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ABSTRACT 

 

With the global trend towards exploring shale reservoirs over the past few decades, industry 

focus has shifted towards hydraulic fracturing. Nearly all shale gas wells are hydraulically 

fractured, with many treatments using slickwater, for production to be economically viable. Due 

to the presence of natural fractures, each shale reservoir is different; thus, the resultant hydraulic 

fracture network is distinct. With advances in fracture mapping and modeling techniques, the 

created complex fracture networks can be modeled fairly well; however, the proppant transport 

in these complex fracture networks is not clearly understood. Proppant transport is a central issue 

in slickwater fracture treatments because of the low-viscosity of the fracturing fluid. At this 

stage, field-scale tools are not available in the industry to estimate the propped fracture lengths 

and heights and to envisage whether the proppant “turns” the corner or not in presence of 

subsidiary fractures. Much speculation exists in the industry as to how efficiently the proppant is 

transported from the main fracture into subsidiary fractures, or if it is at all. 

An experimental study was undertaken to investigate proppant transport mechanisms in low-

viscosity, high-rate slickwater hydraulic fracture treatments in shale reservoirs. Experiments 

were conducted in a low-pressure laboratory setting to evaluate proppant transport through a 

series of complex slot configurations. Different slickwater treatment scenarios were simulated by 

varying the pump rate, proppant concentration, and proppant size. A total of twenty-seven 

experimental tests were carried out using four different types of slot complexity to study the 

proppant transport behavior.  

The results of the experiments have provided some interesting insights into the nature of 

proppant transport and settling in complex fracture networks. While the proppant transport in the 
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primary slot was observed to occur via traction carpet after the creation of a proppant dune, the 

proppant transport in secondary slots was found to be dependent on the threshold pump rate for 

the particular complex slot configuration. Two mechanisms were observed to be transporting the 

proppant into the secondary slots: 1) proppant flowing around the corner at pump rates higher 

than the threshold pump rate (related to the threshold velocity in the primary slot), and 2) 

proppant falling from the primary slot due to the effects of gravity, regardless of the pump rate. 

The proppant movement into the secondary slots was found to be dependent on the dune buildup 

in the primary slot. As a result, the secondary slots closer to the wellbore can be expected to be 

propped earlier in the treatment than those further away from the wellbore. Another important 

conclusion from this study is that the resultant fracture conductivity at the end of the hydraulic 

fracture treatment would vary across the fracture due to proppant segregation, especially when 

pumping smaller proppant sizes with broad sieve distributions. 

Recommendations for future experimental work are also presented. A better understanding of 

proppant movement in the complex fracture networks can possibly help with the designs of 

hydraulic fracture treatments by focusing on parameters that enhance transport and post-

treatment analysis.  
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CHAPTER 1 

INTRODUCTION 

 

Natural gas production from shale gas reservoirs has shown a rapidly growing trend over 

the past decade and has become an important source of the United States (U.S.) domestic gas 

supply. In the U.S. alone, the production from shale gas reservoirs has rapidly increased from 

0.39 Tcf in 2000 to 4.87 Tcf in 2010 and contributed to 23 percent of the U.S. natural gas 

production in 2010 (US Energy Information Administration, 2011). The use of hydraulic 

fracturing in conjunction with horizontal drilling has been the “game-changer” in the petroleum 

industry over the past decade and has contributed to economical natural gas production from low 

permeability shale reservoirs. With the U.S. Energy Information Administration’s (EIA) energy 

projections anticipating shale gas production to approximately double by 2035 and play a 

dominant role in meeting US energy demands, it is expected that hydraulic fracturing will 

continue to play a major role in enhancing recoverable natural gas reserves and daily production 

from these low permeability shale formations. 

Since the inception of hydraulic fracturing in 1947, fracturing technology has improved 

significantly over the decades. With a global paradigm shift towards exploring unconventional 

resources, especially low-permeability shale reservoirs, the industry focus has shifted towards 

hydraulic fracturing and nearly all unconventional wells are fractured for production to be 

economically viable. Although the first shale gas production came from the organic-rich 

Devonian shale in the Appalachian basin in 1821, the actual shale gas development in the US 

didn’t start until 1981 when Mitchell Energy instigated commercial gas production from the 

Barnett shale in the Fort Worth Basin (Curtis, 2002). After decades of research and field trials for 
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shale gas development, compared to conventional gelled fluid fracturing, slickwater fracturing 

has become the preferred choice for stimulation. The main driving factors for change in this 

mindset include: 

a) Need for cost cutting as the price of natural gas declined. Slickwater fracture treatments 

are relatively cheap and easy to perform when compared to gel treatments; 

b) Low in situ permeability of shale gas reservoirs such that the reservoirs aren’t able to 

effectively clean-up the gel. In comparison, slickwater fracturing causes little to no gel 

damage to the proppant pack; and, 

c) Potential of low viscosity slickwater fluids to generate longer fracture half-lengths 

(without excessive height growth), thus increasing the stimulated reservoir volume. 

 

The complexity of the fracture systems in shale gas reservoirs directly affects production 

and reserve recovery; whereas at the same time, conductivity of those fractures facilitates those 

rates and recoveries. Little is understood about how well the proppant is transported in these 

complex systems. Much speculation exists in the industry as to how well the proppant “turns the 

corner”, or in other words, how efficiently the proppant is transported from the primary fracture 

into subsidiary fractures, if it is at all. During the hydraulic fracturing of shale reservoirs, it has 

been observed that 100 mesh sand works well in some reservoirs but not in all systems. It is 

speculated that the presence of natural fractures in shale reservoirs contributes to such behavior 

and complicates the proppant transport in complex fracture networks. The process of proppant 

transport in single vertical fractures has been previously studied using various slot flow model 

experiments (Babcock et al., 1967, Kern et al., 1959, Medlin et al., 1985, and Woodworth and 

Miskimins, 2007). Prediction of proppant transport in complex fracture networks is important 
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and would be useful for both designing fracture treatments and for post-treatment analysis.  

The purpose of this research is to evaluate proppant transport in complex fracture systems 

in a low pressure laboratory setting by creating a series of complex slot configurations and 

flowing slickwater slurries through them. A literature review focusing on the need of hydraulic 

fracturing in naturally fractured reservoirs, the history of slickwater fracturing technology and 

associated proppant transport is provided in Chapter 2. Chapter 3 then describes the lab 

methodology implemented, and Chapter 4 summarizes the results of the laboratory experiments. 

Chapter 5 discusses the experimental results in relation to the experimental work previously 

carried out and the hydraulic fracturing of shale reservoirs in general. Conclusions are provided, 

along with recommendations for future experimental work, in Chapter 6. 

 

1.1 Research Objectives 

 The overall purpose of this research is to improve the understanding of proppant transport 

mechanisms in low-viscosity, high-rate slickwater hydraulic fracture treatments in naturally 

fractured reservoirs like shales. For the purpose of investigating proppant transport behavior in 

complex fracture networks, the first objective is to develop an experimental laboratory apparatus 

with a series of slot configurations to perform slot flow experiments.  

 A second objective is to evaluate proppant transport through a series of slot 

configurations to simulate different slickwater treatment scenarios by varying the pump rate, 

proppant concentration and proppant size. The final objective is to come up with 

recommendations that can possibly help with the designs of hydraulic fracture treatments by 

focusing on the parameters that enhance transport. 
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1.2 Motivation and Research Context 

Natural gas production from the unconventional reservoirs provides approximately 46% 

of the total U.S. production, and it is reported that almost half of the natural gas consumed today 

is produced from the wells drilled within the last three and a half years (US Department of 

Energy, 2009). Figure 1.1 below shows the gradually increasing contribution of shale gas to the 

overall natural gas production in the United States.  

 

 

Figure 1.1: United States Unconventional Gas Outlook (from US Department Of Energy, 2009).  

 

 

Owing to the low in situ formation permeability, most unconventional reservoirs need 

stimulation to reach economic production levels. In the lower 48 states of the United States, the 

natural gas production from the hydrocarbon-rich shale reservoirs using slickwater fracturing 

technology is becoming one of the most rapidly expanding trends. Slickwater fracturing is a 

relatively cheap and simple technology, which has gained popularity in the last 15 years with the 

development of unconventional reservoirs.  
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The primary motivation of this research to study the proppant behavior in complex 

fracture networks is mainly due to the limited knowledge industry-wide about how efficiently the 

proppant is transported from the primary fracture into subsidiary fractures during slickwater 

fracture treatments. Although, theoretically, the slickwater fracture treatments result in longer 

fracture half-lengths and narrower fracture widths (as compared to cross-linked gel fracture 

treatments), proppant transport is poor in low-viscosity slickwater fluids. With advances in the 

fracture mapping techniques, the hydraulic fracture simulators work well in modeling the 

complex fracture growth in shale formations, but one point of concern is the inadequate 

modeling capabilities to predict the complex proppant transport with low-viscosity slickwater 

fluids. Improving the proppant transport capabilities with slickwater fluid treatments would 

result in longer propped fracture half-lengths and more favorable fracture conductivity and 

would accordingly improve the well economics.  

 

1.3 Research Contributions 

The outcomes of this research will be of great assistance to the exploitation and 

development of the Fayetteville shale, Arkansas, in particular and shale gas reservoirs in general. 

By knowing the parameters that govern the proppant movement and settling, this study will lead 

to an: 

 Improved understanding of proppant transport in complex fracture networks during low-

viscosity slickwater fracture treatments; 

 More efficient slickwater fracture treatment designs to have more conductive fractures; 

and, 

 Improved stimulation treatment economics.  
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CHAPTER 2 

LITERATURE REVIEW 

 

Starting in 1947, hydraulic fracturing has developed into one of the main well stimulation 

techniques for improving the productivity of oil and gas wells globally. With the recent shift in 

focus of the petroleum industry towards tight unconventional reservoirs, hydraulic fracture 

treatments are becoming more important than before. A key factor contributing to this increase in 

production from unconventional reservoirs has been the development of shale gas. The lower 48 

states of the United States have a wide distribution of highly organic shale plays containing vast 

reserves of natural gas, as shown in Figure 2.1. 

 

 

Figure 2.1: Shale plays in the lower 48 states of the United States. 

(http://www.eia.gov/oil_gas/rpd/shaleusa2.pdf, Accessed: September 5, 2011) 

http://www.eia.gov/oil_gas/rpd/shaleusa2.pdf
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From the first vertical shale well drilled and completed in the Barnett Shale in 1981 to the 

simultaneous fracturing of multiple horizontal wells in 2004, the Barnett Shale in Texas has 

played an increasingly important role in offsetting the decline in natural gas production from 

conventional resources (Halliburton, 2008 and King, 2010). It has led to the development of 

technology to unlock the gas reserves from other low permeability shale gas reservoirs. Much 

research is currently being carried out, both in the industry and in academia, to exploit 

unconventional shale reservoirs and to produce the remaining trapped natural gas. Until 1999, all 

of the common fracturing methods in shale reservoirs included gel or foam fluids, with and 

without proppant (King, 2010). With the success of slickwater fracturing in the Barnett and 

Antrim Shales, more importance has been given to develop slickwater ‘frac’ materials over the 

past decade and to understand the principles related to slickwater fracturing. One such important 

aspect, which hasn’t been given enough attention previously, is understanding the proppant 

transport during slickwater fracturing in complex fracture systems. An understanding of how 

efficiently the proppant is transported from the primary fracture into secondary (and tertiary) 

fractures can possibly help in designing hydraulic fracture treatments to be more effective. 

 

2.1  Hydraulic Fracturing in Naturally Fractured Reservoirs 

Natural fractures are present in nearly all shale formations and the existence of primary, 

secondary and tertiary fractures have been confirmed from various outcrops (Engelder and Lash, 

2008). Natural gas production from nano-Darcy fractured shale reservoirs relies heavily on the 

drilling of horizontal wells and hydraulic fracture stimulation. Over the past decade, shale 

formations have been stimulated with low-proppant-concentration, high-pump-rate, water-based 

hydraulic fracture treatments, commonly referred to as slickwater fracture treatments. Based on 
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studies carried out, the subcritical crack index for the shale plays have been found to be high; 

which confirms the presence of fracture clustering (Gale and Holder, 2010). Microseismic 

monitoring of hydraulic fracture treatments has also indicated fracture propagation away from 

the maximum horizontal stress direction, which is speculated to be due to the presence of natural 

fractures. From a reservoir standpoint, the presence of these natural fractures might increase the 

permeability locally but could possibly result in complex fracture geometry during the hydraulic 

fracture stimulation.  

Due to the presence of natural fractures, natural gas production from the shale reservoirs 

is highly dependent on the Stimulated Reservoir Volume (SRV) (Fisher et al., 2002). The results 

from microseismic monitoring in the Barnett Shale show the reactivation of these calcite-filled 

natural fractures during the stimulation (Gale et al., 2007), which in turn improves the efficiency 

of the hydraulic fracture treatment by increasing the created SRV. Therefore, for hydraulic 

fracture treatment design, knowledge of both the direction of maximum horizontal stress and the 

geometry of the natural fractures is important. 

 

2.2  Slickwater Fracturing Technology 

Slickwater fracturing, sometimes referred to as ‘water frac’ or ‘friction-reduced frac’, has 

been defined as a hydraulic fracture treatment which utilizes large amounts of water along with 

polyacrylamide friction reducer (or low concentrations of linear gel, generally 0.5-20 lb/Mgals), 

clay stabilizer, surfactant and low concentrations of proppant to economically produce natural 

gas from low-permeability reservoirs. The first slickwater treatment was pumped in 1997 by 

Mitchell Energy in the Barnett Shale and delivered better results than foam and gel fracture 

treatments, as shown in Figure 2.2. 
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Figure 2.2: Refracs of a shale well in Barnett Shale performed by Mitchell Energy (from King, 

2010). The slickwater treatment delivered better results as compared to the foam and gel fracture 

treatments. 

