 0.54 ppg, 1.02 ppg, and 1.64 ppg.  

The proppant distribution between the three perforation clusters shows even distribution for all 

tested proppant concentrations with a toe bias.  

The proppant distributions for these four experimental tests were calculated, as shown in 

Table 6.20. The proppant distributions ranged from 66% to 75%, which specifies even distribution 

for all tested proppant concentrations at this injection rate of 70 gpm. This is attributed to the high 

injection rate, which helps the carrier fluid to transport and distribute the 100-mesh sand evenly 

between the three perforation clusters.  

 
Figure 6.15. Proppant distribution between the three perforation clusters for 100-mesh brown 

sand at an injection rate of 70 gpm and injected proppant concentrations of 0.3, 0.54, 1.02, and 

1.64 ppg. 

Table 6.20. Proppant distribution of the 100-mesh brown sand at an injection rate of 70 gpm and 

injected proppant concentrations of 0.3, 0.54, 1.02, and 1.64 ppg using 3 SPF perforation 

configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.30 0.19 0.20 0.33 0.44 0.10 65.61 

0.54 0.36 0.38 0.62 0.65 0.13 75.34 

1.02 0.59 0.70 1.17 1.23 0.28 72.48 

1.64 0.91 1.12 1.99 1.55 0.41 74.82 
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6.1.4.4 Correlation Development for 100 Mesh Sand using 3 SPF  

 The results of these experimental tests conducted using the 3 SPF perforation configuration 

were used to develop an experimental correlation to predict the proppant distribution between the 

three perforation clusters for the 100-mesh brown sand when changing the injection rate (q), 

proppant concentration (Cp), and proppant density (ρp). 

The proppant distribution was plotted against the ratio of proppant density to proppant 

concentrations for all injection rates, as shown in Figure 6.16. To fit the data for each injection 

rate, a 2nd order polynomial trend was used and the resulting R2 values were as follows: 0.95, 0.82, 

and 0.88, respectively. The resulting polynomial trends and R2 values illustrate that the proppant 

distribution is influenced by the proppant concentration. As the proppant concentration increases, 

the proppant distribution decreases at the injection rates of 50 and 60 gpm. However the small 

available pore space between the proppant particles at high proppant concentration creates high 

drag forces that enhance the proppant distribution at injection rates of 50 and 60 gpm. At an 

injection rate of 70 gpm, the proppant distribution decreases with increasing proppant 

concentration at high proppant concentrations. This might be attributed to the particle-to-particle 

and particle-to-wall interaction at the higher turbulence of 70 gpm.  

 
Figure 6.16. Proppant distribution as a function of the ratio of proppant density to proppant 

concentration for 3 SPF perforation configuration at injection rates of 50, 60, and 70 gpm. 
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Table 6.21 shows the fitted equations and the R2 values, which can be used to predict the 

proppant distribution using any ratio of proppant density to proppant concentration for the 100-

mesh brown sand and a 3 SPF perforation configuration at each of the tested injection rates.  

Table 6.21. Developed correlations and R2 values for the 100-mesh brown sand at three tested 

injection rates using 3 SPF perforation configuration. 

Injection rate, gpm Developed Correlations R2 

50 PD = 0.0085 (ρp/ Cp)
2 - 0.8526 (ρp/ Cp) + 84.212 0.95  

60 PD =  0.0055 (ρp/ Cp)
2 - 0.5656 (ρp/ Cp) + 81.822 0.82  

70 PD = -0.005 (ρp/ Cp)
2  + 0.2997 (ρp/ Cp) + 70.413 0.88 

 

The dimensionless data shown in Table 6.22 were used to develop a correlation between 

the proppant distribution and the two pi terms. These variables are injection rate (q), proppant 

concentration (Cp), pipe diameter (ID), carrier fluid viscosity (µ), and proppant density (𝜌𝑝), as 

shown in Equation 6.51.  

Table 6.22. Experimental data expressed in dimensionless terms for 100-mesh brown sand using 

3 SPF perforation configuration.  

Injection Rate, gpm Injected Concentration, ppg PD, % 
𝜌𝑝

Cp
 

𝑞 Cp

IDµ
 

 

50  

0.33 65.24 66.7 3190.4 

0.84 66.79 26.3 8333.0 

1.29 73.72 17.1 13436.0 

2.21 75.76 10.0 20881.3 

60 

0.35 68.17 63.7 3961.8 

0.72 68.55 30.7 8565.0 

1.17 75.39 18.8 13884.6 

1.79 74.38 12.4 21627.6 

70 

0.30 65.61 73.1 4111.2 

0.54 75.34 41.2 7449.6 

1.02 72.48 21.7 14628.5 

1.64 74.82 13.5 22328.4 

 

The constants of the developed correlation for the 100-mesh brown sand using the 3 SPF 

perforation configuration were determined using Microsoft Excel Solver and the resulting 

correlation has a multiple R value of 0.8 as follows: 
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Proppant distribution, PD = 70.26 + 0.000275 (
𝑞Cp

IDµ
) − 0.066 ( 

𝜌𝑝

Cp
) (6.51) 

 

where: 

 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 

ρp = Proppant density, kg/m3, [M1 L−3 T0]. 

6.1.5 4 SPF Perforation Configuration 

The last set of experimental tests was conducted on the 100-mesh brown sand using a 4 

SPF configuration with 90° phasing. This configuration was achieved by opening all the valves 

and allowing the slurry to exit out the horizontal wellbore through the top, bottom, and two side 

perforations at each cluster. The injection rates of 50 gpm, 60 gpm, and 70 gpm were used 

individually with four proppant concentrations using this perforation configuration.  

6.1.5.1 Injection Rate of 50 gpm 

The proppant distribution between the three perforation clusters was first investigated at 

50 gpm with four injected proppant concentrations of 0.35 ppg, 0.76 ppg, 1.27 ppg, and 2.12 ppg, 

as shown in Figure 6.17. The proppant concentrations received at the three perforation clusters 

were almost exact for each proppant concentration, resulting in even distribution for all tested 

proppant concentrations. This is attributed to the high inertia forces that acted as the primary 

influence on the transport of the sand inside the wellbore and to the three perforation clusters.  

The calculated proppant distributions at the four tested proppant concentrations ranged 

from 65.5% to 79%, indicating even proppant distribution between the three perforation clusters, 

as shown Table 6.23. Using this perforation configuration at an injection rate of 50 gpm, the 

highest proppant distribution of 79% occurred at a proppant concentration of 0.76 ppg, as can be 

seen from Table 6.23.  



184 

 

 
Figure 6.17. Proppant distribution between the three perforation clusters for 100-mesh brown 

sand at an injection rate of 50 gpm and injected proppant concentrations of 0.35 ppg, 0.76 ppg, 

1.27 ppg, and 2.12 ppg. 

 

Table 6.23. Proppant distribution of the 100-mesh brown sand at an injection rate of 50 gpm and 

injected proppant concentrations of 0.35, 0.76, 1.27, and 2.12 ppg using 4 SPF perforation 

configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.35 0.33 0.36 0.36 0.07 0.12 65.59 

0.76 0.57 0.67 0.75 0.33 0.16 79.15 

1.27 0.92 1.04 1.10 0.30 0.32 75.09 

2.12 1.34 1.46 1.61 0.29 0.52 75.45 

 

6.1.5.2 Injection Rate of 60 gpm 

Several experimental tests were performed using an injection rate of 60 gpm to investigate 

the effect of proppant concentration on proppant distribution of the 100-mesh brown sand using 

the 4 SPF perforation configuration. Figure 6.18 shows the proppant distribution between the three 

perforation clusters at injected concentrations of 0.33 ppg, 0.69 ppg, 1.11 ppg, and 1.83 ppg. The 

proppant concentrations received at the three different clusters were similar at all four tested 

proppant concentrations with a bias toward the toe cluster.  
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Figure 6.18. Proppant distribution between the three perforation clusters for 100-mesh brown 

sand at an injection rate of 60 gpm and injected proppant concentrations of 0.33, 0.69, 1.11, and 

1.83 ppg. 

 Table 6.24 shows the calculated proppant distribution for the four proppant concentrations. 

The proppant distribution resulted from the test rate of 60 gpm at four proppant concentrations that 

ranged between 72% and 83%. The proppant distribution for the four tested proppant 

concentrations indicated even to strongly even distribution between the three perforation clusters.  

Table 6.24. Proppant distribution of the 100-mesh brown sand at an injection rate of 60 gpm and 

injected proppant concentrations of 0.33, 0.69, 1.11, and 1.83 ppg using 4 SPF perforation 

configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.33 0.29 0.32 0.39 0.24 0.06 83.12 

0.69 0.58 0.66 0.75 0.33 0.15 77.74 

1.11 0.83 0.94 1.11 0.55 0.21 81.52 

1.83 1.26 1.40 1.66 0.29 0.52 71.75 

 

6.1.5.3 Injection Rate of 70 gpm 

 The last four tests using the 4 SPF perforation configuration were conducted at an injection 

rate of 70 gpm. Figure 6.19 shows the proppant concentration exited at each perforation cluster 

using four different injected proppant concentrations of 0.31 ppg, 0.52 ppg, 0.93 ppg, and 1.55 

ppg.  The proppant concentrations received at the three different clusters were similar at the four 

tested proppant concentrations with a bias toward the toe cluster. 
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Figure 6.19. Proppant distribution between the three perforation clusters for 100-mesh brown 

sand at an injection rate of 70 gpm and injected proppant concentrations of 0.31, 0.52, 0.93, and 

1.55 ppg. 

 The proppant distributions for these four experimental tests were calculated, as shown in 

Table 6.25. The proppant distributions were high, ranging from 77% to 93%, which indicates 

strongly even distribution for all tested proppant concentrations at this injection rate of 70 gpm 

except at the proppant concentration of 1.55 ppg. This is attributed to the higher injection rate, 

which helps the carrier fluid to transport and distribute the 100-mesh sand evenly between the 

three perforation clusters. However at higher proppant concentration, the particle-to-particle and 

wall-to-particle interaction might increase the proppant settling on the bottom of the wellbore and 

slightly decrease the proppant distribution.  

Table 6.25. Proppant distribution of the 100-mesh brown sand at an injection rate of 70 gpm and 

injected proppant concentrations of 0.31, 0.52, 0.93, and 1.55 ppg using 4 SPF perforation 

configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.31 0.27 0.30 0.34 0.24 0.04 87.51 

0.52 0.43 0.46 0.54 0.46 0.04 92.30 

0.93 0.73 0.79 0.96 0.71 0.10 89.29 

1.55 1.18 1.29 1.58 0.59 0.36 76.79 
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6.1.5.4 Correlation Development for 100 Mesh Sand using 4 SPF  

 For the 4 SPF perforation configuration, the results of these experimental tests were used 

to develop an experimental correlation and predict the proppant distribution between the three 

perforation clusters for the 100-mesh brown sand when changing the injection rate (q), proppant 

concentration (Cp), and proppant density (ρp). 

The proppant distribution was plotted against the ratio of proppant density to proppant 

concentrations for all injection rates, as shown in Figure 6.20. To fit the data for each injection 

rate, a 2nd order polynomial trend was used and the resulting R2 values were as follows: 0.95, 0.57, 

and 0.88, respectively. The resulting polynomial trends and R2 values illustrate that the proppant 

distribution is influenced by the proppant concentration. In general, as the proppant concentration 

increases, the proppant distribution increases at the tested injection rates. However at higher 

proppant concentrations, particle-to-particle and particle-to-wall interaction cause a reduction of 

the proppant distribution.  

 
Figure 6.20. Proppant distribution as a function of the ratio of proppant density to proppant 

concentration for 4 SPF perforation configuration at injection rates of 50, 60, and 70 gpm.  
 

Table 6.26 shows the fitted equations and the R2 values, which can be used to predict the 

proppant distribution using any ratio of proppant density to proppant concentration for the 100-

mesh brown sand using a 4 SPF perforation configuration at each of the tested injection rates.  
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Table 6.26. Developed correlations and R2 values for the 100-mesh brown sand at three tested 

injection rates using 4 SPF perforation configuration. 

Injection rate, gpm Developed Correlations R2 

50 PD = -0.0112 (ρp/ Cp)
2 + 0.6459 (ρp/ Cp) + 68.996 0.95  

60 PD =  -0.0042 (ρp/ Cp)
2 + 0.4891 (ρp/ Cp) + 68.842 0.57  

70 PD = -0.0135 (ρp/ Cp)
2  + 1.3154 (ρp/ Cp) + 62.524 0.88 

 

The dimensionless data shown in Table 6.27 were used to develop a correlation between 

the proppant distribution and the two pi terms. These variables are injection rate (q), proppant 

concentration (Cp), pipe diameter (ID), carrier fluid viscosity (µ), and proppant density (𝜌𝑝), as 

shown in Equation 6.52.  

Table 6.27. Experimental data expressed in dimensionless terms for 100-mesh brown sand using 

4 SPF perforation configuration.  

Injection Rate, gpm Injected Concentration, ppg PD, % 
𝜌𝑝

Cp
 

𝑞 Cp

IDµ
 

 

50  

0.35 65.59 62.2 3489.4 

0.76 79.15 29.2 7965.4 

1.27 75.09 17.4 12492.3 

2.12 75.45 10.4 20835.0 

60 

0.33 83.12 67.0 4221.6 

0.69 77.74 31.8 8274.7 

1.11 81.52 19.9 13234.8 

1.83 71.75 12.0 21131.7 

70 

0.31 87.51 72.3 4280.6 

0.52 92.30 42.2 7943.3 

0.93 89.29 23.7 13956.1 

1.55 76.79 14.2 22179.5 

 

Microsoft Excel Solver was used to determine the constants of the developed correlation 

for the 100-mesh brown sand using 4 SPF perforation configuration with a multiple R value of 

0.23 as follows: 

Proppant distribution, PD = 80.74 − 0.00018 (
𝑞Cp

IDµ
) + 0.028 ( 

𝜌𝑝

Cp
) (6.52) 
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where: 

 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 

ρp = Proppant density, kg/m3, [M1 L−3 T0]. 

 

6.1.6 Correlation Development for 100 Mesh Brown Sand 

The results of all perforation configurations using 100-mesh brown sand were combined 

to develop a general correlation that includes injection rate (q), proppant concentration (Cp), pipe 

diameter (ID), carrier fluid viscosity (µ), proppant density (𝜌𝑝), number of perforations (N), and 

arc length between the perforations (s), as shown in Equation 6.53. A good match with a 0.76 

multiple R was developed using Microsoft Excel Solver. This correlation can be used to predict 

the proppant distribution between the three perforation clusters of the 100-mesh brown sand using 

any combination of injection rate (q), proppant concentration (Cp), pipe diameter (ID), carrier fluid 

viscosity (µ), proppant density (𝜌𝑝), number of perforations (N), and arc length between the 

perforations (s).  

PD = 28.41 + 0.000355 (
𝑞Cp

IDµ
) − 0.0383 ( 

𝜌𝑝

Cp
) + 10.93 𝑁 + 7.11 (

𝑠

𝐼𝐷
)  (6.53) 

 

where: 

 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 

ρp = Proppant density, kg/m3, [M1 L−3 T0]; 

N = Number of perforations, dimensionless, [M0 L0 T0]; 

s = Arc length between the perforations, m, [M0 L1 T0]. 
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The developed correlation in Equation 6.53 was plotted with the measured proppant 

distribution to test the effectiveness of the correlation for the 100-mesh brown sand, as shown in 

Figure 6.21. An acceptable match is observed between the measured and predicted proppant 

distribution for 2SPF, 3SPF, and 4SPF perforation configurations indicating the capability of the 

developed model to predict the proppant distribution of the 100-mesh brown sand. However, the 

predicted proppant distribution overestimates most of the measured proppant distribution using the 

bottom perforation configuration. In contrast, the model underestimates the measured proppant 

distribution using the top perforation configuration. This is attributed to the low injection rates 

tested close to the critical settling velocity and the perforation position on the horizontal wellbore.   

 

 
Figure 6.21. The predicted and measured proppant distribution of the 100-mesh brown sand 

using five perforation configurations at 20,30, 40, 50, 60, and 70 gpm. 
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6.2 40/70 Mesh White Sand  

Another set of experimental tests was conducted on the 40/70 mesh white sand with a 

specific gravity of 2.65 g/cc. The median particle diameter of the 40/70 mesh sand is 0.312 mm, 

which is 56% larger than the median particle diameter of the 100-mesh sand.  

 A total of 48 experiments using four perforation configurations were performed by 

incrementally increasing the proppant concentration from 0.5 ppg to 2 ppg with three different 

injection rates for each set of proppant concentrations.  Sections 6.2.1-6.1.5 discuss the proppant 

distribution correlations for all perforation configurations in more detail.  

 

6.2.1 Top Perforation Configuration 

The first set of experimental tests on the 40/70 mesh white sand used a 1 SPF, top 

perforation configuration. The slurry was allowed to exit out the horizontal wellbore through the 

top perforation only at each cluster. Three injection rates of 20, 30, and 40 gpm for each of the 

four proppant concentrations were used to investigate the effect of injection rate on proppant 

distribution of the 40/70 mesh sand between the three perforation clusters using this top perforation 

configuration.  

6.2.1.1 Injection Rate of 20 gpm 

The proppant distribution between the three perforation clusters was investigated using a 

20 gpm injection rate at four injected proppant concentrations of 0.04 ppg, 0.19 ppg, 0.59 ppg, and 

1.15 ppg, as shown in Figure 6.22. The proppant concentrations received at the three different 

clusters were similar at proppant concentrations of 0.04 and 0.19 ppg. However, increasing the 

proppant concentrations to 0.59 ppg and 1.15 ppg changed the proppant distribution to a toe-biased 

distribution.  

For these experimental tests, the proppant distribution was calculated as the percentage 

increase/decrease between the actual injected proppant concentrations and the calculated standard 

deviation using Equation 6.2. The proppant distribution for each injected proppant concentration 

at an injection rate of 20 gpm is shown in Table 6.28. The proppant distribution was highest at 

injected proppant concentrations of 0.04 and 0.19 ppg with 99%, which represents strongly even 

proppant distributions across the three clusters. However, the proppant concentration exited from 

the three clusters was close to zero. This might be attributed to the combination of the higher 

settling percentage of the bigger 40/70 mesh sand particles inside the wellbore and the low 
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injection rate used for this test. Also, a potential experimental error might be contributing to the 

low sand concentrations exited from the three perforation clusters. Increasing the proppant 

concentrations to 0.59 and 1.15 ppg, the increased velocity of the slurry allowed more sand 

particles to be transported to the toe cluster. 

 

 
Figure 6.22. Proppant distribution between the three perforation clusters for 40/70 mesh white 

sand at an injection rate of 20 gpm and injected proppant concentrations of 0.04, 0.19, 0.59, and 

1.15 ppg. 

 

Table 6.28. Proppant distribution of the 40/70 mesh white sand at an injection rate of 20 gpm and 

injected proppant concentrations of 0.04, 0.19, 0.59, and 1.15 ppg using 1 SPF (top perforation) 

configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.04 0.00 0.00 0.00 0.00 0.00 99.11 

0.19 0.00 0.00 0.00 0.00 0.00 99.62 

0.59 0.01 0.01 0.02 0.17 0.07 88.13 

1.15 0.01 0.00 0.03 0.44 0.19 83.75 
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6.2.1.2 Injection Rate of 30 gpm 

Another set of tests was conducted on the 40/70 mesh white sand using the 1 SPF, top 

perforation configuration at an injection rate of 30 gpm. These tests were performed at four injected 

proppant concentrations of 0.22 ppg, 0.51 ppg, 0.67 ppg, and 1.05 ppg, as shown in Figure 6.23. 

The proppant concentration received at the three different clusters showed uneven with a toe-

biased distribution at the tested proppant concentrations.  

The proppant distributions for these four tests were calculated, as shown in Table 6.29. The 

highest proppant distribution was 57.7% at an injected proppant concentration of 0.22 ppg. This 

proppant distribution percentage specifies the distribution between the three perforation clusters is 

partially even distribution. However, increasing the proppant concentration reduced the available 

spaces between the particles and increased the velocity of the slurry. Thus, high inertia exerted on 

the sand particles resulted in uneven toe-biased distribution between the three perforation clusters.  

 
Figure 6.23. Proppant distribution between the three perforation clusters for 40/70 mesh white 

sand at an injection rate of 30 gpm and injected proppant concentrations of 0.22, 0.51, 0.67, and 

1.05 ppg. 
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Table 6.29. Proppant distribution of the 40/70 mesh white sand at an injection rate of 30 gpm and 

injected proppant concentrations of 0.22, 0.51, 0.67, and 1.05 ppg using 1 SPF (top perforation) 

configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.22 0.00 0.01 0.01 0.22 0.09 57.73 

0.51 0.02 0.03 0.06 1.04 0.44 13.99 

0.67 0.03 0.03 0.04 1.17 0.49 26.27 

1.05 0.02 0.03 0.06 1.52 0.64 38.98 

 

6.2.1.3 Injection Rate of 40 gpm 

 The last four tests using the 1 SPF, top perforation configuration were conducted at an 

injection rate of 40 gpm. Figure 6.24 shows the proppant concentration exited at each perforation 

cluster using four different injected proppant concentrations of 0.2 ppg, 0.41 ppg, 0.65 ppg, and 

1.17 ppg. The proppant distribution between the three perforation clusters shows uneven 

distribution for all injected proppant concentrations with a toe-biased distribution. This is 

attributed to the high inertia exerted on the sand particles, which pushed most of the sand 

concentration towards the valve at the end of the horizontal wellbore.  

 
Figure 6.24. Proppant distribution between the three perforation clusters for 40/70 mesh white 

sand at an injection rate of 40 gpm and injected proppant concentrations of 0.2, 0.41, 0.65, and 

1.17 ppg. 
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 Similarly, the proppant distribution was calculated for each experimental test as shown in 

Table 6.30. The proppant distributions ranged from 12% to 35%, which specifies uneven 

distribution to strongly uneven distribution.  

Table 6.30. Proppant distribution of the 40/70 mesh white sand at an injection rate of 40 gpm and 

injected proppant concentrations of 0.2, 0.41, 0.65, and 1.17 ppg using 1 SPF (top perforation) 

configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, ppg 

Proppant 

Distribution, 

% 

0.20 0.01 0.01 0.01 0.41 0.17 12.14 

0.41 0.02 0.02 0.02 0.79 0.34 18.54 

0.65 0.02 0.02 0.02 1.20 0.51 21.86 

1.17 0.05 0.06 0.10 1.82 0.76 35.31 

 

6.2.1.4 Correlation Development for 40/70 Mesh Sand using 1 SPF, Top Perforation 

 The results of these multiple experimental tests performed using a 1 SPF, top perforation 

configuration were used to develop an experimental correlation to predict the proppant distribution 

between the three perforation clusters for the 40/70 mesh white sand when changing the injection 

rate (q), proppant concentration (Cp), and proppant density (ρp). 

 First, a correlation was developed to describe the relationship between the proppant 

distribution and the ratio of proppant density to proppant concentration for all tested injection rates, 

as shown in Figure 6.25. A 2nd order polynomial trend was used to fit the data for all tested injection 

rates of 20, 30, and 40 gpm and resulted in R2 values of 0.99, 0.99, and 0.94, respectively.  

 
Figure 6.25. Proppant distribution as a function of the ratio of proppant density to proppant 

concentration for 1 SPF (top perforation) configuration at injection rates of 20, 30, and 40 gpm. 
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The fitted equations and the R2 values are shown in Table 6.31 and can be used to predict 

proppant distribution using any ratio of proppant density to proppant concentration for the 40/70 

mesh white sand using a 1 SPF, top perforation configuration at each of the tested injection rates.  

Table 6.31. Developed correlations and R2 values for the 40/70 mesh white sand at three tested 

injection rates using 1 SPF (top perforation) configuration. 