 

Production results from other shale formations also show that the fracture treatments 

carried out using slickwater with low proppant concentrations resulted in equal or better 

performance than offset conventional wells stimulated with gel/foam fracs (King, 2010). There 

are several reasons that may explain this behavior: 1) reduced gel damage within the fracture, 2) 

reactivation of healed natural fractures, fissures and micro-cracks to increase the SRV, 3) 

optimal dimensionless fracture conductivity, 4) pressure dependent leakoff without significant 

loss of fluid into the shale pores, and 5) overall project economics.  

However, due to its low viscosity, slickwater fluid shows poor proppant transport 

characteristics and has rapid proppant settling. As a result, most slickwater treatments include 

very low proppant concentrations, typically in the range of 0.25-2 ppg. Also, in order to achieve 
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similar fracture conductivity as in the case of cross-linked fracture treatments, slickwater 

treatments usually involve the pumping of millions of pounds of proppant along with tremendous 

volumes of water. Maximum pump rates are in the vicinity of 100 bbl/min and pump times can 

exceed six hours. Unlike the case of cross-linked gels, the use of low-viscosity slickwater results 

in long narrow fractures in the reservoir without excessive height growth (King, 2010).   

 

2.3  Proppant Transport 

The productivity of a hydraulically fractured well depends on having a fracture which is 

effectively propped over the bulk of its length and height. However, good or adequate proppant 

transport is a central issue in slickwater fracture treatments because of the low viscosity of the 

fracturing fluid. Proppant transport within a fracture is influenced by a number of factors 

including: fracture width, injection rate, fluid leak-off, fluid rheology, density difference between 

the fluid and the proppant, and proppant size (Palisch et al., 2008, and King, 2010). The 

hydraulic fracture simulators available in the industry can predict the proppant transport 

associated with gelled fluids fairly well but do not always have the capability to predict the 

proppant transport in slickwater fracturing associated with complex fracture networks. 

Microseismic fracture mapping techniques have been used in the industry to monitor the created 

fracture length, but it cannot provide any estimates of the propped and/or effective fracture 

lengths (Cipolla et al., 2009). The estimation of propped and/or effective fracture lengths is 

important because the placement of proppant within the productive interval has a direct effect on 

the increase in production post-stimulation. The following sections discuss the theory and the 

results of the experimental work which has been previously done to study proppant transport and 

settling. 
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2.3.1 Sediment Transport Theory 

Sediment transport refers to the movement of particles in a fluid due to a combination of 

the movement of the carrier fluid and the force of gravity acting on the particle(s). In other 

professions outside the petroleum industry, sediment transport has also been studied by 

engineers, geologists, and river morphologists for centuries. Though different approaches have 

been implemented for studying sediment transport and developing sediment transport functions, 

basic aspects of sediment transport due to fluid movement remain the same. 

The transport of sediment particles by a flow of water can be in the form of bed-load 

and/or suspended-load, depending on the particle characteristics (particle size distribution and 

concentration) and flow conditions (the velocity profile, bed-shear stress and shear velocity). 

Typically, three modes of sediment motion have been observed: 1) traction motion, 2) saltation 

motion, and 3) suspended motion. When the bed-shear stress exerted on an individual particle 

exceeds the critical value for initiation of motion (referred to as Shields parameter or Shields 

criterion), the particle starts to move by rolling and/or sliding, and is referred to as traction 

motion. During traction motion, the particles pivot out of the position and move in the direction 

of the flow while maintaining contact with the channel bed. As the bed-shear velocity increases, 

the particles start moving along the bed in the form of regular jumps, which are referred to as 

saltations. During the saltation motion, the turbulence tries to lift the particle into suspension, but 

the particle weight is too heavy to be in a suspended state, and thus, falls back to the channel bed. 

Usually, the transport of particles by rolling, sliding, and saltating is commonly referred to as the 

bed-load transport. When the bed-shear velocity exceeds the particle settling velocity, the 

turbulent forces become higher than the particle weight and the particles move by suspended 

motion (van Rijn, 1984). 
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The mechanics of sediment transport are controlled mainly by the horizontal fluid 

velocity. At low velocities, the sediments mainly move as a result of sliding and/or rolling. At 

intermediate velocities, a fluidized layer is formed which promotes bed-load transport. At higher 

velocities, sediments are transported due to suspended motion (Biot and Medlin, 1985). 

 

2.3.2 Stokes’ Law 

An accurate assessment of the settling velocity of sediment particles is critical for 

accurate modeling of sediment transport. Since slickwater fracturing in shale reservoirs involves 

low proppant concentrations, the proppant settling is often predicted using the relatively simple 

Stokes’ Law. Stokes’ Law expresses the settling velocity of a small-spherical particle in a 

stagnant fluid and is mathematically expressed as shown in Equation 2.1: 

                                                  
(     )  

 

   
                          (2.1) 

where, 

vs  = particle settling velocity, m/sec  

   = density of the particle, kg/m
3
 

   = density of the carrier fluid, kg/m
3
  

g   = acceleration due to gravity, m/sec
2
 

d   = diameter of the particle, m 

    = viscosity of the carrier fluid, Pa.sec or kg/m-sec 

 

Stokes’ Law shows the dependence of settling velocity on particle diameter, particle 

density, fluid density and viscosity, and thus, can be used to compare different proppants and 

fluids being used for fracture treatment. However, the underlying assumptions for Stokes’ Law 
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are violated during the actual slickwater fracture treatment. Therefore, it cannot be used to 

predict the settling of the proppant slurry (Gadde et al., 2004, Dayan et al., 2009, Liu and 

Sharma, 2005, Palisch et al., 2008, and King, 2010) for the following reasons:   

a) Stokes’ Law requires the particles to be perfectly spherical, smooth and rigid in shape. In 

reality, proppants are not necessarily axisymmetric spheres in shape. 

b) Stokes’ Law is only valid for calculating the terminal settling velocity of a single particle, 

and thus, cannot predict the settling of proppant in slurry when the motion of one particle 

is affected by the presence of other particles. Slot experiments in the lab tend to elucidate 

the actual proppant settling to some extent by incorporating ‘hindered’ and ‘clustered’ 

proppant settling. Mathematically, the hindered settling velocity for proppant slurry can 

be predicted using the Richardson and Zaki equation (Baldock et al., 2003). 

c) During the hydraulic fracturing treatment, the fracturing fluid is in a dynamic state. 

Stokes’ Law is valid only for ‘static fluid’ or for ‘creeping flow’ (i.e. for Reynolds 

number ‘Re’ << 1), and thus, is applicable only for predicting proppant settling during the 

closure of the fracture (after the treatment is pumped). Reynolds number ‘Re’ is a 

dimensionless number which mathematically equates the ratio of inertial drag to viscous 

drag. Having Re << 1 implies that viscous drag dominates over the inertial drag. As a 

result, the fluid does not separate from the surface of the spherical particle. While 

pumping the slickwater fracture treatment at high flow rates, the flow of the fracturing 

fluid is no longer laminar, i.e. Re is much greater than 1 and results in the formation of 

wake and eddy effects around the proppant (Palisch et al., 2008).  

d) In hydraulic fracturing, the settling velocity of a particle is influenced by the presence of 

the fracture wall and is reduced based on the roughness of the wall. Stokes’ Law does not 
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include any parameter to incorporate the reduction in settling velocity. Also, most of the 

laboratory experiments have been carried out using smooth-wall slot surfaces.  

e) The change in rheology while ramping up the proppant concentration during the fracture 

treatment directly affects the proppant settling. The studies carried out previously show 

that the proppant settling velocities decrease monotonically with increasing proppant 

concentration (Liu and Sharma, 2005).  

f) The high fluid velocity during slickwater fracturing contributes to the turbulence and 

inertial effects. Both of these effects further complicate the proppant settling within a 

fracture and reduces the accuracy of Stokes’ Law. 

 

2.3.3 Laboratory Experiments  

Numerous laboratory experiments have been carried out in the past to understand 

proppant transport in low-viscosity fluids in vertical fractures (Babcock et al., 1967, Kern et al., 

1959, Medlin et al., 1985, and Woodworth and Miskimins, 2007). These slot flow model 

experiments usually involved pumping slurry (water and sand) along a single vertical plane with 

constant height and slot width. Although the flow occurs between smooth Plexiglas plates 

without any fluid leakoff, performing these tests provided a visual sense of proppant movement 

within the fractures. Kern et al. (1959) conducted the first slot flow experiment by injecting 

water and sand at constant rates. As the slot was closed from the top and the bottom, the slurry 

flowed horizontally and because of the poor sand-carrying capacity of the water, the sand settled 

to the bottom before moving far enough along the slot and began building a mound or “dune” of 

proppant. It was found that the fluid velocity in the gap between the settled sand and the top of 

the slot increases as more sand settles and decreases the gap size. The proppant mound continues 

to grow until the gap between the settled sand and the top of the slot reaches a critical value. At 
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and above the critical (or equilibrium) velocity, the proppant transport in the slot is governed by 

fluidization and sedimentation (Palisch et al., 2008). During fluidization, the fluid turbulence re-

suspends the sand off the stationary mound and sedimentation occurs as the proppant is 

transported further down the fracture. As the injection is continued, the sand bed eventually 

stabilizes and reaches an “equilibrium height” or a steady “traction carpet”. The equilibrium 

height of the sand bed was found to be a function of fluid velocity, sand concentration and the 

settling rate of the sand (which is a function of proppant size and type). As a result of fluidization 

and sedimentation, the sand bed continues to grow in length as sand continues to be pumped, as 

shown in Figure 2.3.  

 

 

Figure 2.3: Sand movement and settling in slot flow experiment (from Kern et al., 1959).
 

 

With slickwater fracs, the sand injected early during the treatment is deposited closer to 

the wellbore than sand pumped later in the treatment. STIM-LAB Inc., as a part of their 

slickwater fluid experiments, carried out their own slot experiments in the early 2000s and 

obtained very similar results to Kern et al. (1959) (Woodworth and Miskimins, 2007). During 
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actual fracture treatments in shale reservoirs, although the sand movement and settling is 

expected to occur as recorded in these smooth-walled slot experiments, the sand settling rate may 

be considerably lower due to the fracture wall roughness and can result in ‘proppant bridging’ 

(McLennan et al., 2008). The sand settling rate is also expected to change due to fluid leak-off 

and an increase in the fluid viscosity due to heat absorption and the consequent rise in fluid 

temperature. 

Babcock et al. (1967) carried out similar experiments to Kern et al. with two parallel 

Lucite (i.e. Plexiglas) plates and used both Newtonian and non-Newtonian fluids to mimic a 

fracturing treatment. The experimental results showed that the distribution of propping agents in 

vertical fractures can be determined using two parameters - the “equilibrium velocity” and the 

“bank-buildup constant”. The equilibrium velocity can be described as the flow velocity 

necessary to prevent proppant settling, while the bank-buildup constant represents the rate of 

bank-buildup prior to the settlement. Both of these parameters were found to be dependent on the 

proppant type and size, the fluid properties and the fracture geometry. The authors recommended 

that in order to have the optimum propping-agent distribution, proppant should be chosen which 

can provide maximum fracture permeability and has sufficient strength to withstand particle 

crushing and formation embedment. Also, the authors suggested that care should be taken during 

treatment design to maximize the propped area, since they hypothesized that having a large un-

propped area at the top of the fracture would affect the efficiency of the stimulation treatment.  

Schols and Visser (1974) and Novotny (1977) continued on with the previous 

experimental work done by Kern et al. (1959) and Babcock et al. (1967).  Schols and Visser 

(1974) used a vertical slot flow model to investigate the mechanics of bed buildup and derived 

analytical equations which can be used to predict both the length and height of the settled 
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proppant dune. Novotny’s (1977) work included studying wall and concentration effects on a 

series of Newtonian and non-Newtonian fluids. 

Medlin et al. (1985) extended the work carried out previously to the study of proppant 

buildup and observed three transport mechanisms during their sand transport experiments 

involving thin fluids: bed-load, turbulence and viscous drag. They proposed that bed-load 

transport and the concept of an equilibrium bank occurs only under the laboratory-scale 

experiments and is insignificant in field treatments because it does not scale-up with fracture 

height. Turbulence was also ruled out as a possible transport mechanism under any condition, as 

confirmed by recording proppant density profiles using the Optimal Absorption method. Thus, it 

was pointed out that viscous drag is the only transport mechanism contributing to the proppant 

movement under field conditions. They suspected the presence of a fourth transport mechanism 

which doesn’t show up in slot flow experiments and is possibly related to the increase in fracture 

width. It was observed that once equilibrium is achieved in the experiments involving thin fluids, 

at distances far from the entrance, the bed load carried nearly all of the injected sand along the 

top of the dune formed. The thickness of the bed load was controlled by the flow rate and the 

proppant concentration of the slurry being pumped. Experimental results also showed that the 

stimulated turbulence near the slot entrance (induced at the perforations) dies out soon due to the 

damping effect of the walls, and thus, can be ignored as a sand transport mechanism in field 

treatments (Medlin et al., 1985).  

Following Medlin et al.’s work, there was a hiatus in the experiments carried out with 

low-viscosity fluids and a relatively long period occurred in the industry which was dominated 

by high-viscosity cross-linked gels. Several experiments were carried out to study the proppant 

settling in non-Newtonian fluids (both non cross-linked and cross-linked), but it is not a key 
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component of this thesis and so is not addressed here. 

With the recent change in the focus of the petroleum industry towards low permeability 

unconventional reservoirs, there is a revival of interest in the application of slickwater fracturing. 

Both industry and academia are looking for ways to improve the post-treatment fracture 

conductivity with slickwater fluids in complex fracture networks created in the low permeability 

unconventional reservoirs. In the mid-2000s, research on the material properties led to the 

development of high strength Ultra Light Weight (ULW) proppants. Extensive slot flow tests 

were carried out with the ULW proppants and were successfully applied during slickwater 

fracturing in the Barnett Shale (Rickards et al., 2003 and Schein et al., 2004). 

But with low permeability reservoirs, one question which has remained unanswered is 

how efficiently the proppants are transported from the primary to secondary fractures in the case 

of complex fracture networks.  A preliminary experimental study was carried out by Dayan et al. 

(2009) to study the propensity of the slurry to travel through the fracture network using a small 

one-dimensional fracture model. The experimental results indicated that the proppant buildup in 

the primary fracture must be significant before the buildup starts in the secondary fracture. 