Injection rate, gpm Developed Correlations R2 

20 PD = -0.0003 (ρp/ Cp)
2 +  0.1971 (ρp/ Cp) + 80.53 0.99  

30 PD = 0.0221 (ρp/ Cp)
2 - 2.5105 (ρp/ Cp) + 82.86  0.99  

40 PD = 0.0045 (ρp/ Cp)
2  - 0.819 (ρp/ Cp) + 47.616  0.94  

 

 To generalize the correlation for any used injection rate (q), proppant concentration (Cp), 

and carrier fluid viscosity (µ) using any pipe diameter (ID), the experimental data shown in Table 

6.32 were used to develop a correlation between proppant distribution and the two pi terms, as 

shown in Equation 6.54. This developed correlation has a multiple R value of 0.49, which will be 

improved when combining more perforation configurations in later sections. 

Table 6.32. Experimental data expressed in dimensionless terms for 40/70 mesh white sand using 

1 SPF (top perforation) configuration.  

Injection Rate, gpm Injected Concentration, ppg PD, % 
𝜌𝑝

Cp
 

𝑞 Cp

IDµ
 

 

20  

0.04 99.11 624.0 110.1 

0.19 99.62 115.8 732.4 

0.59 88.13 37.4 2582.6 

1.15 83.75 19.3 4854.3 

30 

0.22 57.73 102.6 1126.0 

0.51 13.99 43.5 2994.0 

0.67 26.27 33.1 4508.1 

1.05 38.98 21.0 6265.9 

40 

0.20 12.14 110.9 1490.2 

0.41 18.54 53.7 2779.4 

0.65 21.86 33.8 4539.2 

1.17 35.31 18.9 8290.8 

 

The constants of the developed correlation for the 40/70 mesh white sand using the 1 SPF, 

top perforation configuration were determined using Microsoft Excel Solver as follows: 
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Proppant distribution, PD = 49.67 − 0.00233 (
𝑞Cp

IDµ
) + 0.077 ( 

𝜌𝑝

Cp
) (6.54) 

 

where: 

 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 

ρp = Proppant density, kg/m3, [M1 L−3 T0]. 

6.2.2 Bottom Perforation Configuration 

Another set of experimental tests was conducted on the 40/70 mesh white sand using a 1 

SPF, bottom perforation configuration. During these tests, the slurry was allowed to exit out the 

horizontal wellbore through the bottom perforation only at each cluster. For each of the four 

proppant concentrations, three injection rates were used to investigate the effect of injection rate 

on proppant distribution between the three perforation clusters using this bottom perforation 

configuration. 

6.2.2.1 Injection Rate of 20 gpm 

The proppant distribution between the three perforation clusters was first investigated using 

a 20 gpm injection rate at four injected proppant concentrations of 0.18 ppg, 0.29 ppg, 0.61 ppg, 

and 1.7 ppg, as shown in Figure 6.26. The proppant concentration received at the first (heel) cluster 

was the highest compared to the proppant concentration received at the second (middle) and the 

third (toe) clusters, resulting in uneven heel-biased distribution between the three clusters at 0.29 

and 0.61 ppg. The gravitational force exerted on the proppant particles was the dominant force 

over the viscous and inertia forces. Therefore, more proppant concentrations exited at the first 

cluster or settled on the bottom of the wellbore, leaving less proppant concentration to exit at the 

subsequent two perforation clusters. However increasing the proppant concentration to 1.7 ppg, 

reduced the available space between the sand particles and increased the slurry velocity to 

overcome some of the gravitational forces. This resulted in an average even distribution between 

the three perforation clusters at a proppant concentration of 1.7 ppg.  

The proppant distribution was calculated as the percentage increase/decrease between the 

actual injected proppant concentrations and the calculated standard deviation using Equation 6.2. 
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Table 6.33 shows the proppant distribution for each injected proppant concentration at an injection 

rate of 20 gpm. The proppant distribution was highest at an injected proppant concentration of 0.18 

ppg with 67%, which represents an even proppant distribution across the three clusters. However, 

at proppant concentrations of 0.29 and 0.61 ppg, the results showed poor proppant distribution of 

37 to 40%, representing uneven proppant distributions.  

 

 
Figure 6.26. Proppant distribution between the three perforation clusters for 40/70 mesh white 

sand at an injection rate of 20 gpm and injected proppant concentrations of 0.18, 0.29, 0.61, and 

1.7 ppg. 

Table 6.33. Proppant distribution of the 40/70 mesh white sand at an injection rate of 20 gpm and 

injected proppant concentrations of 0.18, 0.29, 0.61, and 1.7 ppg using 1 SPF (bottom 

perforation) configuration.  

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.18 0.17 0.12 0.13 0.01 0.06 66.61 

0.29 0.48 0.10 0.13 0.04 0.17 40.72 

0.61 1.02 0.21 0.17 0.04 0.39 36.69 

1.70 1.74 0.42 0.29 0.03 0.66 61.06 

 

6.2.2.2 Injection Rate of 30 gpm 

An additional four experimental tests were conducted on the 40/70 mesh white sand using 

a 1 SPF, bottom perforation configuration at an injection rate of 30 gpm. These tests were 
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performed at four injected proppant concentrations of 0.09 ppg, 0.48 ppg, 0.74 ppg, and 1.08 ppg, 

as shown in Figure 6.27.  

Similar to 20 gpm, the proppant concentration received at the first (heel) cluster was the 

highest compared to the proppant concentration received at the second (middle) and the third (toe) 

clusters, resulting in uneven heel-biased distribution between the three clusters. However, the 

change of proppant concentration received at the second and third clusters was less than compared 

to injecting at a rate of 20 gpm. Although the gravitational force is still dominant using this 

perforation configuration, inertia forces are trying to overcome some of the gravitational effect and 

transport some sand particles to the second and third perforation clusters.  

 

 
Figure 6.27. Proppant distribution between the three perforation clusters for 40/70 mesh white 

sand at an injection rate of 30 gpm and injected proppant concentrations of 0.09, 0.48, 0.74, and 

1.08 ppg. 
 

The proppant distributions for these four tests were calculated as shown in Table 6.34. The 

highest proppant distribution was 44% at an injected proppant concentration of 0.48 ppg. This 

proppant distribution percentage specifies the distribution between the three perforation clusters is 

partially even distribution.  
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Table 6.34. Proppant distribution of the 40/70 mesh white sand at an injection rate of 30 gpm and 

injected proppant concentrations of 0.09, 0.48, 0.74, and 1.08 ppg using 1 SPF (bottom 

perforation) configuration.   

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.09 0.26 0.05 0.01 0.01 0.10 19.29 

0.48 0.81 0.21 0.31 0.10 0.27 43.70 

0.74 1.46 0.56 0.29 0.10 0.52 28.95 

1.08 1.95 0.81 0.36 0.12 0.70 35.02 

 

6.2.2.3 Injection Rate of 40 gpm 

 The last four tests using a 1 SPF, bottom perforation configuration were conducted at an 

injection rate of 40 gpm. Figure 6.28 shows the proppant concentration exited at each perforation 

cluster using four different injected proppant concentrations of 0.24 ppg, 0.43 ppg, 0.55 ppg, and 

0.81 ppg.  The proppant distribution at the heel cluster is highest, reflecting the gravitational force 

dominance using 1 SPF, bottom perforation configuration.  

 
Figure 6.28. Proppant distribution between the three perforation clusters for 40/70 mesh white 

sand at an injection rate of 40 gpm and injected proppant concentrations of 0.24, 0.43, 0.55, and 

0.81 ppg. 

 The proppant distribution was calculated for each experimental test as shown in Table 6.35. 

The proppant distributions ranged from 19% to 29 %, which specifies strongly uneven distribution 
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at a proppant concentration of 0.55 ppg to uneven distribution at a proppant concentration of 0.43 

ppg.  

Table 6.35. Proppant distribution of the 40/70 mesh white sand at an injection rate of 40 gpm and 

injected proppant concentrations of 0.24, 0.43, 0.55, and 0.81 ppg using 1 SPF (bottom 

perforation) configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.24 0.50 0.16 0.15 0.05 0.17 28.24 

0.43 0.87 0.42 0.21 0.07 0.30 29.45 

0.55 1.21 0.59 0.21 0.05 0.45 19.27 

0.81 1.60 0.73 0.21 0.04 0.61 25.31 

 

6.2.2.4 Correlation Development for 40/70 Mesh Sand using 1 SPF, Bottom Perforation 

 The set of experimental tests performed using the 1 SPF, bottom perforation configuration 

was used to develop another correlation to predict the proppant distribution between the three 

perforation clusters for the 40/70 mesh white sand when changing the injection rate (q), proppant 

concentration (Cp), and proppant density (ρp). 

 A relationship between the proppant distribution and the ratio of proppant density to 

proppant concentrations for all injection rates is shown in Figure 6.29. A 2nd order polynomial 

trend was used to fit the data for all tested injection rates of 20, 30, and 40 gpm and resulted in R2 

values of 0.92, 0.81, and 0.24, respectively. The resulting polynomial trends and R2 values 

illustrate the relationship between the proppant distribution and the proppant concentration. As the 

proppant concentration increases, the proppant distribution decreases at an injection rate of 20 

gpm. However at high proppant concentrations, the proppant distribution tends to increase again. 

This can be explained by the high drag forces through the small available pore space between the 

proppant particles at high proppant concentrations. At high injection rates of 30 and 40 gpm, the 

increase of proppant concentration actually improved the proppant distribution at relatively low 

proppant concentrations. However, the high injection rates combined with the high proppant 

concentrations increased the particle-to-particle and particle-to-wall collision and reduced the 

transported proppant concentration.   
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Figure 6.29. Proppant distribution as a function of the ratio of proppant density to proppant 

concentration for 1 SPF (bottom perforation) configuration at injection rates of 20, 30, and 40 

gpm. 

The fitted equations and the R2 values can be used to predict the proppant distribution using 

any ratio of proppant density to proppant concentration for the 40/70 mesh white sand using the 1 

SPF, bottom perforation configuration at each of the tested injection rates, as shown in Table 6.36.  

Table 6.36. Developed correlations and R2 values for the 40/70 mesh white sand at three tested 

injection rates using 1 SPF (bottom perforation) configuration. 

Injection rate, gpm Developed Correlations R2 

20 PD =  0.0087 (ρp/ Cp)
2 -  1.1123 (ρp/ Cp) + 71.203 0.92  

30 PD =  -0.0021  (ρp/ Cp)
2 + 0.531 (ρp/ Cp) + 21.23 0.81  

40 PD = -0.0006 (ρp/ Cp)
2 +  0.1556 (ρp/ Cp) + 19.477 0.24  

 

 Combining the three correlations to be used for any injection rate (q), proppant 

concentration (Cp), and carrier fluid viscosity (µ) using any pipe diameter (ID).  Table 6.37 shows 

the experimental results were used to develop multilinear correlation between the proppant 

distribution and the two pi terms, as shown in Equation 6.55. This developed correlation has a low 

multiple R value of 0.29, which will be improved in later sections.  
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Table 6.37. Experimental data expressed in dimensionless terms for 40/70 mesh white sand using 

1 SPF (top perforation) configuration.  

Injection Rate, gpm Injected Concentration, ppg PD, % 
𝜌𝑝

Cp
 

𝑞 Cp

IDµ
 

 

20  

0.18 66.61 124.4 623.1 

0.29 40.72 75.7 1273.8 

0.61 36.69 36.2 2625.6 

1.70 61.06 13.0 6755.2 

30 

0.09 19.29 255.0 453.0 

0.48 43.70 46.0 2350.6 

0.74 28.95 29.9 4739.7 

1.08 35.02 20.5 6923.7 

40 

0.24 28.24 92.9 1526.3 

0.43 29.45 51.4 3301.8 

0.55 19.27 39.8 4513.6 

0.81 25.31 27.1 6310.8 

 

The constants of the developed correlation for the 40/70 mesh white sand using 1 SPF 

(bottom perforation) configuration were determined using Microsoft Excel Solver as follows: 

Proppant distribution, PD = 50.16 − 0.00223 (
𝑞Cp

IDµ
) − 0.093 ( 

𝜌𝑝

Cp
) (6.55) 

 

where: 

 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 

ρp = Proppant density, kg/m3, [M1 L−3 T0]. 

 

6.2.3 Top and Bottom (2 SPF) Perforation Configuration 

Multiple experimental tests were also conducted on the 40/70 mesh white sand using a 2 

SPF (top and bottom) perforation configuration with 180° phasing. This configuration was 

achieved by closing the side perforation valves and allowing the slurry to exit out the horizontal 

wellbore through the top and bottom perforations at each cluster. 
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6.2.3.1 Injection Rate of 20 gpm 

An injection rate of 20 gpm was used as the first injection rate to investigate the proppant 

distribution between the three perforation clusters at four injected proppant concentrations of 0.08 

ppg, 0.23 ppg, 0.56 ppg, and 1.33 ppg, as shown in Figure 6.30.  

The proppant concentration received at the first (heel) cluster was the highest compared to 

the proppant concentration received at the second (middle) and the third (toe) clusters, resulting in 

partially even distribution to even distribution between the three clusters. As mentioned 

previously, the effect of the gravitational force exerted on the proppant particle was higher 

compared to the viscous and inertia forces. Therefore, more proppant concentration exited at the 

first two clusters or settled on the bottom of the wellbore, leaving less proppant concentration to 

exit at the subsequent two perforation clusters. However, increasing the proppant concentration to 

1.33 ppg reduced the available space between the sand particles which increased the slurry velocity 

and helped transported the sand more evenly between the three perforation clusters.  

 

 
Figure 6.30. Proppant distribution between the three perforation clusters for 40/70 mesh white 

sand at an injection rate of 20 gpm and injected proppant concentrations of 0.08, 0.23, 0.56, and 

1.33 ppg. 

 Equation 6.2 was used to determine the standard deviation of the proppant concentrations 

exited at the three perforation clusters and the valve as shown in Table 6.38. Then, the proppant 

distribution was calculated as the percentage increase/decrease between the actual injected 
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proppant concentrations and the standard deviation for each injected proppant concentration at an 

injection rate of 20 gpm. Table 6.38 shows that the proppant distributions ranged from 43%, 

specifying partially even distribution to an even distribution with 74% proppant distribution.  

Table 6.38. Proppant distribution of the 40/70 mesh white sand at an injection rate of 20 gpm and 

injected proppant concentrations of 0.08, 0.23, 0.56, and 1.33 ppg using 2 SPF (top and bottom) 

perforation configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.08 0.11 0.04 0.04 0.00 0.04 50.83 

0.23 0.34 0.10 0.04 0.00 0.13 42.57 

0.56 0.81 0.25 0.08 0.00 0.32 43.61 

1.33 0.85 0.18 0.07 0.00 0.34 74.47 

 

6.2.3.2 Injection Rate of 30 gpm 

The effect of the injection rate on proppant distribution of the 40/70 mesh white sand using 

a 2 SPF perforation configuration was also studied by testing an injection rate of 30 gpm at four 

proppant concentrations. Figure 6.31 shows the proppant distribution between the three perforation 

clusters at injected concentrations of 0.24 ppg, 0.49 ppg, 0.68 ppg, and 1.23 ppg. The proppant 

concentrations received at the three different clusters were similar at 0.68 and 1.23 ppg.  

 
Figure 6.31. Proppant distribution between the three perforation clusters for 40/70 mesh white 

sand at an injection rate of 30 gpm and injected proppant concentrations of 0.24, 0.49, 0.68, and 

1.23 ppg. 
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 The proppant distributions for these four tests were calculated as shown in Table 6.39. The 

proppant distribution resulted from testing an injection rate of 30 gpm at four proppant 

concentrations that were between 52%, indicating partially even distribution, and 64.6%, 

indicating even distribution, between the three perforation clusters.  

Table 6.39. Proppant distribution of the 40/70 mesh white sand at an injection rate of 30 gpm and 

injected proppant concentrations of 0.24, 0.49, 0.68, and 1.23 ppg using 2 SPF (top and bottom) 

perforation configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.24 0.35 0.19 0.18 0.09 0.09 60.49 

0.49 0.66 0.31 0.31 0.01 0.23 52.19 

0.68 0.85 0.54 0.33 0.13 0.27 61.16 

1.23 1.30 0.79 0.48 0.12 0.43 64.57 

 

6.2.3.3 Injection Rate of 40 gpm 

 Another four tests using the 2 SPF (top and bottom) perforation configuration was 

conducted at an injection rate of 40 gpm. Figure 6.32 shows the proppant concentration exited at 

each perforation cluster using four different injected proppant concentrations of 0.15 ppg, 0.38 

ppg, 0.5 ppg, and 0.71 ppg.  The proppant distribution between the three perforation clusters shows 

partially even distribution with a heel-biased distribution for all tested proppant concentrations.  

 
Figure 6.32. Proppant distribution between the three perforation clusters for 40/70 mesh white 

sand at an injection rate of 40 gpm and injected proppant concentrations of 0.15 ppg, 0.38 ppg, 

0.5 ppg, and 0.71 ppg. 
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 The proppant distribution was calculated for each experimental test as shown in Table 6.40. 

The proppant distributions ranged from 49% to 59%, which specifies partially even with a heel-

biased distribution. This is attributed to a combination of higher gravitational forces acting on the 

40/70 particles compared to the 100-mesh sand and the high injection rate, which helped the carrier 

fluid to transport and distribute the 40/70 mesh sand more evenly between the three perforation 

clusters.  

Table 6.40. Proppant distribution of the 40/70 mesh white sand at an injection rate of 40 gpm and 

injected proppant concentrations of 0.15 ppg, 0.38 ppg, 0.5 ppg, and 0.71 ppg using 2 SPF (top 

and bottom) perforation configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.15 0.20 0.18 0.10 0.03 0.07 52.82 

0.38 0.52 0.39 0.20 0.01 0.19 48.98 

0.50 0.68 0.55 0.28 0.06 0.24 51.69 

0.71 0.83 0.65 0.32 0.08 0.29 58.79 

 

6.2.3.4 Correlation Development for 40/70 Mesh Sand using 2 SPF (Top and Bottom) 

Perforation 

 Multiple experimental tests were performed using the 2 SPF (top and bottom) perforation 

configuration to develop an experimental correlation to predict the proppant distribution between 

the three perforation clusters for the 40/70 mesh white sand when changing the injection rate (q), 

proppant concentration (Cp), and proppant density (ρp). 

The proppant distribution was plotted against the ratio of proppant density to proppant 

concentrations for all injection rates as shown in Figure 6.33. A 2nd order polynomial trend was 

used to fit the data for all tested injection rates of 20, 30, and 40 gpm and resulted in R2 values of 

0.63, 0.84, and 0.96, respectively. The resulting polynomial trends and R2 values illustrate that the 

proppant distribution is influenced by the proppant concentration. As the proppant concentration 

increases, the proppant distribution decreases. However the small available pore space between 

the proppant particles at high proppant concentration creates high drag forces that enhance the 

proppant distribution at the three injection rates. 
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Figure 6.33. Proppant distribution as a function of the ratio of proppant density to proppant 

concentration for 2 SPF (top and bottom) configuration at injection rates of 20, 30, and 40 gpm. 

The fitted equations and the R2 values are shown in Table 6.41 and can be used to predict 

the proppant distribution using any ratio of proppant density to proppant concentration for the 

40/70 mesh white sand using a 2 SPF (top and bottom) perforation configuration at each of the 

tested injection rates.  

Table 6.41. Developed correlations and R2 values for the 40/70 mesh white sand at three tested 

injection rates using 2 SPF (top and bottom) perforation configuration. 

Injection rate, gpm Developed Correlations R2 

20 PD = 0.0017 (ρp/ Cp)
2 - 0.5494 (ρp/ Cp) + 74.994 0.63  

30 PD = 0.0074 (ρp/ Cp)
2 - 0.8897 (ρp/ Cp) + 79.323  0.84  

40 PD = 0.0034 (ρp/ Cp)
2  - 0.6629 (ρp/ Cp) + 75.61 0.96 

 

Table 6.42 was used to develop a correlation between the proppant distribution and the two 

pi terms by combining multiple variables, which are injection rate (q), proppant concentration (Cp), 

pipe diameter (ID), carrier fluid viscosity (µ), and proppant density (𝜌𝑝), as shown in Equation 

6.56.  
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Table 6.42. Experimental data expressed in dimensionless terms for 40/70 mesh white sand using 

2 SPF (top and bottom) perforation configuration.  

Injection Rate, gpm Injected Concentration, ppg PD, % 
𝜌𝑝

Cp
 

𝑞 Cp

IDµ
 

 

20  

0.08 50.83 268.6 353.9 

0.23 42.57 96.8 966.4 

0.56 43.61 39.2 2570.2 

1.33 74.47 16.7 5087.3 

30 

0.24 60.49 93.1 1428.7 

0.49 52.19 45.5 2701.3 

0.68 61.16 32.3 4577.9 

1.23 64.57 18.0 7548.2 

40 

0.15 52.82 151.6 1379.2 

0.38 48.98 58.7 3263.9 

0.50 51.69 44.4 4312.6 

0.71 58.79 31.1 5733.9 

 

The constants of the developed correlation for the 40/70 mesh white sand using a 2 SPF 

(top and bottom) perforation configuration were determined using Microsoft Excel Solver and this 

correlation has a multiple R value of 0.64 as follows: 

Proppant distribution, PD = 41.73 + 0.00335 (
𝑞Cp

IDµ
) + 0.031 ( 

𝜌𝑝

Cp
) (6.56) 

 

where: 

 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 

ρp = Proppant density, kg/m3, [M1 L−3 T0]. 

 

6.2.4 3 SPF Perforation Configuration 

Several experimental tests were conducted on the 40/70 mesh white sand using a 3 SPF 

configuration with 90° phasing. This configuration was achieved by intentionally closing the 
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bottom perforation valve and allowing the slurry to exit out the horizontal wellbore through the 

top and two side perforations at each cluster. 

Higher injection rates were used to investigate the effect of injection rate on proppant 

distribution between the three perforation clusters using the 3 SPF perforation configuration. These 

injection rates of 50 gpm, 60 gpm, and 70 gpm were used individually with four proppant 

concentrations for this perforation configuration.  

6.2.4.1 Injection Rate of 50 gpm 

The first injection rate was 50 gpm and was used to investigate the proppant distribution 

between the three perforation clusters at four injected proppant concentrations of 0.17 ppg, 0.37 

ppg, 0.5 ppg, and 0.85 ppg, as shown in Figure 6.34.  

The proppant concentration received at the third (toe) cluster was the highest compared to 

the proppant concentrations received at the second (middle) and the first (heel) clusters. However, 

the distribution of proppant concentrations between the three clusters was similar resulting in an 

average of partially even distribution except at the proppant concentration of 0.17 ppg. The high 

inertia force was the primary drive of the proppant particles minimizing the gravitational effect 

exerted on the proppant particles. Thus, the high momentum at this high injection rate prevented 

most of proppant from turning around the corner and exiting the first two perforation clusters. As 

can be seen from Figure 6.34, the toe cluster received the highest proppant concentration followed 

by the middle cluster for the four tested proppant concentrations.  
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Figure 6.34. Proppant distribution between the three perforation clusters for 40/70 mesh white 

sand at an injection rate of 50 gpm and injected proppant concentrations of 0.17, 0.37, 0.5, and 

0.85 ppg.  
 

 Table 6.43 shows the calculated proppant distribution at the four tested proppant 

concentrations. The calculated proppant distributions ranged from 32% to 59%, indicating uneven 

to partially even with a toe-biased distribution between the three perforation clusters.  

Table 6.43. Proppant distribution of the 40/70 mesh white sand at an injection rate of 50 gpm and 

injected proppant concentrations of 0.17, 0.37, 0.5, and 0.85 ppg using 3 SPF perforation 

configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.17 0.06 0.13 0.31 0.00 0.11 32.10 

0.37 0.12 0.28 0.53 0.00 0.20 46.07 

0.50 0.15 0.30 0.72 0.07 0.25 49.76 

0.85 0.24 0.47 1.06 0.18 0.35 59.21 

 

6.2.4.2 Injection Rate of 60 gpm 

Another set of experimental tests was performed using an injection rate of 60 gpm at 3 

SPF. Figure 6.35 shows the proppant distribution between the three perforation clusters at injected 

concentrations of 0.16 ppg, 0.32 ppg, 0.5 ppg, and 0.66 ppg. The proppant concentrations received 
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at the three different clusters were partially uneven with a toe-biased distribution at the four tested 

proppant concentrations.  