Dayan et al. also concluded that flow into secondary fractures does not occur below some 

threshold flow rate.  

 

2.3.4 Convective Transport of Propping Agents 

One of the important issues with proppant transport during hydraulic fracturing treatment 

is the downward convection. The concept of convection (gravity-driven flow) as a mechanism 

for proppant transport in vertically unconstrained fractures was first proposed by Cleary and 

Fonseca in 1992. For hydraulic fracture stimulation in unconventional tight reservoirs, the 
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perforated interval is usually smaller relative to the actual fracture height and is referred to as a 

point source fracture. Convection occurs when a dense fluid flows from a point source into a 

fracture filled with less dense fluid, forcing the denser fluid to the bottom of the fracture.  During 

the proppant transport process, proppant laden slurry has a density greater than the pad fluid 

(which is usually water only, but sometimes can be linear gel) resulting in convective downward 

motion. Based on their work involving computer and conceptual models, Cleary and Fonseca 

postulated that in the case of point-source fractures involving low-viscosity fluids, the convective 

downward motion of proppants will dominate the Stokes-type particle settling and will play a 

major role in the final proppant distribution.   

The experimental studies carried out prior to 1994 using slot flow systems were not 

designed to study proppant transport in point-source fractures, and thus, have not reported 

convection as a mechanism for proppant transport (Clark and Courington, 1994). Clark and 

Courington, based on their initial experiments, concluded that convection primarily occurs in low 

viscosity fluids and is reduced with the addition of thickening agents. The series of experiments 

carried out by Barree and Conway in 1994 was the first extensive study which showed that 

density-driven convective flow occurs in the presence of fluid bulk density gradients. They also 

showed that the proppant settling velocities due to convective motion can be significantly faster 

than the settling of a single particle under Stokes’ Law.  

In 1995, Clark and Zhu reported results of proppant transport studies conducted with 

Newtonian and non-Newtonian (both non cross-linked and cross-linked) fluids. Their 

observations showed that convection is an important mechanism for proppant transport when 

Newtonian fluids are pumped into a slot with uniform width, but convection becomes less 

significant in a slot with non-uniform width.  



20 

 

2.3.5 Proppant Settling Correlations 

 Based on the experimental results (discussed in Section 2.3.4), several analytical and 

numerical equations were developed which can be used in hydraulic fracture simulators to 

predict the proppant transport and the final geometry of the propped length during treatment 

design. In case of low viscosity fluids, Babcock et al. (1967) were the first to develop 

correlations using ‘equilibrium velocity’ and ‘bank-buildup constant’ which can predict the 

proppant settling in both Newtonian and non-Newtonian fluids. Schols and Visser (1974) 

extended the work and developed analytical relations to predict the maximum dune height and 

length. Daneshy (1975) and Novotny (1977) also developed numerical equations which 

incorporated the parameters such as fluid leak-off into the formation, increase in sand 

concentrations due to excessive leak-off to the formation, wall effects, and hindered settling 

velocity.  

 But the works of Patankar et al. (2002) and Wang et al. (2003) in the form of power and 

bi-power law correlations have become a standard in the petroleum industry over the past 

decade. Both the power and the bi-power law correlations to predict the bed load transport of 

fracturing slurries are based on the experiments carried out at STIM-LAB Inc. The tests carried 

out at STIM-LAB resulted in very similar results as that of Kern et al. (1959). Two types of 

experiments were conducted at the STIM-LAB. The power law correlations were developed for 

the scenario when only fluid was pumped (i.e. proppant rate was zero) with proppant dune 

initially placed in the parallel-plate Plexiglas slot. During these experiments, the pumped fluid 

was observed to erode away the previously pumped proppant dune. The size of the gap (between 

the top of the slot and top of the dune) was seen to be directly proportional to the clean fluid 

velocity.  
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The following power law correlation, Equation 2.2, was developed by Patankar et al. 

(2002) to predict the gap height when only clean fluid is pumped: 

  (2.2) 

 

where, 

  H = Clean Fluid Zone Height, cm 

  W = Fracture width, cm 

 Rf  = Fluid Reynolds number, unitless 

 RG = Gravity Reynolds number, unitless 

    a = Coefficient, f(RG), unitless  

   m = Coefficient, f(RG), unitless 

 

Since the power law correlation is in dimensionless form and is also independent of the 

fracture and formation height, it can be used to easily convert the results from 2D to 3D 

(Patankar et al., 2002).  

 Bi-power law correlations were developed for the scenario when both fluid and proppant 

were pumped at a constant rate. During these tests, proppant movement and settling was 

observed until the system reaches equilibrium and a traction carpet appears to be transporting 

proppant further along the length of the fracture. The following bi-power law correlations, 

Equations 2.3 and 2.4, were developed by Wang et al. (2003) to predict the heights of the clean 

fluid zone and the traction carpet: 
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where, 

 H1 = Height of clean fluid and the settled proppant bed combined, cm 

 H2 = Height of clean fluid zone, cm 

 W    = Fracture width, cm 

Rf  = Fluid Reynolds number, unitless 

RG = Gravity Reynolds number, unitless 

Rp  = Proppant Reynolds number, unitless 

  λ  = Gravity Reynolds number for the fluid, unitless 
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CHAPTER 3 

LABORATORY EXPERIMENTS 

 

 The purpose of these laboratory experiments is to investigate proppant transport in 

complex fracture systems in a low-pressure laboratory setting. A series of complex slot 

configurations were created and slickwater slurries were pumped through them. A detailed 

description of the experimental laboratory apparatus, test procedures, the model scaling and test 

cases are presented in this chapter.  

 

3.1 Experimental Setup 

The experimental apparatus for this research was developed to study proppant transport 

during slickwater fracturing treatments by pumping freshwater slurry through the apparatus. The 

experimental apparatus consisted of several slot configurations to mimic different complex 

fracture networks. The following sections discuss the specific components of the experimental 

setup. 

 

3.1.1 Experimental Apparatus 

The apparatus consisted of a large Plexiglas frame, a water tank, a submersible sump 

pump, a sand hopper, water-filled acrylic boxes, slot configurations prepared using Plexiglas 

sheets, a flow meter, a flow line, an inlet manifold, a discharge manifold, an industrial vibrator 

and two variable transformers. A schematic of the overall setup is shown in Figure 3.1.  

The laboratory experiments were conducted in a large Plexiglas frame with inner 

dimensions of 4’11” x 3’ x 3’, as shown in Figure 3.2. The water tank (inner dimensions of 3’6”  
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Figure 3.1: Schematic of the experimental setup. The sand, stored in the sand hopper, was mixed 

with water due to the suction force of the pump in the water tank. The slurry was pumped into 

the Plexiglas frame by the submersible pump via inlet manifold. With most of the sand settling in 

the slot configuration (in the Plexiglas frame) during Case 1, water flowed back to the water tank 

via the discharge manifold. No sand was added to the flow loop during Case 2. 

 

x 10.5” x 1’1.5”) was used to store the water and was kept on a transmission lift at the side of the 

Plexiglas frame, as shown in Figure 3.3. The height of the transmission lift was adjusted to keep 

the pump outlet at the same height as the manifold inlet in order to reduce the head pressure, thus 

minimizing the sand settling in the flow line. Sand was stored in the sand hopper with the 
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opening positioned directly above the water tank. The sand hopper had a dial installed at the 

bottom which allowed various sand concentrations to be introduced. An industrial vibrator was 

installed on the sand hopper to provide horizontal oscillations and was connected to a variable 

transformer to vary the input voltage and, accordingly, alter the vibrations.  

The submersible pump (which was modified to handle water and sand) was connected to 

the inlet manifold via a braided rubber hose (with two 90-degree bends) and a flow line made up 

of 1.25” Schedule 40 PVC tubing. The pump was connected to another variable transformer to 

alter the output flow rate. Donut-shaped plates were also installed near the pump inlet to control 

the output flow rate.  The flow meter, installed between the pump and the inlet manifold, 

measured the slurry (water and sand) rate in real-time during the course of the experiments. An 

inlet manifold, with six ball valves (inner diameter of each inlet is approximately 0.6”), was 

attached to the outside of the Plexiglas frame. With six ball valves in place, these six openings 

had the flexibility of being controlled separately to mimic different perforation schemes. 

Two different flow systems were constructed during the design phase to accomplish the 

research objectives. Figures 3.2 and 3.3 show the original system that was initially developed. 

This original system consisted of a large Plexiglas frame with acrylic 1’ x 1’ x 1’ boxes inside 

that can be used to mimic a variety of fracture orientations in both vertical and horizontal 

directions.  

 Due to its ease of handling, a modified system was used for data collection for the 

remainder of the research. Figure 3.4 shows the schematic diagrams of the modified flow system, 

while Figures 3.5 to 3.8 show the actual pictures of the modified system prepared using Plexiglas 

sheets inside the main Plexiglas frame. The original system can still be used for future work to 

construct complex fracture networks with leakoff. 
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Different slot configurations (discussed in detail in Section 3.1.2) were made within the 

large Plexiglas frame using either the water-filled acrylic boxes (1’ x 1’ x 1’ each) or Plexiglas 

sheets, depending on the flow system used. In order to have a closed system, a top cover was 

installed and was held in place using clamps (as shown in Figure 3.3). A discharge manifold, 

with five ball valves, was installed on the exterior of the large Plexiglas frame for two main 

purposes: 1) to keep the closed Plexiglas system in equilibrium during the experiment, and 2) to 

recycle the water which maintained the water injection rate. Two small leak-off points were also 

installed on the top cover to stop accidental ballooning of the cover, as shown in Figure 3.3. One 

or two video cameras were used to capture the proppant buildup and the erosion of proppant 

during the laboratory experiments (which are explained in Section 3.4). 

 

 
Figure 3.2: Testing system showing different parts of apparatus (without top cover). 
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Figure 3.3: Testing system showing different parts of apparatus (with top cover). 

 

3.1.2 Slot Configurations  

For this study, four different slot configurations were built, as shown in Figure 3.4. To 

increase the complexity of the slot configurations, each slot system consisted of a primary slot, 

representing a dominant, main fracture, with a varying number of secondary slots placed at 90-

degree angles to the primary slot. In all four slot configurations, the primary slot was vertical in 

orientation and had dimensions of 4’ (length) x 2’ (height). The length of the primary slot was 

twice the height of the primary slot in order to minimize the exit effects within the slot 

configuration. For all of the four configurations, the width of the slots was fixed at 0.215”. 
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Figure 3.4: Schematic diagrams of the four different slot configurations – Top view. 

 

 The base case single vertical configuration, as shown in Figure 3.4a, consisted of the 

primary slot alone. The T-1 slot configuration, as shown in Figure 3.4b, consisted of a single 

vertical slot (4 ft in length) with a single “T” intersection placed at 2.5 ft after the fluid entry 

point from the left. The T-2 slot configuration, as shown in Figure 3.4c, consisted of a single 

vertical slot (4 ft in length) with two “T” intersections, placed at 2.5 ft and 3 ft after the fluid 

entry point from the left. Finally, the H-1 slot configuration, as shown in Figure 3.4d, consisted 

of a single vertical slot (4 ft in length) with a 1 ft long horizontal slot placed at 2 ft after the fluid 

entry point from the left. The horizontal slot was placed exactly in the center of the primary slot, 

i.e. at 1 ft from the top of the primary slot. 
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Figure 3.5: Modified experimental set-up with a single vertical slot system (4 ft in length). The 

white arrow shows the direction of the flow. 

 

 
Figure 3.6: Modified experimental set-up with a single vertical slot system with a single “T” 

intersection placed at 2.5 ft after the entry point (primary slot is 4 ft long). The white arrows 

show the direction of the flow. 
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Figure 3.7: Modified experimental set-up with a single vertical slot system with two “T” 

intersections, placed at 2.5 ft and 3 ft after the entry point (primary slot is 4 ft long). The white 

arrows show the direction of the flow. 

 

 
Figure 3.8: Modified experimental set-up with a single vertical slot system and a horizontal slot 

placed at 2 ft after the entry point (primary slot is 4 ft long). The white arrows show the direction 

of the flow. 
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3.1.3 Slickwater Slurry 

For this experimental study, tap water with two different sizes of proppants was used to 

mimic a slickwater fracturing slurry. No fluid additives of any kind were included in the water 

system. Proppants of size 30/70 and 100 mesh were used for the experiments because they are 

currently being used by the project sponsor in the Fayetteville shale. The sand was provided by 

the project sponsor from their internal sand plant, with representative sieve distributions shown 

in Figure 3.9. The detailed original sieve distribution for the 30/70 and 100 mesh sand is shown 

in Tables 3.1 and 3.2.  

 

 

Figure 3.9: Original sieve distribution for 30/70 and 100 mesh sand. 
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Table 3.1: Sieve Distribution for 30/70 Mesh Sand Used 

 

Mesh 

Size 

Proppant  

Diameter  

(inch) 

Passing Frequency 

20 0.0331 100.0% 0 

30 0.0234 95.2% 4.8 

40 0.0165 76.0% 19.2 

50 0.0117 32.2% 43.8 

60 0.0098 15.5% 16.7 

70 0.0083 5.1% 10.4 

100 0.0059 0.0% 5.1 

140 0.0041 0.0% 0 

200 0.0029 0.0% 0 

 

Table 3.2: Sieve Distribution for 100 Mesh Sand Used 

 

Mesh 

Size 

Proppant  

Diameter  

(inch) 

Passing Frequency 

20 0.0331 100.0% 0 

30 0.0234 100.0% 0 

40 0.0165 100.0% 0 

50 0.0117 99.2% 0.8 

60 0.0098 97.9% 1.3 

70 0.0083 73.2% 24.7 

100 0.0059 20.5% 52.7 

140 0.0041 6.3% 14.2 

200 0.0029 1.4% 4.9 

 

3.2 Model Scaling 

Scaling calculations were performed to determine the flow rates at which to pump the 

slurry into the slot systems. Design of laboratory experiments requires careful consideration of 

scaling laws to replicate the physics of fluid-driven proppant transport occurring in the field. de 

Pater et al. (1994) argued that having a correct scaling of physical phenomena is important for 

accurate interpretation of results. Correct representation of the frac fluid velocity across the 

fracture face forms the basis of the scaling calculation for this research. 
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In the case of naturally fractured reservoirs, the presence of primary and secondary 

fractures increases the possibility of complex fracture networks occuring during hydraulic 

fracture treatments, as shown in Figure 3.10. Microseismic fracture mapping results from tight 

gas shale plays have confirmed the creation of complex fracture networks. Microsesimic fracture 

mapping results from the Barnett shale are shown in Figure 3.11. The typical thickness of major 

shale plays in the US varies from 100 to 600 ft (Kennedy et al., 2012).  

 

Figure 3.10: Schematic diagrams of levels of fracture complexity (from Warpinski et al., 2008). 

 

With the project sponsor’s current operations being focused on the development of the 

Fayetteville shale in Arkansas, most of the field parameters for the scaling analysis were taken 

from Fayetteville shale completion designs. The Fayetteville shale belongs to the Mississippian-

age and varies in depth from 1,500 to 6,500 ft. The formation thickness varies from 50 to 550 ft 

across the field. 

Based on an analysis carried out in 2002, the Fayetteville shale was found to exhibit 

productivity  comparable  to  the  Barnett  shale  with  similar  rock  and fluid properties. Current 
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Figure 3.11: Microseismic results from Barnett shale showing the complex fracture network 

created (from Warpinski et al., 2008). 

 

completion designs include large slickwater fracture stimulations and involve pump rates of 

around 100 barrels/min. Discrete Fracture Network (DFN) modeling is being employed for the 

treatment design which utilizes 30/70 and 100 mesh sand and includes ramp schedules to a 

maximum sand concentration of 4 lb/gal. Microseismic monitoring carried out in the Fayetteville 

has confirmed the presence of complex fracture networks. The downward growth of the fracture 

is also seen due to the absence of fracture barriers, especially in the eastern portion of the field 

(Harpel et al., 2012). 

For the scaling analysis, a pump rate of 100 bbl/min was assumed with a fracture width 

of 0.2” and a fracture height in the range of 200 to 400 ft. Frac fluid velocity across the fracture 

face (i.e. the fracture opening at the wellbore) was used as the basis for the scaling analysis. 

Using the field parameters above, the pump rate of 100 bbl/min in the field translates to a pump 

rate of approximately 45 gal/min in the laboratory for a fracture height of 200 ft and 
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approximately 22 gal/min for a fracture height of 400 ft.  

Although the fracture treatments in the field are pumped at around 100 bbl/min, it can be 

reasoned that the velocity down any one fracture at any given time can vary greatly, as shown in 

Figure 3.12. While the figure 3.12 shows the flow distribution of 100 bbl/min downhole, it 

should be noted that each treatment stage consists of 5-6 clusters, and thus, the flow rate would 

vary in the range of 17-20 bbl/min per cluster and would affect the fluid velocity within the 

created fractures (Olson, 2011). After discussions with the project sponsor and taking 

experimental trial-and-error into account, laboratory tests were carried out with the pump rate in 

the range of 5-20 gal/min. The complete scaling analysis calculation can be found in Appendix 

A. 
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Figure 3.12: Schematic diagram showing hypothetical flow distribution downhole for a surface 

100 bbl/min flowrate, assuming minimal fluid-loss to the formation.  
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3.3 Design of Experiments  

 For this study, in addition to varying the slot complexity, parameters including proppant 

size, pump rate, proppant concentration, and the number of open inlet valves (i.e. perforations) 

were varied to observe how they affect the proppant transport in these slot systems. A total of 

twenty-seven (27) test cases were run in four types of slot configurations. 

 

3.3.1 Experimental Parameters  

For this study, it is speculated that the proppant transport in the presence of complex 

fracture networks is influenced by the proppant size, pump rate and the proppant concentration. 

As a preliminary study to investigate the efficiency with which the proppant is transported from 

the primary to secondary fractures, four different slot configurations were fabricated as described 

in Section 3.1.2. The developed laboratory model was used to carry out a systematic parametric 

study using combinations of the proppant size, pump rate and the proppant concentration.  

Several test parameters were adopted because they are currently in use by the project sponsor in 

the Fayetteville completion design. 

All the experiments were carried out using natural sand of two different sizes – 30/70 and 

100 mesh. Tests were carried out with the pump rate in the range of 5-20 gal/min and the sand 

concentration in the range of 0.46-7.11 lb/min. For the preliminary tests carried out with the 

original flow system (using acrylic boxes), the number of open valves (i.e. perforations) was 

varied between tests to observe and record changes in proppant transport.  
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3.3.2 Test Cases 

A total of twenty-seven (27) different test cases were run in four different types of slots. 

Table 3.3 shows a summary of all the tests carried out. In order to minimize the number of 

experimental runs and to maximize the information gathered from these experiments, tests were 

carried out at five pre-determined pump rates (two tests with 100 mesh sand and three tests with 

30/70 mesh sand) with fixed sand concentrations. With the 30/70 mesh sand, low (≈5 gal/min), 

medium (≈12 gal/min), and high (≈18 gal/min) pump rates were used, whereas, with 100 mesh 

sand, only low (≈5 gal/min) and medium (≈12 gal/min) pump rates were used. The high pump 

rate (≈18 gal/min) was not used for 100 mesh sand because of the visibility issues observed 

during Test 9. Page 8 in ‘Appendix B - Screenshots.pdf’ shows the snapshots captured from the 

video recorded during Test 9. Sand concentration was varied in the range of 0.09-0.89 lb/gal. 

The first four (4) documented tests were carried out using the original flow system, while the 

remaining twenty-three (23) tests were carried out using the modified flow system. 

 

3.4 Experimental Test Procedures 

 

 The general test procedures for this study include the installation of the slot configuration 

(which represents the complex fracture network), injection of the slurry (water and sand) using a 

submersible pump at a constant flow rate and the observation of the proppant flow through the 

slot configuration. To achieve the objectives of the research, experiments were carried out under 

fully controlled laboratory conditions. The parameters that were varied for each test included 

proppant size, pump rate and proppant concentration, while the slot width, slurry density and 

slurry viscosity were fixed (refer to Table 3.3).  
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Table 3.3: Summary of Tests Performed 

 

Test # 
Slot  

Configuration 

Proppant 

Size (mesh 

size) 

Dirty Rate 

(gal/min) 

Perforations 

open 

Opening on 

sand hopper 

Closure at the 

end of slot 

1 

Single Vertical 

Slot 

20/40 25 4 0.5” 18” 

2 30/70 24.5 3 0.5” 18” 

3 30/70 35 4 0.5” 18” 

4 30/70 22.4 3 0.375” 18” 

5 30/70 23 3 0.5” 12” 

6 30/70 23.8 3 0.5” 
Open with 

acrylic boxes 

7 30/70 5.2 4 0.25” Open 

8 100 5.2 4 0.25” 8” 

9 100 20.8 3 0.5” 8” 

10 

T-1 

30/70 17.6 4 0.5” 18” 

11 30/70 5.4 4 0.25” 8” 

12 30/70 5.2 4 0.5”/ 0.375” 18” 

13 100 10.9 4 0.375” 18” 

14 100 5.2 4 0.25” 8” 

15 30/70 12.7 4 0.375” 18” 
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Table 3.3: Summary of Tests Performed (con’t) 

 

Test # 
Slot  

Configuration 

Proppant 

Size (mesh 

size) 

Dirty Rate 

(gal/min) 

Perforations 

open 

Opening on 

sand hopper 

Closure at the 

end of slot 

16 

T-2 

30/70 13.1 4 0.375” 18” 

17 30/70 15.4 4 0.5” 18” 

18 30/70 5.1 4 0.25” 8” 

19 100 5.3 4 0.25” 8” 

20 100 11.3 4 0.375” 18” 

21 

H-1 

100 10.2 4 0.375” 18” 

22 100 4.8 4 0.25” 8” 

23 100 5.3 4 0.25” 8” 

24 30/70 14.1 4 0.5” 18” 

25 30/70 11.0 4 0.375” 18” 

26 30/70 5.3 4 0.25” 8” 

27 30/70 20.2 4 0.5” 18” 

 

Note: 

1) The dirty rate (in gal/min) in Table 3.3 refers to the weighted average of the pump rates recorded during each experiment. 

2) For Test 12, sand was added using a 0.5” opening on the sand hopper for 3:10 minutes, but the opening was then changed to 

0.375” for the next 5:10 minutes of proppant buildup. The weighted rate average for the first 3:10 minutes was 6.45 gal/min, 

whereas for the next 5:10 minutes, it was 3.65 gal/min. 
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For each test, two cases were documented. Case 1 describes the scenario when the slot 

was empty to start with and slurry was pumped through while proppant deposition and transport 

were observed. Case 2 took place after the proppant mound had stabilized in the slot. At this 

time, the proppant was turned off, and only water was pumped through the system to mimic the 

sweep stages, and erosion of the mound was observed. Although the sweep stages are not 

pumped for long durations, Case 2 was pumped until the proppant dune had achieved 

equilibrium to better understand the proppant dune erosion behavior based on the pump rates and 

the duration of the sweep stages.  

In order to re-use the sand after each experiment, the wet sand was dried in an oven and 

sieved using a sieve shaker to remove any contaminants/debris. Two cameras (only one for base 

case single vertical slot configuration) were used to capture videos of Case 1 and Case 2 during 

the laboratory experiments. Visual observations and written notes were taken during the 

experiments to record any detailed observations which could only be seen with the naked eye. 

General procedures for the proppant transport experiments can be summarized as follows: 

1. For the original flow system, arrange the acrylic boxes to represent multiple complex 

fracture networks by making different configurations, or in the case of modified flow 

system, fabricate and install the new slot configuration; 

2. Fill the water tank with tap water; 

3. Install the top cover (for the large Plexiglas frame) and put clamps to make the closed 

Plexiglas system leak-proof; 

4. Adjust the flow meter to the desired value, using donut-shaped plate and the variable 

transformer to vary the input voltage to the pump; 

5. Start injecting water alone by turning on the submersible pump and achieve flow 
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equilibrium by adjusting the valves on the discharge manifold for leak-off; 

6. Start adding the sand from the sand hopper at the desired rate. Turn on the industrial 

vibrator to provide vibrations in horizontal plane which can be adjusted using the variable 

transformer; 

7. Record the pump rate and observe the proppant transport through the slot configuration 

(Case 1). Make sure the cameras are turned on to record the proppant flow; 

8. Record the observations and continue to pump the slurry until equilibrium is achieved; 

9. Once the proppant mound reaches equilibrium, turn off the sand and observe the proppant 

erosion (Case 2); 

10. Continue pumping water until the proppant mound reaches equilibrium; 

11. Stop pumping once the proppant mound reaches equilibrium, and open the drain on the 

large Plexiglas frame;  

12. Wait until the water is completely drained from the system. Clean the sand remaining in 

the slot configuration; and, 

13. Repeat Steps 1-12 as needed for the next experiment.  

NOTE: Being a low-pressure laboratory setup, pressures were not recorded during the 

experiments. 
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CHAPTER 4 

ANALYSIS OF EXPERIMENTAL RESULTS 

 

 This chapter presents the results of the laboratory experiments that were carried out for 

this study. The first section of this chapter includes the experimental results, while the second 

section of this chapter gives a detailed analysis of the experimental data. A total of twenty-seven 

(27) tests were carried out using four different configurations following the procedure detailed in 

Section 3.4. Two scenarios were investigated for each experiment – 1) the proppant transport and 

dune buildup in the slot, and 2) the proppant erosion with clean water being pumped through the 

slot (as described in Section 3.4). 

Note: The words ‘slot’ and ‘fracture’ has been used interchangeably to refer to the laboratory 

setting and the field application, respectively. 

  

4.1 Experimental Results 

 The results from the experimental stage are presented in the following six sub-sections. 

The six sections address the flow measurements through the dial opening, results with the single 

vertical slot configuration, results with the T-1 slot configuration, results with the T-2 slot 

configuration, results with the H-1 slot configuration, and the sieve analysis carried out with the 

30/70 and the 100 mesh sand. 

 

4.1.1 Quality Assurance on the Dial Opening on the Sand Hopper 

 As mentioned in Section 3.1.1, a dial was installed at the bottom of the sand hopper 

which allowed various sand concentrations to be added to the slurry. Inconsistent flow through 
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the holes on this dial can have a significant effect on the consistency of the sand concentration 

being added to the flow. An industrial vibrator was installed on the side of the sand hopper which 

provided horizontal vibrations to minimize the compaction of sand within the hopper, and thus, 

eliminate inconsistent sand flow. As the industrial vibrator was connected to the variable 

transformer, based on the amount of sand in the hopper, the vibrations could be controlled by 

varying the input voltage.  

Quality assurance (QA) was carried out on the sand hopper two times, once each before 

the single vertical slot experiments and the T-2 slot experiments, as there was no direct 

measurement of the amount of sand added to the flow during the course of the experiment. Since 

the opening on the dial was located directly beneath the funnel (at the bottom of the sand 

hopper), it was necessary to centralize the hole on the dial relative to the funnel opening to 

ensure consistent flow.  Methods utilized for QA included visual inspection of the holes at the 

bottom of the dial and direct measurement of the amount of sand introduced depending on the 

hole size and the vibrations provided by the industrial vibrator. The experiments involved adding 

sand using three different hole sizes – 1/4", 3/8” and 1/2" – so QA was done only for these three 

sizes. Since the vibrations in the actual experiments were varied depending upon the amount of 

sand in the hopper, QA was carried out for two cases – 1) the hopper was more than half full, and 

2) the hopper was more than half empty. This was done for each of these three hole sizes. Table 

4.1 includes the results of the QA work which was carried out for the base case single vertical 

slot configuration and the T-2 slot configuration. The sand rates (in units of lb/min) entered in 

Table 4.1 are the average values of five measurements taken for each hole size. Figures 4.1 and 

4.2 compare the QA results for the two cases. 
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Table 4.1: Results of Quality Assurance Work 

 

Hole Size of the 

Dial 

CASE - 1 

More Than Half FULL Sand Hopper 

CASE - 2 

More Than Half EMPTY Sand 

Hopper 

Before single 

vertical slot tests 

Before T-2 slot 

tests 

Before single 

vertical slot tests 

Before T-2 slot 

tests 

1/4" 0.50 lb/min 0.49 lb/min 0.44 lb/min 0.43 lb/min 

3/8” 2.31lb/min 2.32 lb/min 1.98 lb/min 1.98 lb/min 

1/2" 7.08 lb/min 7.11 lb/min 7.13 lb/min 7.11 lb/min 

 

 

 

Figure 4.1: Results from quality assurance work with more than half FULL sand hopper. The 

results from ‘Before Single Vertical slot tests’ and ‘Before T-2 slot tests’ were found to overlay 

each other during the graphical representation of the data. 
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Figure 4.2: Results from quality assurance work with more than half EMPTY sand hopper. The 

results from ‘Before Single Vertical slot tests’ and ‘Before T-2 slot tests’ were found to overlay 

each other during the graphical representation of data. 