 
Figure 6.35. Proppant distribution between the three perforation clusters for 40/70 mesh white 

sand at an injection rate of 60 gpm and injected proppant concentrations of 0.16, 0.32, 0.5, and 

0.66 ppg. 

 The proppant distributions for these four tests were calculated as shown in Table 6.44. The 

proppant distribution resulted from 60 gpm at the four proppant concentrations ranged between 

33.6% and 60%. The proppant distributions for the four tested proppant concentrations indicated 

partially uneven to uneven with a toe-biased distribution between the three perforation clusters.  

Table 6.44. Proppant distribution of the 40/70 mesh white sand at an injection rate of 60 gpm and 

injected proppant concentrations of 0.16, 0.32, 0.5, and 0.66 ppg using 3 SPF perforation 

configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, ppg 

Proppant 

Distribution, 

% 

0.16 0.07 0.11 0.29 0.00 0.10 33.56 

0.32 0.13 0.20 0.53 0.06 0.18 43.41 

0.50 0.19 0.28 0.77 0.18 0.24 51.87 

0.66 0.22 0.32 0.90 0.42 0.26 60.45 

 

6.2.4.3 Injection Rate of 70 gpm 

 The last four tests using the 3 SPF perforation configuration were conducted at an injection 

rate of 70 gpm. Figure 6.36 shows the proppant concentration exited at each perforation cluster 
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using four different injected proppant concentrations of 0.09 ppg, 0.29 ppg, 0.46 ppg, and 0.73 

ppg.  The proppant distribution between the three perforation clusters shows partially even with a 

toe-biased distribution at proppant concentrations of 0.09 and 0.29 ppg and even distribution for 

the higher proppant concentrations of 0.46 and 0.73 ppg. 

 
Figure 6.36. Proppant distribution between the three perforation clusters for 40/70 mesh white 

sand at an injection rate of 70 gpm and injected proppant concentrations of 0.09, 0.29, 0.46, and 

0.73 ppg. 

 The proppant distributions for these four experimental tests were calculated, as shown in 

Table 6.45. The proppant distributions ranged from 50% to 65%, which specifies partially even to 

even with a toe-biased distribution. This is attributed to the combination of higher inertia forces 

acting on the 40/70 particles compared to the 100-mesh and the particle-to-wall interactions at this 

high injection rate, which reduced some of the inertia effect and hindered some of the sand to be 

pushed toward the toe cluster. This resulted in an average of even distribution between the three 

perforation clusters.  

Table 6.45. Proppant distribution of the 40/70 mesh white sand at an injection rate of 70 gpm and 

injected proppant concentrations of 0.09, 0.29, 0.46, and 0.73 ppg using 3 SPF perforation 

configuration. 

Proppant 

Concentration, 

ppg 

Cluster 1, 

ppg 

Cluster 2, 

ppg 

Cluster 3, 

ppg 

Valve, 

ppg 

Standard 

Deviation, 

ppg 

Proppant 

Distribution, 

% 

0.09 0.05 0.06 0.14 0.03 0.04 50.46 

0.29 0.15 0.18 0.46 0.20 0.13 57.33 

0.46 0.21 0.26 0.66 0.42 0.17 62.23 

0.73 0.32 0.42 0.98 0.67 0.26 65.22 
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6.2.4.4 Correlation Development for 40/70 Mesh Sand using 3 SPF  

 The results of these experimental tests conducted using the 3 SPF perforation configuration 

were used to develop an experimental correlation to predict the proppant distribution between the 

three perforation clusters for the 40/70 mesh white sand when changing the injection rate (q), 

proppant concentration (Cp), and proppant density (ρp). 

The proppant distribution was plotted against the ratio of proppant density to proppant 

concentrations for all injection rates, as shown in Figure 6.37. To fit the data for each injection 

rate, a 2nd order polynomial trend was used and the resulting R2 values were as follows: 0.99, 0.98, 

and 0.99, respectively. The resulting polynomial trends and R2 values illustrate the proppant 

distribution is influenced by the proppant concentration. As the proppant concentration increases, 

the proppant distribution decreases at the three tested injection rates. However the small available 

pore space between the proppant particles at high proppant concentrations creates high drag forces 

and enhances the proppant distribution.  

Table 6.46 shows the fitted equations and the R2 values, which can be used to predict the 

proppant distribution using any ratio of proppant density to proppant concentration for the 40/70 

mesh white sand using the 3 SPF perforation configuration at each of the tested injection rates.  

The dimensionless data shown in Table 6.47 was used to develop a correlation between the 

proppant distribution and the two pi terms. These variables are injection rate (q), proppant 

concentration (Cp), pipe diameter (ID), carrier fluid viscosity (µ), and proppant density (𝜌𝑝), as 

shown in Equation 6.57.  

 
Figure 6.37. Proppant distribution as a function of the ratio of proppant density to proppant 

concentration for 3 SPF perforation configuration at injection rates of 50, 60, and 70 gpm. 
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Table 6.46. Developed correlations and R2 values for the 40/70 mesh white sand at three tested 

injection rates using 3 SPF perforation configuration. 

Injection rate, gpm Developed Correlations R2 

50 PD = 0.002 (ρp/ Cp)
2  - 0.5613 (ρp/ Cp) + 72.011 0.99  

60 PD =  0.0031 (ρp/ Cp)
2  - 0.7871 (ρp/ Cp) + 82.17 0.98  

70 PD = 0.0006 (ρp/ Cp)
2  - 0.2412 (ρp/ Cp) + 72.096 0.99 

 

Table 6.47. Experimental data expressed in dimensionless terms for 40/70 mesh white sand using 

3 SPF perforation configuration.  

Injection Rate, gpm Injected Concentration, ppg PD, % 
𝜌𝑝

Cp
 

𝑞 Cp

IDµ
 

 

50  

0.17 32.10 130.9 1675.6 

0.37 46.07 60.5 3625.8 

0.50 49.76 44.2 5262.5 

0.85 59.21 26.1 9039.0 

60 

0.16 33.56 140.1 1801.2 

0.32 43.41 69.4 3920.6 

0.50 51.87 43.9 6241.4 

0.66 60.45 33.6 8168.5 

70 

0.09 50.46 251.3 1230.9 

0.29 57.33 75.0 4151.2 

0.46 62.23 48.1 6441.4 

0.73 65.22 30.1 10925.6 

 

The constants of the developed correlation for the 40/70 mesh white sand using 3 SPF 

perforation configuration were determined using Microsoft Excel Solver and the resulting 

correlation has a multiple R value of 0.84 as follows: 

Proppant distribution, PD = 27.34 + 0.0037 (
𝑞Cp

IDµ
) + 0.053 ( 

𝜌𝑝

Cp
) (6.57) 

 

where: 

 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 

ρp = Proppant density, kg/m3, [M1 L−3 T0]. 
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6.2.5 Correlation Development for 40/70 Mesh White Sand 

The results of all perforation configurations using 40/70 mesh white sand were combined 

to develop a general correlation that includes injection rate (q), proppant concentration (Cp), pipe 

diameter (ID), carrier fluid viscosity (µ), proppant density (𝜌𝑝), number of perforations (N), and 

arc length between the perforations (s), as shown in Equation 6.58. A match with a 0.42 multiple 

R was developed using Microsoft Excel Solver. This correlation can be used to predict the proppant 

distribution between the three perforation clusters of the 40/70 mesh white sand using any 

combination of injection rate (q), proppant concentration (Cp), pipe diameter (ID), carrier fluid 

viscosity (µ), proppant density (𝜌𝑝), number of perforations (N), and arc length between the 

perforations (s).  

PD = 29.57 + 0.00226 (
𝑞Cp

IDµ
) + 0.0844 ( 

𝜌𝑝

Cp
) − 1.48 𝑁 + 9.39 (

𝑠

𝐼𝐷
)  (6.58) 

 

where: 

 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 

ρp = Proppant density, kg/m3, [M1 L−3 T0]; 

N = Number of perforations, dimensionless, [M0 L0 T0]; 

s = Arc length between the perforations, m, [M0 L1 T0]. 

 

The developed correlation in Equation 6.58 was plotted against the measured proppant 

distribution to test the effectiveness of such correlation for the 40/70 mesh white sand, as shown 

in Figure 6.38. An acceptable match is observed between the measured and predicted proppant 

distribution for 2SPF and 3SPF perforation configurations indicating the capability of the 

developed model to predict the proppant distribution of the 40/70 mesh white sand. However, the 

predicted proppant distribution overestimates most of the measured proppant distribution using the 

bottom perforation configuration. In contrast, the model underestimates the measured proppant 

distribution using the top perforation configuration. This is attributed to the low injection rates 

tested close to the critical settling velocity and the perforation position on the horizontal wellbore.   
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Figure 6.38. The predicted and measured proppant distribution of the 40/70 mesh white sand 

using four perforation configurations at 20,30, 40, 50, 60, and 70 gpm. 

6.3 Correlation Development for 100 Mesh Brown and 40/70 Mesh White Sands 

The results of all perforation configurations using both the 100-mesh brown sand and the 

40/70 mesh white sand were combined in this section to develop a generic correlation with a 0.63 

multiple R that predicts the proppant distribution between the three perforation clusters for both 

sands using any combination of injection rate (q), proppant concentration (Cp), pipe diameter (ID), 

carrier fluid viscosity (µ), proppant density (𝜌𝑝), number of perforations (N), and arc length 

between the perforations (s), as shown in Equation 6.59.  

PD = 34.88 + 0.00092 (
𝑞Cp

IDµ
) + 0.065 ( 

𝜌𝑝

Cp
) + 7.63 𝑁 + 5.85 (

𝑠

𝐼𝐷
) − 1426.85 (

Dp

𝐼𝐷
)  (6.59) 

 

where: 

 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

Dp = Proppant median diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 



218 

 

ρp = Proppant density, kg/m3, [M1 L−3 T0]; 

N = Number of perforations, dimensionless, [M0 L0 T0]; 

s = Arc length between the perforations, m, [M0 L1 T0]. 

 

The developed correlation in Equation 6.59 was plotted with the measured proppant 

distribution to test the effectiveness of such correlation for both 100-mesh brown sand and 40/70 

mesh white sand, as shown in Figure 6.39. An acceptable match is observed between the measured 

and predicted proppant distribution for all perforation configurations indicating the capability of 

the developed model to predict the proppant distribution of both 100-mesh brown sand and 40/70 

mesh white sand.  

 
Figure 6.39. The predicted and measured proppant distribution of the 100-mesh brown sand and 

40/70 mesh white sand using different perforation configurations at 20,30, 40, 50, 60, and 70 

gpm. 

However, this model predicted high values of proppant distribution compared to the 

measured proppant distribution using the 1 SPF, top perforation configuration at a low injection 

rate of 20 gpm. This might be attributed to the combination of low injection rate and the position 

of the perforation, which allow only a small percentage of the proppant to exit from the top 

perforations. Thus, these data were excluded and another correlation was developed, as shown in 

Equation 6.60. The new developed correlation improved the multiple R from 0.63 to 0.85.  
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PD = 26.34 + 0.00079 (
𝑞Cp

IDµ
) − 0.027 ( 

𝜌𝑝

Cp
) + 9.88 𝑁 + 10.15 (

𝑠

𝐼𝐷
) − 931.91 (

Dp

𝐼𝐷
)  (6.60) 

 

where: 

 q = Injection rate, m3/s, [M0 L3 T−1];  

Cp = Proppant concentration, kg/m3, [M1 L−3 T0]; 

ID = Pipe internal diameter, m, [M0 L1 T0]; 

Dp = Proppant median diameter, m, [M0 L1 T0]; 

µ = Fluid viscosity, kg/m.s, [M1 L−1 T−1]; 

ρp = Proppant density, kg/m3, [M1 L−3 T0]; 

N = Number of perforations, dimensionless, [M0 L0 T0]; 

s = Arc length between the perforations, m, [M0 L1 T0]. 

 

Figure 6.40 shows a comparison between the new developed correlation and the measured 

data. The match established between the measured and predicted proppant distribution for all 

perforation configurations was improved, indicating the capability of the developed model to 

predict the proppant distribution of both 100-mesh brown sand and 40/70 mesh white sand.  