 

4.1.2 Preliminary Experimental Results with Single Vertical Slot Configuration 

Tests were carried out to compare the experimental results with published data in 

literature involving single vertical slot configuration. After setting up the new laboratory 

apparatus to perform proppant transport tests, several runs were conducted to test the operating 

range of the equipment with respect to fluid pump rate and sand flow rate.  

During the early stages of the project, the two different flow systems were tested to 

accomplish the project objectives (as described in Section 3.1.3). The first four tests (Test 1 to 

Test 4) were conducted using the original acrylic box flow system, while the next five tests (Test 

5 to Test 9) were carried out using the modified Plexiglas slot flow system which was better 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

0 0.1 0.2 0.3 0.4 0.5 0.6

Sa
n

d
 R

at
e 

(l
b

/m
in

)

Hole size at the bottom of the sand hopper

Before Single Vertical slot tests Before T-2 slot tests



46 

 

suited for observing variations in pump rate, proppant concentration, proppant size and number 

of open perforations.  

As described in Section 3.4, two cases were documented for each test. During Case 1, 

slurry (sand and water) was pumped in to an empty slot while proppant deposition and transport 

was observed. Case 2 took place after the proppant dune had stabilized in the slot and clean 

water was pumped to observe the erosion of the dune.  

Table 4.2 includes the test parameters for the nine preliminary experiments conducted for 

the base case single vertical slot configuration. Pages 2-8 in ‘Appendix B - Screenshots.pdf’ 

show the snapshots captured from the videos recorded showing the proppant movement during 

the experiments. Snapshots from Test 7 are presented in Figures 4.3 and 4.4 as an example of the 

results. 

 

Table 4.2: Preliminary Experimental Test Parameters for the Base Case Single Vertical Slot 

Configuration 

 

Test 

# 

Proppant 

Size (mesh 

size) 

Dirty 

Rate 

(gal/min) 

Perforations 

open 

Opening 

on sand 

hopper 

Sand Rate 

(lb/min)  

Closure at 

the end of 

slot 

1 20/40 25.0 4 0.500” 7.11 18” 

2 30/70 24.5 3 0.500” 7.11 18” 

3 30/70 35.0 4 0.500” 7.11 18” 

4 30/70 22.4 3 0.375” 2.15 18” 

5 30/70 23.0 3 0.500” 7.11 12” 

6 30/70 23.8 3 0.500” 7.11 
Open with 

acrylic boxes 

7 30/70 5.2 4 0.250” 0.47 Open 
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Table 4.2: Preliminary Experimental Test Parameters for the Base Case Single Vertical Slot 

Configuration (con’t) 

 

8 100 5.2 4 0.250” 0.47 8” 

9 100 20.8 3 0.500” 7.11 8” 

Note: Sand rate (in units of lb/min) in Table 4.2 has been entered based on the quality analysis 

results presented in Table 4.1. 

 

Figures 4.3 and 4.4 show the primary vertical slot for the base case single vertical slot 

configuration with the modified Plexiglas slot flow system for Test 7, Case 1 and Case 2 

respectively. For Case 1, 30/70 mesh sand was pumped at an average pump rate of 5.2 gal/min. 

The camera was placed at a 90-degree angle to the primary vertical slot to capture the proppant 

transport. The times shown in the figure refer to times since the start of Case 1, i.e. since the start 

of the slurry. The different snapshots show the dune buildup with time in the primary vertical 

slot with the maximum dune height marked in inches. For Case 2, clean water was pumped at an 

average pump rate of 5.1 gal/min. The times shown in the figure refer to times since the start of 

Case 2, i.e. since the start of the clean water. The different snapshots show the erosion of the 

proppant dune with time in the primary vertical slot with the maximum dune height marked in 

inches. 

 

4.1.3 Experimental Results with T-1 Slot Configuration 

 The T-1 slot configuration consisted of a single vertical slot (4 ft in length) with a single 

“T” intersection placed at 2.5 ft after the fluid entry point on the left. All these tests were carried 

out  using  the modified  Plexiglas slot  flow system. During the experiments carried out with the  
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Figure 4.3: Six snapshots of the primary vertical slot from Test 7, Case 1. 
 

 

Figure 4.4: Six snapshots of the primary vertical slot from Test 7, Case 2.  
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single vertical slot configuration, it was observed that the bottom perforations tended to plug up 

during the low rate experiments. Thus, it was decided to keep all four perforations, attached to 

the slot, open at the beginning of the experiment. Table 4.3 includes the test parameters for the 

six experiments conducted for the T-1 slot configuration. 

Pages 9-32 in ‘Appendix B - Screenshots.pdf’ show the snapshots captured from the 

videos recorded showing the proppant movement during the experiments. Snapshots from Test 

15 are presented in Figures 4.5 to 4.8 as an example of the results. 

 

Table 4.3: Experimental Test Parameters for the T-1 Slot Configuration 

 

Test 

# 

Proppant 

Size (mesh 

size) 

Dirty 

Rate 

(gal/min) 

Perforations 

open 

Opening 

on sand 

hopper 

Sand Rate 

(lb/min)  

Closure at 

the end of 

slot 

10 30/70 17.6 4 0.5” 7.11 18” 

11 30/70 5.4 4 0.25” 0.47 6” 

12 30/70 5.2 4 
0.5”/ 

0.375” 
7.11/2.15 18” 

13 100 10.9 4 0.375” 2.15 18” 

14 100 5.2 4 0.25” 0.47 6” 

15 30/70 12.7 4 0.375” 2.15 18” 

Note: Sand rate (in units of lb/min) in Table 4.3 has been entered based on the quality analysis 

results presented in Table 4.1. 

 

Figures 4.5 and 4.6 show the primary vertical slot for the T-1 slot configuration with the 

modified Plexiglas slot flow system for Test 15, Case 1 and Case 2 respectively. For Case 1, 
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30/70 mesh sand was pumped at an average pump rate of 12.7 gal/min. The camera was placed 

at a 90-degree angle to the primary vertical slot to capture the proppant transport. The times 

shown in the figure refer to times since the start of Case 1, i.e. since the start of the slurry. The 

different snapshots show the dune buildup with time in the primary vertical slot with the 

maximum dune height marked in inches. For Case 2, clean water was pumped at an average 

pump rate of 12.5 gal/min. The times shown in the figure refer to times since the start of Case 2, 

i.e. since the start of the clean water. The different snapshots show the erosion of the proppant 

dune with time in the primary vertical slot with the maximum dune height marked in inches. 

 

 

Figure 4.5: Six snapshots of the primary vertical slot from Test 15, Case 1.  
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Figure 4.6: Six snapshots of the primary vertical slot from Test 15, Case 2. 

 

Figures 4.7 and 4.8 show the secondary vertical slot for the T-1 slot configuration with 

the modified Plexiglas slot flow system for Test 15, Case 1 and Case 2 respectively. For Case 1, 

30/70 mesh sand was pumped at an average pump rate of 12.7 gal/min. The camera was placed 

at a 45-degree angle to the primary vertical slot to capture the proppant transport through the 

secondary vertical slot. The times shown in the figure refer to times since the start of Case 1, i.e. 

since the start of the slurry. The different snapshots show the dune buildup with time in the 

secondary vertical slot with the maximum dune height marked in inches. For Case 2, clean water 

was pumped at an average pump rate of 12.5 gal/min. The times shown in the figure refer to 

times since the start of Case 2, i.e. since the start of the clean water. The different snapshots 

show the erosion of the proppant dune with time in the secondary vertical slot with the maximum 

dune height marked in inches. 
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Figure 4.7: Six snapshots of the secondary vertical slot from Test 15, Case 1. 
 

 

Figure 4.8: Six snapshots of the secondary vertical slot from Test 15, Case 2.  
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4.1.4 Experimental Results with T-2 Slot Configuration 

The T-2 slot configuration consisted of a single vertical slot (4 ft in length) with two “T” 

intersections, placed at 2.5 ft and 3 ft after the fluid entry point on the left. All these tests were 

carried out using the modified Plexiglas slot flow system. During the experiments carried out 

with the single vertical slot configuration, it was observed that the bottom perforations tended to 

plug up during the low rate experiments. Thus, it was decided to keep all four perforations, 

attached to the slot, open at the beginning of the experiment. Table 4.4 includes the test 

parameters for the five experiments conducted for the T-2 slot configuration. 

Pages 33-52 in ‘Appendix B - Screenshots.pdf’ show the snapshots captured from the 

videos recorded showing the proppant movement during the experiments. Snapshots from Test 

16 are presented in Figures 4.9 to 4.12 as an example of the results. 

 

Table 4.4: Experimental Test Parameters for the T-2 Slot Configuration 

 

Test 

# 

Proppant 

Size (mesh 

size) 

Dirty 

Rate 

(gal/min) 

Perforations 

open 

Opening 

on sand 

hopper 

Sand Rate 

(lb/min)  

Closure at 

the end of 

slot 

16 30/70 13.1 4 0.375” 2.15 18” 

17 30/70 15.4 4 0.5” 7.11 18” 

18 30/70 5.1 4 0.25” 0.46 6” 

19 100 5.3 4 0.25” 0.46 6” 

20 100 11.3 4 0.375” 2.15 18” 

Note: Sand rate (in units of lb/min) in Table 4.4 has been entered based on the quality analysis 

results presented in Table 4.1. 
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Figures 4.9 and 4.10 show the primary vertical slot for the T-2 slot configuration with the 

modified Plexiglas slot flow system for Test 16, Case 1 and Case 2 respectively. For Case 1, 

30/70 mesh sand was pumped at an average pump rate of 13.1 gal/min. The camera was placed 

at a 90-degree angle to the primary vertical slot to capture the proppant transport. The times 

shown in the figure refer to times since the start of Case 1, i.e. since the start of the slurry. The 

different snapshots show the dune buildup with time in the primary vertical slot with the 

maximum dune height marked in inches. For Case 2, clean water was pumped at an average 

pump rate of 12.7 gal/min. The times shown in the figure refer to times since the start of Case 2, 

i.e. since the start of the clean water. The different snapshots show the erosion of the proppant 

dune with time in the primary vertical slot with the maximum dune height marked in inches. 

 

 

Figure 4.9: Six snapshots of the primary vertical slot from Test 16, Case 1.  
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Figure 4.10: Six snapshots of the primary vertical slot from Test 16, Case 2.  

 

Figures 4.11 and 4.12 show the secondary vertical slot for the T-2 slot configuration with 

the modified Plexiglas slot flow system for Test 16, Case 1 and Case 2 respectively. For Case 1, 

30/70 mesh sand was pumped at an average pump rate of 13.1 gal/min. The camera was placed 
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secondary slots. The times shown in the figure refer to times since the start of Case 1, i.e. since 

the start of the slurry. The different snapshots show the dune buildup with time in the secondary 

vertical slots with the maximum dune height marked in inches. For Case 2, clean water was 

pumped at an average pump rate of 12.7 gal/min. The times shown in the figure refer to times 

since the start of Case 2, i.e. since the start of the clean water. The different snapshots show the 

erosion of the proppant dune with time in the secondary vertical slots with the maximum dune 

height marked in inches. 
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Figure 4.11: Six snapshots of the two secondary vertical slots from Test 16, Case 1. 
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Figure 4.12: Six snapshots of the two secondary vertical slots from Test 16, Case 2. 
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Table 4.5: Experimental Test Parameters for the H-1 Slot Configuration 

 

Test 

# 

Proppant 

Size (mesh 

size) 

Dirty 

Rate 

(gal/min) 

Perforations 

open 

Opening 

on sand 

hopper 

Sand Rate 

(lb/min)  

Closure at 

the end of 

slot 

21 100 10.2 4 0.375” 2.15 18” 

22 100 4.8 4 0.25” 0.46 8” 

23 100 5.3 4 0.25” 0.46 8” 

24 30/70 14.1 4 0.5” 7.11 18” 

25 30/70 11.0 4 0.375” 2.15 18” 

26 30/70 5.3 4 0.25” 0.46 8” 

27 30/70 20.2 4 0.5” 7.11 18” 

Note: Sand rate (in units of lb/min) in Table 4.5 has been entered based on the quality analysis 

results presented in Table 4.1. 

 

Figures 4.13 and 4.14 show the primary vertical slot for the H-1 slot configuration with 

the modified Plexiglas slot flow system for Test 25, Case 1 and Case 2 respectively. For Case 1, 

30/70 mesh sand was pumped at an average pump rate of 11.1 gal/min. The camera was placed 

at a 90-degree angle to the primary vertical slot to capture the proppant transport. The times 

shown in the figure refer to times since the start of Case 1, i.e. since the start of the slurry. The 

different snapshots show the dune buildup with time in the primary vertical slot with the 

maximum dune height marked in inches. For Case 2, clean water was pumped at an average 

pump rate of 10.7 gal/min. The times shown in the figure refer to times since the start of Case 2, 

i.e. since the start of the clean water. The different snapshots show the erosion of the proppant 

dune with time in the primary vertical slot with the maximum dune height marked in inches. 
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Figure 4.13: Six snapshots of the primary vertical slot from Test 25, Case 1. 