6.4 Percent Error Analysis 

 The accuracy of the developed correlation for predicting the proppant distribution shown 

in Equation 6.60 was assessed. This assessment involved calculating the percentage error between 

the measured proppant distribution and the predicted proppant distribution, as shown in Equation 

6.61.   

Percentage error =  (
|𝑃𝐷𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑃𝐷𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑|

𝑃𝐷𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑
)𝑋100 (6.61) 

where: 

𝑃𝐷𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑= Proppant transport measured from the lab experiments, %, [M0 L0 T0]; 

𝑃𝐷𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = Proppant transport predicted using Equation 6.60, %, [M0 L0 T0]. 
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Figure 6.40. Improved model for predicting the proppant distribution of the 100-mesh brown 

sand and 40/70 mesh white sand using different perforation configurations at 20, 30, 40, 50, 60, 

and 70 gpm. 

6.4.1 100 Mesh Brown Sand 

 The percentage error between the lab measured proppant distribution and the predicted 

proppant distribution using the developed model in Equation 6.60 was calculated for all 100-mesh 

brown sand results.  

6.4.1.1 Top Perforation Configuration 

The percentage error was calculated for each injected proppant concentration as shown in 

Table 6.48. The percent error for each injection rate was calculated and ranged from 4.6% at an 

injection rate of 30 gpm to 7.9% at an injection rate of 40 gpm. The average percent error for the 

two injection rates using this top perforation configuration was below 7%. This low average 

percent error shows strong confidence on the developed model to predict the proppant distribution 

between the three perforation clusters.   
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Table 6.48. The percentage error between the measured and predicted proppant distribution for 

100-mesh brown sand using 1 SPF (top perforation) configuration.  

Configuration 

Injection 

Rate, 

gpm 

Injected 

Proppant 

Concentration, 

ppg 

Measured 

PD, % 

Predicted 

PD, % 

Error 

in PD, 

% 

Average 

per 

Rate, % 

Average per 

Configuration, 

% 

1 SPF 

 (Top) 

30 

0.45 35.62 32.45 8.91 

4.62 

6.26 

1.59 38.81 38.87 0.15 

2.59 43.61 42.97 1.49 

0.81 38.47 35.41 7.96 

40 

0.37 32.99 32.32 2.03 

7.90 
0.82 39.92 36.29 9.10 

1.38 34.42 39.07 13.50 

2.00 40.68 43.52 6.96 

 

 

Figure 6.41 shows the predicted proppant distribution compared to the measured proppant 

distribution at all injected proppant concentrations for the two tested injection rates.  

 
Figure 6.41. The predicted and measured proppant distribution for 100-mesh brown sand using 1 

SPF (top perforation) configuration. 

6.4.1.2 Bottom Perforation Configuration 

 The percentage error was calculated for each injected proppant concentration as shown in 

Table 6.49. The percent error for each injection rate was calculated and ranged from 41% at an 

injection rate of 30 gpm to 88% at an injection rate of 20 gpm. The average percent error for all 

tested injection rates using this bottom perforation configuration was 70%. However, the small 
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percentage errors of 11%, 12%, 14%, 9%, and 7% at different proppant concentrations and 

injection rates demonstrated the reliability of the model to predict the proppant distribution 

between the three perforation clusters.   

Table 6.49. The percentage error between the measured and predicted proppant distribution for 

100-mesh brown sand using 1 SPF (bottom perforation) configuration.  

Configuration 

Injection 

Rate, 

gpm 

Injected 

Proppant 

Concentration

, ppg 

Measure

d PD, % 

Predicted 

PD, % 

Error 

in PD, 

% 

Average 

per 

Rate, % 

Average per 

Configuration

, % 

1 SPF 

 (Bottom) 

20 

0.30 12.80 30.58 138.95 

88.13 

70.18 

0.76 12.25 33.34 172.12 

1.48 39.91 35.53 10.98 

4.17 62.58 43.53 30.45 

30 

0.44 28.76 32.26 12.18 

41.08 
0.92 27.93 35.24 26.17 

1.44 17.78 37.67 111.92 

2.91 49.91 42.90 14.04 

40 

0.35 26.64 32.11 20.51 

81.32 
0.65 8.96 34.81 288.57 

1.36 45.01 40.76 9.44 

1.83 39.11 41.76 6.77 

 

 

Figure 6.42 shows the predicted proppant distribution was higher at low injected proppant 

concentrations for the three tested injection rates.  

 
Figure 6.42. The predicted and measured proppant distribution for 100-mesh brown sand using 1 

SPF (bottom perforation) configuration. 
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6.4.1.3 Top and Bottom (2 SPF) Perforation Configuration 

 Table 6.50 shows the percentage error for each injected proppant concentration using the 

2 SPF perforation configuration. The average percent error for each injection rate was calculated 

and ranged from 4% at an injection rate of 30 gpm to about 10% at an injection rate of 20 gpm. 

The average percent error for all tested injection rates using this perforation configuration was 6%. 

Again, this low percent error at this perforation configuration demonstrated a high level of 

confidence on the developed model to predict the proppant distribution between the three 

perforation clusters, as shown in Figure 6.43.    

Table 6.50. The percentage error between the measured and predicted proppant distribution for 

100-mesh brown sand using 2 SPF (top and bottom perforation) configuration.  

Configuration 

Injection 

Rate, 

gpm 

Injected 

Proppant 

Concentration, 

ppg 

Measured 

PD, % 

Predicted 

PD, % 

Error 

in PD, 

% 

Average 

per 

Rate, % 

Average per 

Configuration, 

% 

2 SPF 

 (Top and 

Bottom) 

20 

0.13 48.04 53.39 11.15 

9.61 

6.33 

0.83 50.85 59.30 16.61 

1.92 65.20 62.74 3.78 

3.28 73.00 67.97 6.89 

30 

0.48 61.35 58.45 4.72 

4.28 
0.96 60.65 61.39 1.21 

1.61 68.24 64.73 5.15 

2.03 63.46 67.28 6.03 

40 

0.33 61.60 57.94 5.95 

5.1 
0.67 56.98 61.32 7.62 

1.35 64.78 64.86 0.13 

1.84 74.31 69.33 6.70 

 

6.4.1.4 3 SPF Perforation Configuration 

 The percentage error was calculated for each injected proppant concentration for 3 SPF, as 

shown in Table 6.51. The percent error for each injection rate ranged from 4% at an injection rate 

of 50 gpm to 7% at an injection rate of 70 gpm. The average percent error for the three injection 

rates using this 3 SPF perforation configuration was about 6%. This low average percent error 

shows strong confidence on the developed model to predict the proppant distribution between the 

three perforation clusters.   
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Figure 6.43. The predicted and measured proppant distribution for 100-mesh brown sand using 2 

SPF (top and bottom perforation) configuration. 

 

Table 6.51. The percentage error between the measured and predicted proppant distribution for 

100-mesh brown sand using 3 SPF configuration.  

Configuration 

Injection 

Rate, 

gpm 

Injected 

Proppant 

Concentration, 

ppg 

Measured 

PD, % 

Predicted 

PD, % 

Error 

in PD, 

% 

Average 

per Rate, 

% 

Average per 

Configuration, 

% 

3 SPF   

Bottom 

(closed) 

50 

0.33 65.24 60.12 7.86 

3.97 

5.73 

0.84 66.79 65.29 2.25 

1.29 73.72 69.57 5.62 

2.21 75.76 75.66 0.14 

60 

0.35 68.17 60.81 10.79 

6.29 
0.72 68.55 65.35 4.66 

1.17 75.39 69.88 7.30 

1.79 74.38 76.18 2.41 

70 

0.30 65.61 60.67 7.53 

6.94 
0.54 75.34 64.18 14.82 

1.02 72.48 70.39 2.88 

1.64 74.82 76.70 2.52 

 

 

Figure 6.44 shows the predicted proppant distribution was marginally smaller compared to 

the measured proppant distribution at a variety of proppant concentrations and injection rates.  
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Figure 6.44. The predicted and measured proppant distribution for 100-mesh brown sand using 3 

SPF configuration. 

6.4.1.5 4 SPF Perforation Configuration 

 The percentage error was calculated for each injected proppant concentration at 4 SPF, as 

shown in Table 6.52. The percent error for each injection rate ranged from 7.7% at an injection 

rate of 50 gpm to 15.5% at an injection rate of 70 gpm. The average percent error for the three 

injection rates using this 4 SPF perforation configuration was relatively low at about 11%. This 

low average percent error shows strong confidence on the developed model to predict the proppant 

distribution between the three perforation clusters using this perforation configuration of 4 SPF in 

addition to the previous discussed perforation configurations.   

Figure 6.45 shows a visual comparison between the measured and predicted proppant 

distribution of the 100-mesh brown sand using the 4 SPF perforation configuration.  
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Table 6.52. The percentage error between the measured and predicted proppant distribution for 

100-mesh brown sand using 4 SPF configuration.  

Configuration 

Injection 

Rate, 

gpm 

Injected 

Proppant 

Concentration, 

ppg 

Measured 

PD, % 

Predicted 

PD, % 

Error in 

PD, % 

Average 

per Rate, 

% 

Average per 

Configuration, 

% 

4 SPF   

50 

0.35 65.59 70.36 7.27 

7.72 

11.12 

0.76 79.15 74.80 5.50 

1.27 75.09 78.70 4.82 

2.12 75.45 85.49 13.30 

60 

0.33 83.12 70.80 14.81 

10.15 
0.69 77.74 74.97 3.55 

1.11 81.52 79.22 2.82 

1.83 71.75 85.68 19.42 

70 

0.31 87.51 70.71 19.20 

15.47 
0.52 92.30 74.43 19.36 

0.93 89.29 79.69 10.76 

1.55 76.79 86.45 12.58 

 

 

 
Figure 6.45. The predicted and measured proppant distribution for 100-mesh brown sand using 4 

SPF configuration. 
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6.4.2 40/70 Mesh White Sand 

 Similar to the 100-mesh experiments, a percentage error was performed between the lab 

measured proppant distribution and the predicted proppant distribution using the developed model 

shown in Equation 6.60 for all 40/70 mesh white sand results.  

6.4.2.1 Top Perforation Configuration 

The percentage error was calculated for each injected proppant concentration, as shown in 

Table 6.53. The percent error for each injection rate was calculated and ranged from 49% at an 

injection rate of 30 gpm to 54% at an injection rate of 40 gpm. The average percent error for the 

two injection rates using this top perforation configuration on the 40/70 mesh white sand of 52% 

is higher than the average percent error observed on the 100-mesh brown sand of less than 7%. 

This might be attributed to the higher percentages of fine particles present in the 100-mesh brown 

sand that can exit the top perforation and reduced the percentage error between the measured and 

the prediction model.  

Table 6.53. The percentage error between the measured and predicted proppant distribution for 

40/70 mesh white sand using 1 SPF (top perforation) configuration.  

Configuration 

Injection 

Rate, 

gpm 

Injected 

Proppant 

Concentration, 

ppg 

Measured 

PD, % 

Predicted 

PD, % 

Error 

in PD, 

% 

Average 

per 

Rate, % 

Average per 

Configuration, 

% 

1 SPF 

 (Top) 

30 

0.22 57.73 26.16 54.69 

49.39 

51.63 

0.51 13.99 29.26 109.16 

0.67 26.27 30.74 16.99 

1.05 38.98 32.46 16.72 

40 

0.20 12.14 26.22 116.01 

53.86 
0.41 18.54 28.81 55.41 

0.65 21.86 30.74 40.65 

1.17 35.31 34.12 3.38 

 

 

The predicted proppant distribution was higher compared to the measured proppant 

distribution at all injected proppant concentrations for the two tested injection rates, except for the 

proppant concentrations of 0.22 and 1.05 ppg at 30 gpm and 1.17 ppg at 40 gpm, as shown in 

Figure 6.46.  
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Figure 6.46. The predicted and measured proppant distribution for 40/70 mesh white sand using 

1 SPF (top perforation) configuration. 
 

6.4.2.2 Bottom Perforation Configuration 

 The percentage error was calculated for each injected proppant concentration as shown in 

Table 6.54. The percent error for each injection rate was calculated and ranged from 14% at an 

injection rate of 30 gpm to 40.6% at an injection rate of 20 gpm. The average percent error for all 

tested injection rates using this bottom perforation configuration was 26%.   