 

Figure 4.14: Six snapshots of the primary vertical slot from Test 25, Case 2. 
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Figures 4.15 and 4.16 show the secondary horizontal slot for the H-1 slot configuration 

with the modified Plexiglas slot flow system for Test 25, Case 1 and Case 2 respectively. For 

Case 1, 30/70 mesh sand was pumped at an average pump rate of 11.1 gal/min. The camera was 

placed at a 90-degree angle to the secondary horizontal slot to capture the proppant transport 

through the secondary slot. The times shown in the figure refer to times since the start of Case 1, 

i.e. since the start of the slurry. For Case 2, clean water was pumped at an average pump rate of 

10.7 gal/min. The times shown in the figure refer to times since the start of Case 2, i.e. since the 

start of the clean water. The different snapshots show the erosion of the proppant dune with time 

in the primary vertical slot with the maximum dune height marked in inches. 

 

Figure 4.15: Six snapshots of the secondary horizontal slot from Test 25, Case 1. The direction 

of the flow in the primary vertical slot was from right to left.  
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Figure 4.16: Six snapshots of the secondary horizontal slot from Test 25, Case 2. The direction 

of the flow in the primary vertical slot was from right to left.  
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vertical slot (refer to Figure 4.13). As the peak of the dune buildup in the primary vertical slot 

approached the height of the secondary horizontal slot around 5:00 minutes, the secondary 

horizontal slot was only partially open for the proppant transport. The proppant transport through 

the secondary horizontal slot ceased completely around 6:00 minutes as the dune buildup in the 

primary vertical slot completely covered the entrance to the secondary horizontal slot. 

In Figure 4.16, the secondary horizontal slot remained blocked until the proppant dune in 

the primary vertical slot was eroded below the level of the horizontal slot. Flow through the 

horizontal slot started after 115:00 minutes of pumping clean water, and was completely cleaned 

up in the next fifteen minutes. 

 

4.1.6 Sieve Analysis (30/70 and 100 mesh) 

 Experiments carried out with 100 mesh sand indicated some potentially interesting 

behavior. It was evident to the naked eye that the sand settling and forming the dune consisted of 

larger particles, while the sand that was being transported out of the slot was smaller sized. This 

behavior could greatly impact overall proppant transport and the resulting conductivity in field 

situations.  

Sand samples were taken from different areas to validate the size segregation for both 

30/70 and 100 mesh sand. The sand samples collected were dried in an oven for over 12 hours at 

a temperature of 425 degree Fahrenheit, to prevent any sand clumping during the sieve analysis. 

A weight-based, dry-sieve analysis was carried out to determine the particle size distribution 

using calibrated sieves. The sieves were nested in order of decreasing size from the top to 

bottom. The sand sample was placed on the top sieve and the nested sieves were shaken using a 

mechanical shaker for approximately 15 minutes to provide complete sand segregation.  
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Figures 4.17 to 4.28 include the individual sieve analysis pertinent to different sand 

samples collected from different areas within the laboratory apparatus during various tests. The 

results from the sieve analysis carried out are summarized in ‘Appendix B – Sieve Analysis 

Results.xls’. In order to have consistency in the results, the same sieves were used for the sieve 

analysis during the T-1, T-2 and H-1 slot experiments. 

During the sieve analysis, the sand samples were taken from the inside and immediately 

outside each slot exits. Therefore, the finer particles, especially in the case of 100 mesh sand, 

which were either held in suspension or have travelled outside the sampling areas were not 

captured for the sieve analysis.  

Due to the low-viscosity, the slickwater slurry has a very poor proppant carrying 

capacity. As a result, at the beginning of the experiment, most of the sand is deposited closer to 

the wellbore and starts building the dune. This was confirmed by the laboratory experiments 

carried out for this research. It was also observed that the location and the time for the dune 

buildup were dependent on the pump rate, the sand concentration and the size of the proppant.  

Test 8 was carried out using 100 mesh and the sand was pumped at an average rate of 5.2 

gal/min. At the end of the experiment, two sand samples were collected from inside the single 

vertical slot – the top of the dune, and the bottom of the dune. The results of the sieve analysis 

(see Figure 4.17)  show that the sand settled at the beginning of the experiment consisted of a 

fairly uniform distribution of 100 mesh sand, whereas the sand deposited (at the top of the slot) 

after the dune buildup started consisted of mainly bigger particles (100 mesh and bigger).  

Test 9 was later carried out using 100 mesh and the sand was pumped at an average rate 

of 20.8 gal/min. Although the experiment was not carried out until completion due to visibility 

issues, one sand sample was collected from inside the single vertical slot. The results of the sieve 
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analysis shows that at higher pump rate (i.e. 20.8 gal/min), the sand deposited within the slot 

consisted of mainly bigger particles (100 mesh and bigger). 

Although both the tests were carried out using the same sand (i.e. 100 mesh), the 

difference in the sieve results can be attributed to the difference in pump rates and the broadly-

sieved characteristics of sand (100 mesh sand is in fact 70/140 mesh sand). Thus, the sand 

segregation within the slot can be expected to be highly dependent on the pump rate within the 

slot which would directly affect the settling of different sized sand particles. 

 

Figure 4.17: Results from the sieve analysis from Tests 8 and 9 – single vertical slot 

configuration – 100 mesh sand – samples taken from INSIDE the slot configuration. The black 

circle shows the weight percentage change in the 100 mesh component as compared to the 

original sieve distribution. 
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from outside the slot showed sand distribution similar to the original sand distribution of the 100 

mesh sand provided by the project sponsor. However, at the higher Test 9 pump rate, it was 

observed that the sand sample consisted of mainly smaller particles (100 mesh and smaller). 

During hydraulic fracture treatments, it can be surmised that the smaller particles are transported 

further along the fracture, while the bigger particles are deposited closer to the wellbore. 

 

Figure 4.18: Results from the sieve analysis from Tests 8 and 9 – single vertical slot 

configuration – 100 mesh sand – samples taken from OUTSIDE the slot configuration. The black 

circle shows the weight percentage change in the 100 mesh component as compared to the 

original sieve distribution. 
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the low rate, especially within the secondary slot. It is suspected that the finer particles with 100 

mesh sand were not captured during the sampling process either because they were in suspension 

or could have travelled outside the sampling areas. 

Irrespective of the pump rate, the sieve analysis shows that less than 2% of 60 mesh and 

bigger particles were deposited outside the slot configuration. Comparing the overall results for 

the T-1 slot configuration, as shown in Figures 4.19 and 4.20, it was observed that most of the 

bigger particles (60 mesh and bigger) were deposited within the slot during the dune building 

process while the smaller particles were transported out of the slot. It is suspected that the finer 

particles with 100 mesh sand were not captured during the sampling process either because they 

were in suspension or could have travelled outside the sampling areas. 

 

Figure 4.19: Results from the sieve analysis from Tests 13 and 14 – T-1 slot configuration – 100 

mesh sand – samples taken from INSIDE the slot configuration. The black circle shows the 

weight percentage change in the 100 mesh component as compared to the original sieve 

distribution. 
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Figure 4.20: Results from the sieve analysis from Tests 13 and 14 – T-1 slot configuration – 100 

mesh sand – samples taken from OUTSIDE the slot configuration. The black circle shows the 

weight percentage change in the 100 mesh component as compared to the original sieve 

distribution. 
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Figure 4.21: Results from the sieve analysis from Test 20 – T-2 slot configuration – 100 mesh 

sand – samples taken from INSIDE the slot configuration. The black circles show the weight 

percentage change in the 100 mesh component as compared to the original sieve distribution. 

 

 

Figure 4.22: Results from the sieve analysis from Test 20 – T-2 slot configuration – 100 mesh 
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percentage change in the 100 mesh component as compared to the original sieve distribution. 
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With the H-1 slot configuration, sand samples were collected at the end of Test 21 and 

23, which were pumped at 10.2 gal/min and 5.3 gal/min respectively. Two sand samples were 

taken after the Test 21 as the sand was deposited in both the vertical and horizontal slots, but 

only one sample was taken after the Test 23 as the sand buildup was only observed within the 

vertical slot. Irrespective of the pump rate, higher proportions of bigger particles (80 mesh and 

bigger) were found within the slot configuration (see Figure 4.23).  

Comparing the overall results for the H-1 slot configuration, as shown in Figures 4.23 

and 4.24, it was observed that the sand sample collected from outside the slot consisted of mainly 

smaller particles (80 mesh and smaller). The sand samples collected at the end of Test 21 (which 

was pumped at 10.2 gal/min), showed very similar sand distribution outside the vertical and 

horizontal slots. 

 

Figure 4.23: Results from the sieve analysis from Tests 21 and 23 – H-1 slot configuration – 100 

mesh sand – samples taken from INSIDE the slot configuration. The black circles show the 

weight percentage change in the 100 mesh component as compared to the original sieve 

distribution. 
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Figure 4.24: Results from the sieve analysis from Tests 21 and 23 – H-1 slot configuration – 100 

mesh sand – samples taken from OUTSIDE the slot configuration. The black circles show the 

weight percentage change in the 100 mesh component as compared to the original sieve 

distribution. 
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of the 40 mesh sand. 

Comparing the overall results for the T-1 slot configuration, as shown in Figures 4.25 and 

4.26, it was observed that most of the bigger particles (40 mesh and bigger) were deposited 

within the slot during the slot building process whereas the smaller particles (40 mesh and 
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occurring with 30/70 mesh sand, though it is bigger than the 100 mesh sand. 
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Figure 4.25: Results from the sieve analysis from Test 15 – T-1 slot configuration – 30/70 mesh 

sand – samples taken from INSIDE the slot configuration. The black circles show the weight 

percentage change in the 100 mesh component as compared to the original sieve distribution. 
 

 

Figure 4.26: Results from the sieve analysis from Test 15 – T-1 slot configuration – 30/70 mesh 

sand – samples taken from OUTSIDE the slot configuration. The black circles show the weight 

percentage change in the 100 mesh component as compared to the original sieve distribution. 
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Several sand samples of 30/70 mesh sand were taken during the experiments conducted 

with the H-1 slot configuration, as shown in Figures 4.27 and 4.28. Although the experiments 

were conducted at different pump rates ranging from 5.3 gal/min to 20.2 gal/min, the sieve 

analysis resulted in very similar outcomes. High proportions of sand belonging to mesh sizes 40 

to 60 were found within the slots. 

 

Figure 4.27: Results from the sieve analysis from Tests 24-27 – H-1 slot sonfiguration – 30/70 

mesh sand – samples taken from INSIDE the slot configuration. The black circles show the 

weight percentage change in the 100 mesh component (as compared to the original sieve 

distribution) inside the H-1 slot configuration. 
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the sieve analysis resulted in very similar outcome (as seen in Figure 4.27). With the 30/70 mesh 
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0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

W
ei

gh
t 

(P
e

rc
en

ta
ge

)

Mesh Size (Number)

Sieve Analysis - 30/70 - Proppant INSIDE the H-1 Slot

Original Distribution Test 24 - Main frac Test 24 - Sub frac Test 25 - Main frac

Test 25 - Sub frac Test 26 - Main frac Test 27 - Main frac Test 27 - Sub frac



73 

 

 

 

Figure 4.28: Results from the sieve analysis from Tests 24-27 – H-1 slot configuration – 30/70 

mesh sand – samples taken from OUTSIDE the slot configuration. The black circles show the 

weight percentage change in the 100 mesh component as compared to the original sieve 

distribution. 

 

4.2 Detailed Analysis 
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The slickwater slurry consisted of tap water (with viscosity of 1 cP) mixed with one of the two 

different proppant sizes (30/70 or 100 mesh sand). The results of the experiments performed 

provided some interesting insights into the nature of proppant transport and settling in complex 

fracture networks. 

Since the length and height of the propped area is a direct indicator of the resultant 

conductive area, the height of the created proppant dune in both primary and secondary slots was 

used to evaluate the proppant transport in the complex fracture networks. During the 

experiments, it was observed that the proppant dune buildup in the secondary slots could be 

either due to 1) the proppant flowing around the corner, or 2) proppant falling into the secondary 

slot from the primary slot as a result of gravity effects. Thus, the height of the created proppant 

dune alone cannot be used as a measure of the efficiency with which the proppant flows around 

the corner. This is discussed specifically in Sections 4.2.2 to 4.2.5. Tables 4.6 and 4.7 show the 

result summaries for Case 1 (i.e. the dune buildup case) and Case 2 (i.e. the dune erosion case) 

respectively. 

 

4.2.1 Comparison of the Preliminary Experimental Results with Published Data  

After setting up the laboratory apparatus, several runs were conducted to compare the 

experimental results with published data by STIM-LAB Inc. (Patankar et al., 2002) involving 

single vertical slot configuration. The results of the preliminary tests carried out with a single 

vertical slot configuration were found to be quite similar to STIM-LAB’s test results. The 

process of proppant transport in the slot due to fluidization and sedimentation and the subsequent 

proppant dune buildup was clearly observed along with the formation of partial traction carpet 

(explained in Section 2.3.3). The bi-power law correlations, Equations 2.3 and 2.4, developed by 

Wang et al. (2003) were used to compare the preliminary test results with the experiments 

conducted at STIM-LAB.  
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Table 4.6: Processed Experimental Data for CASE-1 – Dune Building Case 

 

 IMMOBILE BED TRACTION CARPET TOTAL 

Test 

# 

Proppant 

size 

(mesh 

size) 

Avg. 

Rate 

(gal/min) 

Sand 

Conc. 

(lb/gal) 

Slot Dune 

Height 

(inch) 

Tolerance 

(inch) 

Dune 

Height 

(inch) 

Tolerance 

(inch) 

Dune 

Height 

(inch) 

Tolerance 

(inch) 

6 30/70 23.8 0.301 V 13.6 0.25 0.3 0.1 13.9 0.25 

7 30/70 5.2 0.091 V 21.2 0.25 0.25 0.1 21.4 0.25 

8 100 5.2 0.093 V 21.6 0.2 0.1 0.2 21.7 0.25 

9 100 20.8 0.342 V N/A N/A N/A N/A N/A N/A 

10 30/70 17.6 0.405 
V 18.25 0.25 0.3 0.2 18.6 0.1 

T1 20.5 0.2 0.25 0.2 20.75 0.2 

11 30/70 5.4 0.085 
V 21.3 0.2 0.2 0.1 21.5 0.2 

T1 17.75 0.2 0 0 17.75 0.2 

12 30/70 5.2 0.889 
V 22.5 0.1 0.2 0.1 22.7 0.1 

T1 23.5 0.2 0.2 0.1 23.6 0.1 

13 100 10.9 0.193 
V 19 0.25 N/A N/A 19 0.25 

T1 21.75 0.25 N/A N/A 21.75 0.25 

14 100 5.2 0.090 
V 21.25 0.2 0.2 0.1 21.5 0.2 

T1 16.5 1 0 0 16.5 0.1 
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Table 4.6: Processed Experimental Data for CASE-1 – Dune Building Case (con’t) 

 

 IMMOBILE BED TRACTION CARPET TOTAL 

Test 

# 

Proppant 

size 

(mesh 

size) 

Avg. 

Rate 

(gal/min) 

Sand 

Conc. 

(lb/gal) 

Slot Dune 

Height 

(inch) 

Tolerance 

(inch) 

Dune 

Height 

(inch) 

Tolerance 

(inch) 

Dune 

Height 

(inch) 

Tolerance 

(inch) 

15 30/70 
12.7 

 
0.170 

V 19.2 0.1 0.2 0.1 19.3 0.1 

T1 22 0.2 0.4 0.2 22.3 0.1 

16 30/70 
13.1 

 
0.168 

V 19.8 0.1 0.2 0.1 19.9 0.1 

T1 22 0.2 0.3 0.1 22.3 0.1 

T2 22.5 0.1 0.3 0.1 22.75 0.1 

17 30/70 15.4 0.464 

V 20.5 0.1 0.25 0.1 20.75 0.1 

T1 22 0.2 0.4 0.1 22.5 0.1 

T2 22.75 0.2 0.3 0.1 23 0.1 

18 30/70 5.1 0.100 

V 22.1 0.1 0.2 0.1 22.3 0.1 

T1 18.25 0.1 0 0 18.25 0.1 

T2 16.9 0.1 0 0 16.9 0.1 

19 100 5.3 0.087 

V 21.4 0.1 0.3 0.1 21.6 0.1 

T1 16.75 0.1 0 0 16.75 0.1 

T2 16 0.1 0 0 16 0.1 
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Table 4.6: Processed Experimental Data for CASE-1 – Dune Building Case (con’t) 

 

 IMMOBILE BED TRACTION CARPET TOTAL 

Test 

# 

Proppant 

size 

(mesh 

size) 

Avg. 

Rate 

(gal/min) 

Sand 

Conc. 

(lb/gal) 

Slot Dune 

Height 

(inch) 

Tolerance 

(inch) 

Dune 

Height 

(inch) 

Tolerance 

(inch) 

Dune 

Height 

(inch) 

Tolerance 

(inch) 

20 100 11.3 0.193 

V 20.25 0.2 0.2 0.1 20.5 0.2 

T1 21 0.2 N/A N/A 21 0.2 

T2 22.75 0.2 N/A N/A 22.75 0.2 

21 100 10.2 0.211 
V 22 0.5 N/A N/A 22 0.5 

H 12 0 0 0 12 0 

22 100 4.8 0.095 
V 21.5 0.2 N/A N/A 21.5 0.2 

H 3 0.25 0 0 3 0.25 

23 100 
5.3 

 
0.087 

V 21.2 0.1 0.3 0.1 21.5 0.1 

H 3 0.25 0 0 3 0 

24 30/70 14.1 0.534 
V 21.75 0.1 0.25 0.1 22 0.1 

H 12 0 0 0 12 0 

25 30/70 11.1 0.197 
V 23.1 0.1 0.3 0.1 23.25 0.2 

H 12 0 0 0 12 0 
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Table 4.6: Processed Experimental Data for CASE-1 – Dune Building Case (con’t) 

 

 IMMOBILE BED TRACTION CARPET TOTAL 

Test 

# 

Proppant 

size 

(mesh 

size) 

Avg. 

Rate 

(gal/min) 

Sand 

Conc. 

(lb/gal) 

Slot Dune 

Height 

(inch) 

Tolerance 

(inch) 

Dune 

Height 

(inch) 

Tolerance 

(inch) 

Dune 

Height 

(inch) 

Tolerance 

(inch) 

26 30/70 5.3 0.087 
V 23.75 0.1 0.25 0.1 24 0.1 

H 2.5 0.2 0 0 2.5 0.2 

27 30/70 20.2 0.354 
V 21.1 0.1 0.3 0.1 21.3 0.1 

H 12 0 0 0 12 0 

Note:  

1) Nomenclature for the slots: V = vertical slot, T1 = First secondary slot (closer to the wellbore) in the case of T-1 and T-2 slot 

configuration, T2 = Second secondary slot in the case of T-2 slot configuration, and H = horizontal slot in the case of H-1 slot 

configuration. 

2) Nomenclature for Traction Carpet: N/A = traction carpet not clearly seen due to visibility issues, 0 = No traction carpet, 

especially with T-1/T-2 slots - in some experiments the sand was seen to be just falling into secondary slots due to gravity 

effects. 
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Table 4.7: Processed Experimental Data for CASE-2 – Dune Erosion Case 

 

 IMMOBILE BED 

Test 

# 

Proppant 

size 

(mesh 

size) 

Avg. 

Rate 

(gal/min) 

Slot Dune 

Height 

(inch) 

Tolerance 

(inch) 

6 30/70 23.4 V 8 1 

7 30/70 5.1 V 18 0.1 

8 100 5.0 V 20.25 0.25 

9 100  V   

10 30/70 17.5 
V 17.75 0.25 

T1 16.25 0.25 

11 30/70 5.6 
V 20.2 0.1 

T1 16.5 0.2 

12 30/70 3.7 
V 22 0.25 

T1 23.5 0.2 

13 100 11.4 
V 17.5 0.5 

T1 19.3 0.2 

14 100 5.3 
V 19.8 0.1 

T1 16 0.1 

15 30/70 12.5 
V 18 0.1 

T1 18 0.2 

16 30/70 12.7 

V 18 0.2 

T1 19.5 0.1 

T2 20.6 0.1 

17 30/70 15.2 

V 18.5 0.1 

T1 18.8 0.1 

T2 20.1 0.1 

18 30/70 4.2 

V 20.8 0.1 

T1 16.75 0.1 

T2 16.5 0.1 
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Table 4.7: Processed Experimental Data for CASE-2 – Dune Erosion Case (con’t) 

 

    IMMOBILE BED 

Test 

# 

Proppant 

size 

(mesh 

size) 

Avg. 

Rate 

(gal/min) 

Slot Dune 

Height 

(inch) 

Tolerance 

(inch) 

19 100 5.3 

V 19.3 0.1 

T1 15.75 0.2 

T2 16 0.2 

20 100 11.0 

V 18.6 0.2 

T1 20.25 0.1 

T2 21.6 0.1 

21 100 4.7 
V 19.5 0.5 

H 12 0 

22 100 4.9 
V 20 0.2 

H 3 0.25 

23 100 5.3 
V 19.2 0.1 

H 3 0.25 

24 30/70 12.6 
V 17.5 0.2 

H 12 0 

25 30/70 10.7 
V 19.25 0.1 

H 0 0 

26 30/70 5.3 
V 20.7 0.1 

H 2.5 0.2 

27 30/70 20.0 
V 15 0.2 

H 12 0 

Note:  

1) Nomenclature for the slots: V = vertical slot, T1 = First secondary slot (closer to 

the wellbore) in the case of T-1 and T-2 slot configuration, T2 = Second 

secondary slot in the case of T-2 slot configuration, and H = horizontal slot in the 

case of H-1 slot configuration. 
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2) Case 2 (i.e. the erosion case) was not carried out for Test 9 due to visibility issues 

during Case 1. 

3) For the horizontal slot in Test 25, dune height = 0 inch refers to the slot 

completely clearing up during the erosion case. 

 

Bi-power law correlations were developed for the scenario when both fluid and 

proppant were pumped at a constant rate into an empty slot. During the STIMLAB and 

this research slot experiments, measurements were taken when the proppant dune reached 

equilibrium and a traction carpet appeared to be transporting proppant further along the 

length of the slot.  Figure 4.29 shows a close up of the slot with three distinct zones: 1) 

the immobile bed at the bottom, made up of previously injected proppant, 2) the mobile 

bed, referred to as “traction carpet”, which is transporting the proppant further away into 

the slot by fluidization, and 3) the clean fluid zone at the top. At equilibrium conditions, 

the recorded heights of ‘H1-H2’ and ‘H2’ represented the height of the traction carpet 

and the clean fluid zone respectively. The values of H1 and H2 were observed to vary 

depending on the pump rate, the proppant type and the fluid properties (Woodworth and 

Miskimins, 2007). 

During the validation of the current experimental apparatus, although the process of 

proppant movement through the single vertical slot appeared to be quite similar to the 

experiments carried out at STIM-LAB, a discrepancy was observed in the test 

measurements of equilibrium dune heights and the traction carpet, as shown in Table 4.8.  

As shown in Table 4.8, at lower pump rates, i.e. in the case of Tests 7 and 8, reasonable 

agreement was seen between the ‘H1’ heights calculated using the correlations and the 
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experimental data. However, at a higher pump rate, i.e. in the case of Test 6, considerable 

difference was observed between the ‘H1’ heights calculated using the correlations and 

the experimental data.    

 

Figure 4.29: Proppant transport in slot experiments carried out at STIM-LAB using 

slickwater fluids (from Wang et al., 2003). 

 

During the lab experiments, a partial traction carpet was observed during the 

Tests 6, 7 and 8, and thus, the ‘H2’ measurements were found to be less than the ‘H1’ 

measurements (refer to ‘H1’ and ‘H2’ measurements shown in Figure 4.29). However, 

the values of ‘H2’ calculated using correlations were found to be higher than the 

calculated values of ‘H1’ (refer to Table 4.8), which is not possible.  

Figure 4.30 shows the comparison of the experimental results with the predicted 

measurements using the bi-power law correlations in the graphical form. This difference 

in the ‘H1’ and ‘H2’ heights is likely due to the experimental parameters being outside 

the parametric limits of the correlations developed by Wang et al. (2003). The variations 

in the H1 measurements can be attributed to differences in the experimental set-up (i.e. 

slot length and width) and differences in the operating range of both the submersible 

pump and the opening on the sand hopper.   
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Table 4.8: Processed Experimental Data for CASE-1 – Dune Building Case 

 

 Lab 

measurements 

Calculated using 

correlations 
Difference  Difference 

Test 

# 

Proppant size 

(mesh Size) 

Avg. Pump 

Rate 

(gal/min) 

Proppant 

Conc. 

(lb/gal) 

H1  

(ft) 

H2  

(ft) 

H1  

(ft) 

H2  

(ft) 

H1 

(ft) 

H2 

(ft) 

H1 

(%) 

H2 

(%) 

6 30/70 23.8 0.30 0.867 0.842 0.541 0.651 -0.326 -0.191 -38% -23% 

7 30/70 5.2 0.09 0.233 0.221 0.235 0.301 0.002 0.080 1% 36% 

8 100 5.2 0.09 0.200 0.192 0.211 0.345 0.011 0.153 6% 80% 

 

Note: The parameters used in the correlations: 1) Specific Gravity for the fluid = 1, 2) Proppant diameter for 30/70 mesh sand = 

0.012217”, 3) Proppant diameter for 100 mesh sand = 0.006191”, 4) Slot width = 0.215”, and 5) Fluid Viscosity = 1 cP. 

 

4.2.2 Effect of Pump Rate on Proppant Transport 

Based on the laboratory results, it can be justified that the pump rate directly affects the proppant transport and settling in the 

case of complex slot configurations. The effect of pump rate was found to be different in the primary and secondary slots, as shown in 

Figures 4.31 and 4.32, which display schematics showing proppant distribution above and below the threshold pump rate. 
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Figure 4.30: Comparison of the preliminary experimental results with the correlations developed by Wang et al. (2003). 
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Figure 4.31: Difference in proppant transport with the T-1 slot configuration as a function of pump rate. The direction of the flow was 

from left to right in both primary and secondary vertical slots. A ‘closure’ plate was installed at the far end of the primary and 

secondary vertical slots to aid in capturing the proppant settling behavior. 
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Figure 4.32: Difference in proppant transport with the H-1 slot configuration as a function of pump rate. The direction of the flow was 

from left to right in the primary vertical slot, whereas it was from top to bottom in the secondary horizontal slot. A ‘closure’ plate was 

installed at the far end of the primary vertical slot to aid in capturing the proppant settling behavior. 
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With the T-1 and T-2 slot configurations, the proppant transport and settling behavior in 

the primary slot was found to be quite similar to that observed in the case of the single vertical 

slot configuration. Due to the low viscosity of the slickwater slurry, most of the proppant 

pumped early during the experiment settled closer to the perforations and started building a 

proppant dune. Higher pump rates created an increased fluid velocity in the gap between the top 

of the settled dune and the top of the slot, and resulted in reduced proppant dune height at 

equilibrium. Conversely, lower pump rates resulted in higher dune buildup at equilibrium, as 

shown in Figures 4.33 and 4.34. 

 

 

Figure 4.33: Proppant dune height measurement for different slurry rates in the primary vertical 

slot of T-1 slot configuration. These measurements were done at the end of Case 1 and Case 2 

when the dune appeared to be in equilibrium. The error bars indicates the uncertainty in the 

proppant dune height measurement due to visibility issues. 
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Figure 4.34: Proppant dune height measurement for different slurry rates in the primary vertical 

slot of T-2 slot configuration. These measurements were done at the end of Case 1 and Case 2 

when the dune appeared to be in equilibrium. The error bars indicates the uncertainty in the 

proppant dune height measurement due to visibility issues. 