Table 6.54. The percentage error between the measured and predicted proppant distribution for 

40/70 mesh white sand using 1 SPF (bottom perforation) configuration.  

Configuration 
Injection 

Rate, gpm 

Injected 

Proppant 

Concentration, 

ppg 

Measured 

PD, % 

Predicted 

PD, % 

Error in 

PD, % 

Average 

per 

Rate, % 

Average per 

Configuration, 

% 

1 SPF 

 (Bottom) 

20 

0.18 66.61 25.16 62.22 

40.56 

26.07 

0.29 40.72 27.01 33.66 

0.61 36.69 29.17 20.51 

1.70 61.06 33.07 45.85 

30 

0.09 19.29 21.44 11.14 

14.6 
0.48 43.70 28.68 34.37 

0.74 28.95 31.01 7.12 

1.08 35.02 32.99 5.78 

40 

0.24 28.24 26.74 5.33 

23.05 
0.43 29.45 29.28 0.56 

0.55 19.27 30.56 58.57 

0.81 25.31 32.33 27.74 
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Figure 6.47 shows the measured proppant distribution was higher at the lower injection 

rate of 20 gpm, whereas the predicted proppant distribution was mostly higher at higher injection 

rates of 30 and 40 gpm. 

 

 
Figure 6.47. The predicted and measured proppant distribution for 40/70 mesh white sand using 

1 SPF (bottom perforation) configuration. 
 

6.4.2.3 Top and Bottom (2 SPF) Perforation Configuration 

 Table 6.55 shows the percentage error for each injected proppant concentration using the 

2 SPF perforation configuration. The average percent error for each injection rate was calculated 

and ranged from 6.6% at an injection rate of 40 gpm to 20% at an injection rate of 20 gpm. The 

average percent error for all tested injection rates using this perforation configuration was about 

12%. Although this percentage error is low, it is almost double the percentage error using the same 

perforation configuration for the 100-mesh brown sand. This might be attributed to the higher 

percentages of fine particles present in the 100-mesh brown sand that can exit the top perforation 

and reduced the percentage error between the measured and the prediction model. 

Figure 6.48 shows a visual comparison between the measured and predicted proppant 

distribution of the 40/70 mesh white sand using the 2 SPF perforation configuration. 
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Table 6.55. The percentage error between the measured and predicted proppant distribution for 

40/70 mesh white sand using 2 SPF (top and bottom perforation) configuration.  

Configuration 

Injection 

Rate, 

gpm 

Injected 

Proppant 

Concentration, 

ppg 

Measured 

PD, % 

Predicted 

PD, % 

Error 

in PD, 

% 

Average 

per Rate, 

% 

Average per 

Configuration, 

% 

2 SPF 

 (Top and 

Bottom) 

20 

0.08 50.83 46.82 7.89 

19.68 

11.56 

0.23 42.57 52.02 22.19 

0.56 43.61 54.87 25.82 

1.33 74.47 57.48 22.82 

30 

0.24 60.49 52.49 13.22 

8.41 
0.49 52.19 54.80 5.01 

0.68 61.16 56.65 7.38 

1.23 64.57 59.39 8.02 

40 

0.15 52.82 50.84 3.74 

6.59 
0.38 48.98 54.88 12.04 

0.50 51.69 56.10 8.53 

0.71 58.79 57.59 2.03 

 

 

 
Figure 6.48. The predicted and measured proppant distribution for 40/70 mesh white sand using 

2 SPF (top and bottom perforation) configuration. 
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6.4.2.4 3 SPF Perforation Configuration 

 The percentage error was calculated for each injected proppant concentration as shown in 

Table 6.56. The percent error for each injection rate was calculated and ranged from 2% at an 

injection rate of 70 gpm to 28.5% at an injection rate of 50 gpm. The average percent error for the 

three injection rates using this 3 SPF perforation configuration was about 19%. This is considered 

as a relatively low average percent error; however, it is about three times higher than the average 

percentage error using the same perforation configuration on the 100-mesh brown sand.  

Figure 6.49 shows the predicted proppant distribution was marginally smaller compared to 

the measured proppant distribution at higher injection rate of 70 gpm. However at injection rates 

of 50 and 60 gpm, the predicted model overestimated the measured proppant distribution values.  

Table 6.56. The percentage error between the measured and predicted proppant distribution for 

40/70 mesh white sand using 3 SPF configuration.  

Configuration 
Injection 

Rate, gpm 

Injected 

Proppant 

Concentration, 

ppg 

Measured 

PD, % 

Predicted 

PD, % 

Error in 

PD, % 

Average 

per Rate, 

% 

Average per 

Configuration, 

% 

3 SPF   

Bottom 

(closed) 

50 

0.17 32.10 53.55 66.84 

28.47 

19.08 

0.37 46.07 57.03 23.79 

0.50 49.76 58.77 18.11 

0.85 59.21 62.25 5.13 

60 

0.16 33.56 53.40 59.13 

26.7 
0.32 43.41 57.02 31.36 

0.50 51.87 59.55 14.79 

0.66 60.45 61.36 1.51 

70 

0.09 50.46 49.90 1.13 

2.07 
0.29 57.33 57.04 0.49 

0.46 62.23 59.59 4.24 

0.73 65.22 63.63 2.44 
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Figure 6.49. The predicted and measured proppant distribution for 40/70 mesh white sand using 

3 SPF configuration. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

 

The experimental investigations performed in this research improved our understanding of 

achieving an effective hydraulic fracturing treatment. In this research, the proppant transport and 

distribution in the horizontal wellbore have been evaluated by changing the perforation 

configuration, proppant concentration, proppant size, and injection rate. Experimental correlations 

were also developed to predict the proppant distribution between the different perforation clusters 

within a single plug-and-perf fracturing stage.  In this chapter, the main conclusions of this thesis 

are summarized along with suggested recommendations for future work.  

7.1 Conclusions 

Based on the obtained experimental results discussed in this thesis, the following 

conclusions can be drawn: 

1- The calculation of the minimum settling velocity is affected by the proppant size and 

proppant concentration for the same pipe size, proppant density, fluid density and fluid 

viscosity.   

2- When using slickwater, both proppant transport and its distribution are highly 

influenced by changing the perforation configuration while keeping the other 

parameters constant. More specific results include:   

a. Even proppant distribution occurred between the three perforation clusters with 

100-mesh sand at low proppant concentrations and a toe-biased distribution at 

higher proppant concentrations using a 1 SPF, top perforation configuration.  

b. Using a 1 SPF, top perforation configuration, the 40/70 mesh sand showed even 

proppant distribution at a lower injection rate of 20 gpm and a toe-biased 

uneven distribution at high injection rates.  

c. The distribution of both 100-mesh and 40/70 mesh sands indicate an uneven 

heel-biased, distribution at all tested proppant concentrations and injection rates 

using a 1 SPF, bottom perforation configuration.  
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d. Using 2 SPF, the 100-mesh sand experienced an even proppant distribution at 

a higher injection rate of 40 gpm and a heel-biased distribution at lower 

injection rates.  

e. The 40/70 mesh sand indicate a heel-biased distribution at all injection rates 

and proppant concentrations using 2 SPF.  

f. The 100-mesh and 40/70 mesh sands showed a toe-biased distribution at all 

injection rates and proppant concentrations using 3 SPF.  

g. Uneven toe-biased distribution of the 100-mesh sand was observed using 4 SPF 

at all injection rates and proppant concentrations.  

3- The injection rate plays a significant role in the sand settling at the bottom of the 

horizontal wellbore.  The sand settling decreases with higher momentum associated 

with high injection rates.  

4- Sieve analysis indicate the capability of slickwater to transport coarser particles to the 

toe cluster with high injection rates. Higher settling of coarser particles occurred at 

lower injection rates.  

5- A new experimental correlation has been developed to predict the proppant distribution 

between the three perforation clusters.  

a. All experimental tests conducted on the 100-mesh and 40/70 mesh sands using 

all perforation configurations were used to develop experimental correlations 

using the Buckingham’s pi-theorem.  

b.  The proppant distribution was quantified as the percentage change between the 

injected proppant concentration and the standard deviation of all proppant 

concentrations at each perforation cluster and the end valve.   

c. The proppant distribution can be ameliorated by increasing the injection rates 

and can be aggravated by increasing the pipe diameter.  

d. The predicted correlation showed low error values for the 100-mesh sand, 

except for the bottom configuration, ranging from 5 to 11%.  

e. Higher error values between the actual lab values and the predicted model of 

11 to 52% using the 40/70 mesh sand.  

6- This research proved that the common assumption of having even proppant distribution 

in a plug-and-perf completion is not valid under almost all tested conditions.  
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7.2 Recommendations for Future Work 

A better understanding of the proppant transport and distribution behavior in a single 

horizontal fracturing stage has been achieved in this research. However, additional research is 

recommended to expand our current knowledge of the proppant behavior during hydraulic 

fracturing treatments.  These recommendations are listed below to further enrich the literature of 

the proppant transport and distribution in horizontal wellbores: 

1- Increase the viscosity of the carrier fluid to 3 cp and above and evaluate the proppant 

distribution behavior of both 100-mesh and 40/70 mesh sands. Compare the results with 

the results obtained in this research using the different perforation configurations.  

2- Use larger wellbore diameters and evaluate the effect of perforation configuration on the 

proppant distribution.  

3- Evaluate the effect of changing the perforation orientation on the tested proppants. The 

horizontal wellbore can be rotated to 30o, 60o, and 90o.  

4- Study the effect of perforation configuration on different proppant types with different 

specific gravities.  

5- A longer horizontal wellbore can be used to evaluate the effect of the full stage length on 

proppant transport and distribution.  
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APPENDIX A 

100-MESH SIEVE ANALYSIS 

This appendix contains the figures of the sieve analysis results of the 100-mesh sand using 

different perforation configurations and different injection rates.    

A.1 Top Perforation Configuration 

 
Figure A.1. Sieve distribution of 100-mesh sand exited at the heel cluster using 1 SPF, top 

perforation configuration at an injection rate of 20 gpm.  

 

 
Figure A.2. Sieve distribution of 100-mesh sand exited at the middle cluster using 1 SPF, top 

perforation configuration at an injection rate of 20 gpm. 
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Figure A.3. Sieve distribution of 100-mesh sand exited at the heel cluster using 1 SPF, top 

perforation configuration at an injection rate of 40 gpm.  
 

 
Figure A.4. Sieve distribution of 100-mesh sand exited at the middle cluster using 1 SPF, top 

perforation configuration at an injection rate of 40 gpm. 
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A.2 Bottom Perforation Configuration 

 

 
Figure A.5. Sieve distribution of 100-mesh sand exited at the middle cluster using 1 SPF, bottom 

perforation configuration at an injection rate of 20 gpm.  

 

 
Figure A.6. Sieve distribution of 100-mesh sand exited at the toe cluster using 1 SPF, bottom 

perforation configuration at an injection rate of 20 gpm.  
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Figure A.7. Sieve distribution of 100-mesh sand exited at the middle cluster using 1 SPF, bottom 

perforation configuration at an injection rate of 40 gpm.  
 

A.3 Top and Bottom (2 SPF) Perforation Configuration 

 
Figure A. 8. Sieve distribution of 100-mesh sand exited at the middle cluster using 2 SPF, top 

and bottom perforations configuration at an injection rate of 20 gpm. 
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Figure A. 9. Sieve distribution of 100-mesh sand exited at the heel cluster using 2 SPF, top and 

bottom perforations, configuration at an injection rate of 40 gpm. 

 

 
Figure A. 10. Sieve distribution of 100-mesh sand exited at the middle cluster using 2 SPF, top 

and bottom perforations, configuration at an injection rate of 40 gpm. 
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A.4 3 SPF Perforation Configuration 

 
Figure A.11. Sieve distribution of 100-mesh sand exited at the heel cluster using 3 SPF 

perforation configuration at an injection rate of 50 gpm. 

 

 
Figure A.12. Sieve distribution of 100-mesh sand exited at the middle cluster using 3 SPF 

perforation configuration at an injection rate of 50 gpm. 
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Figure A.13. Sieve distribution of 100-mesh sand exited at the heel cluster using 3 SPF 

perforation configuration at an injection rate of 70 gpm. 

 

 
Figure A.14. Sieve distribution of 100-mesh sand exited at the middle cluster using 3 SPF 

perforation configuration at an injection rate of 70 gpm. 
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A.5 4 SPF Perforation Configuration 

 
Figure A.15. Sieve distribution of 100-mesh sand exited at the heel cluster using 4 SPF 

perforation configuration at an injection rate of 50 gpm. 

 

 
Figure A.16. Sieve distribution of 100-mesh sand exited at the middle cluster using 4 SPF 

perforation configuration at an injection rate of 50 gpm. 
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Figure A.17. Sieve distribution of 100-mesh sand exited at the heel cluster using 4 SPF 

perforation configuration at an injection rate of 70 gpm. 

 

 
Figure A.18. Sieve distribution of 100-mesh sand exited at the middle cluster using 4 SPF 

perforation configuration at an injection rate of 70 gpm. 
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APPENDIX B 

TOP PERFORATION CONFIGURATION 

This appendix contains the figures of the distribution results of the 40/70 mesh sand using 

top perforation configuration at different injected proppant concentrations and injection rates.    

B.1 Injection Rate of 20 gpm 

 
Figure B.1. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 0.04 ppg.  

 

 
Figure B.2. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 0.19 ppg. 
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Figure B.3. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 0.59 ppg. 

 

 
Figure B.4. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 1.15 ppg. 
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B.2 Injection Rate of 30 gpm 

 
Figure B.5. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 0.22 ppg.  

 

 
Figure B.6. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 0.51 ppg. 

 

  



254 

 

 
Figure B.7. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 0.67 ppg. 

 

   

 
Figure B.8. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 1.05 ppg. 
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B.3 Injection Rate of 40 gpm 

 
Figure B.9. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, top perforation, at an injection rate of 40 gpm and an injected proppant 

concentration of 0.2 ppg. 

 

 
Figure B.10. Fluid and proppant distribution of the 40/70 mesh sand between the three 

perforation clusters using 1 SPF, top perforation, at an injection rate of 40 gpm and an injected 

proppant concentration of 0.41 ppg. 
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Figure B.11. Fluid and proppant distribution of the 40/70 mesh sand between the three 

perforation clusters using 1 SPF, top perforation, at an injection rate of 40 gpm and an injected 

proppant concentration of 0.65 ppg. 

 

 
Figure B.12. Fluid and proppant distribution of the 40/70 mesh sand between the three 

perforation clusters using 1 SPF, top perforation, at an injection rate of 40 gpm and an injected 

proppant concentration of 1.17 ppg.  
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APPENDIX C 

BOTTOM PERFORATION CONFIGURATION 

This appendix contains the figures of the distribution results of the 40/70 mesh sand using 

bottom perforation configuration at different injected proppant concentrations and injection rates.    

C.1 Injection Rate of 20 gpm 

 
Figure C.1. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 0.18 ppg. 

 

 
Figure C.2. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 0.29 ppg. 
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Figure C.3. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 0.61 ppg. 

 

 
Figure C.4. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 20 gpm and an injected proppant 

concentration of 1.7 ppg. 
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C.2 Injection Rate of 30 gpm 

 
Figure C.5. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 0.09 ppg.  

 

 

 

 
Figure C.6. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 0.48 ppg.  
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Figure C.7. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 0.74 ppg. 

 

 

 
Figure C.8. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 30 gpm and an injected proppant 

concentration of 1.08 ppg. 
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C.3 Injection Rate of 40 gpm 

 
Figure C.9. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 1 SPF, bottom perforation, at an injection rate of 40 gpm and an injected proppant 

concentration of 0.24 ppg. 

 

 

 
Figure C.10. Fluid and proppant distribution of the 40/70 mesh sand between the three 

perforation clusters using 1 SPF, bottom perforation, at an injection rate of 40 gpm and an 

injected proppant concentration of 0.43 ppg. 
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Figure C.11. Fluid and proppant distribution of the 40/70 mesh sand between the three 

perforation clusters using 1 SPF, bottom perforation, at an injection rate of 40 gpm and an 

injected proppant concentration of 0.55 ppg. 

 

 
Figure C.12. Fluid and proppant distribution of the 40/70 mesh sand between the three 

perforation clusters using 1 SPF, bottom perforation, at an injection rate of 40 gpm and an 

injected proppant concentration of 0.81 ppg. 
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APPENDIX D 

TOP AND BOTTOM (2SPF) PERFORATION CONFIGURATION 

This appendix contains the figures of the distribution results of the 40/70 mesh sand using 

top and bottom perforation configuration at different injected proppant concentrations and 

injection rates.    

D.1 Injection Rate of 20 gpm 

 
Figure D.1. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 20 gpm and an injected 

proppant concentration of 0.08 ppg.  

 

 
Figure D.2. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 20 gpm and an injected 

proppant concentration of 0.23 ppg.  
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Figure D.3. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 20 gpm and an injected 

proppant concentration of 0.56 ppg.  
 

 

Figure D.4. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 20 gpm and an injected 

proppant concentration of 1.33 ppg. 
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D.2 Injection Rate of 30 gpm 

 
Figure D.5. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 30 gpm and an injected 

proppant concentration of 0.24 ppg. 
 

 
Figure D.6. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 30 gpm and an injected 

proppant concentration of 0.49 ppg. 
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Figure D.7. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 30 gpm and an injected 

proppant concentration of 0.68 ppg. 

   

 
Figure D.8. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 30 gpm and an injected 

proppant concentration of 1.23ppg. 
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D.3 Injection Rate of 40 gpm 

 
Figure D.9. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 2 SPF, top and bottom perforations, at an injection rate of 40 gpm and an injected 

proppant concentration of 0.15 ppg. 

 

 
Figure D.10. Fluid and proppant distribution of the 40/70 mesh sand between the three 

perforation clusters using 2 SPF, top and bottom perforations, at an injection rate of 40 gpm and 

an injected proppant concentration of 0.38 ppg. 
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Figure D.11. Fluid and proppant distribution of the 40/70 mesh sand between the three 

perforation clusters using 2 SPF, top and bottom perforations, at an injection rate of 40 gpm and 

an injected proppant concentration of 0.5 ppg. 

 

 
Figure D.12. Fluid and proppant distribution of the 40/70 mesh sand between the three 

perforation clusters using 2 SPF, top and bottom perforations, at an injection rate of 40 gpm and 

an injected proppant concentration of 0.71 ppg. 
 

 

 

 

 



269 

 

APPENDIX E 

(3 SPF) PERFORATION CONFIGURATION 

This appendix contains the figures of the distribution results of the 40/70 mesh sand using 

(3 SPF) perforation configuration at different injected proppant concentrations and injection rates.    

E.1 Injection Rate of 50 gpm 

 
Figure E.1. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 50 gpm and an injected proppant 

concentration of 0.17 ppg.  

 

 
Figure E.2. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 50 gpm and an injected proppant 

concentration of 0.37 ppg. 
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Figure E.3. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 50 gpm and an injected proppant 

concentration of 0.5 ppg. 

 

 
Figure E.4. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 50 gpm and an injected proppant 

concentration of 0.85 ppg. 
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E.2 Injection Rate of 60 gpm 

 
Figure E.5. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 60 gpm and an injected proppant 

concentration of 0.16 ppg. 

 

 

 
Figure E.6. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 60 gpm and an injected proppant 

concentration of 0.32 ppg. 
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Figure E.7. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 60 gpm and an injected proppant 

concentration of 0.5 ppg.  

 

 

 
Figure E.8. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 60 gpm and an injected proppant 

concentration of 0.66 ppg.  
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E.3 Injection Rate of 70 gpm 

 
Figure E.9. Fluid and proppant distribution of the 40/70 mesh sand between the three perforation 

clusters using 3 SPF configuration at an injection rate of 70 gpm and an injected proppant 

concentration of 0.09 ppg. 

  

 
Figure E.10. Fluid and proppant distribution of the 40/70 mesh sand between the three 

perforation clusters using 3 SPF configuration at an injection rate of 70 gpm and an injected 

proppant concentration of 0.29 ppg. 
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Figure E.11. Fluid and proppant distribution of the 40/70 mesh sand between the three 

perforation clusters using 3 SPF configuration at an injection rate of 70 gpm and an injected 

proppant concentration of 0.46 ppg. 

 

 
Figure E.12. Fluid and proppant distribution of the 40/70 mesh sand between the three 

perforation clusters using 3 SPF configuration at an injection rate of 70 gpm and an injected 

proppant concentration of 0.73 ppg. 
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APPENDIX F 

40/70 MESH SIEVE ANALYSIS 

This appendix contains the figures of the sieve analysis results of the 40/70 mesh sand 

using different perforation configurations and different injection rates.    

F.1 Top Perforation Configuration 

 
Figure F.1. Sieve distribution of 40/70 mesh sand exited at the heel cluster using 1 SPF, top 

perforation configuration at an injection rate of 20 gpm.  

 

 
Figure F.2. Sieve distribution of 40/70 mesh sand exited at the middle cluster using 1 SPF, top 

perforation configuration at an injection rate of 20 gpm. 
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Figure F.3. Sieve distribution of 40/70 mesh sand exited at the heel cluster using 1 SPF, top 

perforation configuration at an injection rate of 40 gpm. 

 

 
Figure F.4. Sieve distribution of 40/70 mesh sand exited at the middle cluster using 1 SPF, top 

perforation configuration at an injection rate of 40 gpm. 
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F.2 Bottom Perforation Configuration 

 
Figure F.5. Sieve distribution of 40/70 mesh sand exited at the heel cluster using 1 SPF, bottom 

perforation configuration at an injection rate of 20 gpm.  

 

 

Figure F.6. Sieve distribution of 40/70 mesh sand exited at the middle cluster using 1 SPF, 

bottom perforation configuration at an injection rate of 20 gpm.  
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Figure F.7. Sieve distribution of 40/70 mesh sand exited at the middle cluster using 1 SPF, 

bottom perforation configuration at an injection rate of 40 gpm.  
 

 

F.3 Top and Bottom (2 SPF) Perforation Configuration 

 
Figure F.8. Sieve distribution of 40/70 mesh sand exited at the middle cluster using 2 SPF, top 

and bottom perforation configuration at an injection rate of 20 gpm. 
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Figure F.9. Sieve distribution of 40/70 mesh sand exited at the heel cluster using 2 SPF, top and 

bottom perforations, configuration at an injection rate of 40 gpm. 

 

 
Figure F.10. Sieve distribution of 40/70 mesh sand exited at the middle cluster using 2 SPF, top 

and bottom perforations, configuration at an injection rate of 40 gpm. 
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F.4 3 SPF Perforation Configuration 

 
Figure F.11. Sieve distribution of 40/70 mesh sand exited at the heel cluster using 3 SPF 

perforation configuration at an injection rate of 50 gpm. 

 

 

Figure F.12. Sieve distribution of 40/70 mesh sand exited at the middle cluster using 3 SPF 

perforation configuration at an injection rate of 50 gpm. 
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Figure F.13. Sieve distribution of 40/70 mesh sand exited at the heel cluster using 3 SPF 

perforation configuration at an injection rate of 70 gpm. 

 

 

Figure F.14. Sieve distribution of 40/70 mesh sand exited at the middle cluster using 3 SPF 

perforation configuration at an injection rate of 70 gpm. 
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APPENDIX G 

PERMISSIONS 

This appendix contains permissions to reproduce Figures (1.1-1.6, 2.1-2.15, 3.1,3.12, 3.13, 

4.4, 4.43, 4.46, 4.47, 4.50, 4.51, 4.54, 4.55, 4.58, 4.59, 4.62, 4.63, 4.66, 4.70, 4.71, 4.89, 4.90, 4.93, 

4.94, 4.1-4.3, 4.7, 4.10, 4.11, 4.14, 4.15, 4.18, 4.19, 4.22, 4.23, 4.26, 4.27, 4.30, 4.31, 4.34, 4.35, 

4.38, 4.39, 4.42, 4.67, 4.68, 4.69, and 4.72- 4.86) and Table (3.1) and are included in Supplemental 

File (Copyright Supplement).   