 

The effect of pump rate was observed to be quite different for proppant movement and 
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the secondary slots was either due to 1) the proppant flowing around the corner with the slurry 

flow, or 2) the proppant directly falling into the secondary slot, from buildup in the primary slot, 

as a result of gravity, as shown in Figures 4.31 and 4.32. The proppant flowing around the corner 
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secondary slot only due to gravity in the form of proppant falling. During proppant falling, the 

transport was observed to be dependent on the dune buildup and the proppant compaction in the 

primary slot. Figures 4.35 to 4.37 show the equilibrium dune heights recorded in the secondary 

slot(s) with the T-1 and T-2 slot configurations.  

 

Figure 4.35: Proppant dune height measurement for different slurry rates in the secondary 

vertical slot of T-1 slot configuration. These measurements were done at the end of Case 1 and 

Case 2 when the dune appeared to be in equilibrium. The error bars indicates the uncertainty in 

the proppant dune height measurement due to visibility issues. 
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gap, the proppant transport mechanisms changes, and the proppant turning the corner was 

observed once the velocity reaches the critical or the threshold velocity.   

 

Figure 4.36: Proppant dune height measurement for different slurry rates in the first secondary 

vertical slot (closer to the wellbore) of T-2 slot configuration. These measurements were done at 

the end of Case 1 and Case 2 when the dune appeared to be in equilibrium. The error bars 

indicates the uncertainty in the proppant dune height measurement due to visibility issues. 

 

As previously observed with the T-1 and T-2 slot configurations, the effect of pump rate 

was also found to be different in the primary and secondary slots with the H-1 slot configuration. 

The proppant transport and settling in the primary slot was found to be quite similar to that 

observed in the case of the single vertical slot configuration.  With the H-1 slot configuration, it 

was found that the gravity effects were minimized due to perfectly horizontal orientation of the 

secondary slot. And the proppant transport within the horizontal slot only occurred via proppant 

flowing around the corner only when the pump rate was higher than the threshold pump rate for 
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Figure 4.37: Proppant dune height measurement for different slurry rates in the second secondary 

vertical slot of T-2 slot configuration. These measurements were done at the end of Case 1 and 

Case 2 when the dune appeared to be in equilibrium. The error bars indicates the uncertainty in 

the proppant dune height measurement due to visibility issues. 

 

the H-1 slot configuration, or when the fluid velocity in the primary slot was higher than the 

threshold velocity. With the added complexity of the horizontal secondary slot, the pump rate 

seemed to play a major role in proppant movement with the proppant flowing around the corner 

being the only mode of proppant transport into the secondary slot. 

At lower rates, it was observed that most of the slurry tended to continue along the 

vertical slot rather than flowing into the horizontal slot. Some proppant did flow around the 

corner at the beginning of the experiment but due to the low pump rate in the horizontal slot, 

most of this proppant was deposited within a few inches of the horizontal slot and blocked off 

the horizontal slot. Dune buildup in the primary slot seemed to have very little effect in 
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promoting proppant transport through the horizontal slot during the latter stages of these 

experiments. As a result, the horizontal slot remained blocked off for the remainder of the 

experiment. This behavior was observed with both 30/70 and 100 mesh sand. 

At higher rates, initially, there was a continuous proppant flow through the horizontal slot 

until the dune buildup in the primary slot blocked the horizontal slot. The horizontal slot 

remained blocked for the rest of the experiment. This behavior was observed with both 30/70 and 

100 mesh sand. Figure 4.38 shows the equilibrium dune height in the primary slot with H-1 

configuration, while Figure 4.39 shows the amount of sand settled in the horizontal slot prior to 

the horizontal slot being blocked off.  

 

 

Figure 4.38: Proppant dune height measurement for different slurry rates in the primary vertical 

slot of H-1 slot configuration. These measurements were done at the end of Case 1 and Case 2 

when the dune appeared to be in equilibrium. The error bars indicates the uncertainty in the 

proppant dune height measurement due to visibility issues. 
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Figure 4.39: Proppant dune height measurement for different slurry rates in the secondary 

horizontal slot of H-1 slot configuration. These measurements were done at the end of Case 1 

and Case 2 when the dune appeared to be in equilibrium. The error bars indicates the uncertainty 

in the proppant dune height measurement due to visibility issues. 
 

In all the complex slot configurations, an increase in the pump rate resulted in 

transporting the proppant further away from the wellbore, especially with the 100 mesh sand. As 

a result, the settling rate was found to be higher in the case of 30/70 mesh sand as compared to 

that of 100 mesh sand. During the experiments, the effect of turbulence was also observed at the 

slot entrance, mainly at higher pump rates. It was observed that the dune buildup started a few 

inches away from the wellbore and resulted in a void space near the perforations. However, the 

turbulence was observed to subside away from the slot entrance due to the damping effect of the 

slot walls. Swirling and turbulent effects at the slot entrance was observed in the slot experiments 

carried out previously, as cited in the literature (Woodworth and Miskimins, 2007). The decline 

in turbulence has been found to be related to the friction coefficient for the slot walls (Biot and 

Medlin, 1985).   
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4.2.3 Effect of Proppant Concentration on Proppant Transport 

With increasing proppant concentration, all laboratory test results published in the 

literature using single vertical slot showed a decrease in proppant settling within the slot. Based 

on these laboratory results, it was noted that increasing the proppant concentration resulted in 

quick proppant dune buildup in both primary and secondary slots due to the combined effects of 

increase in proppant concentration and decrease in proppant settling.  

With the primary slot in both the T-1 and T-2 slot configurations, the time required for 

the dune buildup to reach equilibrium was observed to be directly related to proppant 

concentration. The experimental data for the primary slot in T-1 and T-2 slot configurations is 

tabulated in Tables 4.9 and 4.10 respectively. As shown in Figures 4.40 and 4.41, higher propped 

heights were recorded in the primary slot at low proppant concentrations (associated with lower 

pump rates). At higher proppant concentrations, although more proppant was being pumped into 

the slot, the resultant dune height was observed to be lower than that recorded at low proppant 

concentrations. It clearly shows that the dune buildup in the primary slot is dependent more on 

the pump rate than on the proppant concentration. Although high pump rate tests were not 

carried out with the 100 mesh sand, similar behavior was observed with both 30/70 and 100 

mesh sands. The dune buildup in the primary slot was observed to be higher when 100 mesh 

sand was pumped in low concentrations at low pump rate. 

The effect of proppant concentration on dune buildup in the secondary vertical slots was 

observed to be different than in the primary slot. The experimental data for the secondary vertical 

slots in T-1 and T-2 slot configurations is tabulated in Tables 4.11, 4.12 and 4.13, respectively. 

The proppant transport in the secondary vertical slots occurred either due to the proppant flowing 

around the corner or was transported due to the effects of gravity. At low proppant 

concentrations (and low pump rates), it was observed that proppant was transported into the 
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Table 4.9: Experimental Data for T-1 Slot Configuration – Primary Vertical Slot 

 

Test # Proppant size 

(mesh Size) 

Avg. Pump 

Rate (gal/min) 

Proppant 

Conc. (lb/gal) 

Dune Height 

(inch) 

10 30/70 17.6 0.406 18.6 

11 30/70 5.4 0.086 21.5 

12 30/70 5.2 0.889 22.7 

13 100 10.9 0.193 19 

14 100 5.2 0.089 21.5 

15 30/70 12.7 0.170 19.3 

 

 

Figure 4.40: Proppant dune height measurement at different proppant concentration in the 

primary vertical slot of T-1 slot configuration. These measurements were done at the end of Case 

1 when the dune appeared to be in equilibrium. The error bars indicates the uncertainty in the 

proppant dune height measurement due to visibility issues and proppant concentration 

calculation. 
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Table 4.10: Experimental Data for T-2 Slot Configuration – Primary Vertical Slot 

 

Test # Proppant size 

(mesh Size) 

Avg. Pump 

Rate (gal/min) 

Proppant 

Conc. (lb/gal) 

Dune Height 

(inch) 

16 30/70 13.1 0.168 19.9 

17 30/70 15.4 0.464 20.75 

18 30/70 5.1 0.099 22.3 

19 100 5.3 0.0870 21.6 

20 100 11.3 0.193 20.5 

 

 

Figure 4.41: Proppant dune height measurement at different proppant concentration in the 

primary vertical slot of T-2 slot configuration. These measurements were done at the end of Case 

1 when the dune appeared to be in equilibrium. The error bars indicates the uncertainty in the 

proppant dune height measurement due to visibility issues and proppant concentration 

calculation. 
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secondary slots only via proppant falling from the primary slot. However, at higher proppant 

concentrations (and higher pump rates), the proppant was transported through both modes of 

transport, and thus, resulted in higher dune buildup in the secondary vertical slots. This behavior 

was observed with both 30/70 and 100 mesh sand. The experimental results are presented in 

Figures 4.42 to 4.44. 

The proppant concentration (along with pump rate) can be expected to play an important 

role in the case of horizontal natural fractures intersecting a vertical fracture. The experimental 

data for the primary vertical slot in H-1 slot configuration is tabulated in Table 4.14. As shown in 

Figure 4.45, the proppant behavior in the primary slot was observed to be similar to that recorded 

with the primary slots in T-1 and T-2 slot configurations. At higher proppant concentrations, the 

resultant dune height was observed to be lower than that recorded at low proppant 

concentrations.  

The H-1 slot configuration was constructed with the secondary horizontal slot perfectly 

orthogonal to the vertical primary slot. The experimental data for the secondary horizontal slot in 

H-1 slot configuration is tabulated in Table 4.15. As mentioned previously, it was found that the 

gravity effects were minimized due to perfectly horizontal orientation of the secondary slot. It 

was observed that lower proppant concentrations (associated with lower pump rates) resulted in 

an early blockage of the horizontal slot, as shown in Figure 4.46.  

The settling of proppants in the treatment slurry is a different phenomenon as compared 

to the settling of a single proppant. As discussed in Chapter 2, during the hydraulic fracture 

treatment in the field, Stokes’ Law cannot be used to predict the hindered settling in the carrier 

fluid due to the presence of other particles. However, the slot experiments in the lab help in 

visualizing the actual proppant transport in the fractures by incorporating ‘hindered’ and 

‘clustered’ proppant settling.  
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Table 4.11: Experimental Data for T-1 Slot Configuration – Secondary Vertical Slot 

 

Test # Proppant size 

(mesh Size) 

Avg. Pump 

Rate (gal/min) 

Proppant 

Conc. (lb/gal) 

Dune Height 

(inch) 

10 30/70 17.6 0.406 20.75 

11 30/70 5.4 0.086 17.75 

12 30/70 5.2 0.889 23.6 

13 100 10.9 0.193 21.75 

14 100 5.2 0.089 16.5 

15 30/70 12.7 0.170 22.3 

 

 

Figure 4.42: Proppant dune height measurement at different proppant concentration in the 

secondary vertical slot of T-1 slot configuration. These measurements were done at the end of 

Case 1 when the dune appeared to be in equilibrium. The error bars indicates the uncertainty in 

the proppant dune height measurement due to visibility issues and proppant concentration 

calculation. 
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Table 4.12: Experimental Data for T-2 Slot Configuration - First Secondary Vertical Slot 

 

Test # Proppant size 

(mesh Size) 

Avg. Pump 

Rate (gal/min) 

Proppant 

Conc. (lb/gal) 

Dune Height 

(inch) 

16 30/70 13.1 0.168 22.3 

17 30/70 15.4 0.464 22.5 

18 30/70 5.1 0.099 18.25 

19 100 5.3 0.0870 16.75 

20 100 11.3 0.193 21 

 

 

Figure 4.43: Proppant dune height measurement at different proppant concentration in the first 

secondary vertical slot (closer to the wellbore) of T-2 slot configuration. These measurements 

were done at the end of Case 1 when the dune appeared to be in equilibrium. The error bars 

indicates the uncertainty in the proppant dune height measurement due to visibility issues and 

proppant concentration calculation. 
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Table 4.13: Experimental Data for T-2 Slot Configuration – Second Secondary Vertical Slot 

 

Test # Proppant size 

(mesh Size) 

Avg. Pump 

Rate (gal/min) 

Proppant 

Conc. (lb/gal) 

Dune Height 

(inch) 

16 30/70 13.1 0.168 22.75 

17 30/70 15.4 0.464 23 

18 30/70 5.1 0.099 16.9 

19 100 5.3 0.0870 16 

20 100 11.3 0.193 22.75 

 

 

Figure 4.44: Proppant dune height measurement at different proppant concentration in the second 

secondary vertical slot of T-2 slot configuration.  These measurements were done at the end of 

Case 1 when the dune appeared to be in equilibrium. The error bars indicates the uncertainty in 

the proppant dune height measurement due to visibility issues and proppant concentration 

calculation. 
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Table 4.14: Experimental Data for H-1 Slot Configuration – Primary Vertical Slot 

 

Test # Proppant size 

(mesh Size) 

Avg. Pump 

Rate (gal/min) 

Proppant 

Conc. (lb/gal) 

Dune Height 

(inch) 

21 100 10.2 0.211 22 

22 100 4.8 0.095 21.5 

23 100 5.3 0.087 21.5 

24 30/70 14.1 0.534 22 

25 30/70 11.1 0.197 23.25 

26 30/70 5.3 0.087 24 

27 30/70 20.2 0.354 21.3 

 

 

Figure 4.45: Proppant dune height measurement at different proppant concentration in the 

primary vertical slot of H-1 slot configuration. These measurements were done at the end of Case 

1 when the dune appeared to be in equilibrium. The error bars indicates the uncertainty in the 

proppant dune height measurement due to visibility issues and proppant concentration 

calculation. 

 

16

17

18

19

20

21

22

23

24

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

P
ro

p
p

an
t 

D
u

n
e 

H
e

ig
h

t 
(i

n
ch

)

Proppant Concentration (lb/gal)

30/70 Sand - Case 1 100 Mesh Sand - Case 1



102 

 

Table 4.15: Experimental Data for H-1 Slot Configuration – Secondary Horizontal Slot 

 

Test # Proppant size 

(mesh Size) 

Avg. Pump 

Rate (gal/min) 

Proppant 

Conc. (lb/gal) 

Dune Height 

(inch) 

21 100 10.2 0.211 12 

22 100 4.8 0.095 3 

23 100 5.3 0.087 3 

24 30/70 14.1 0.534 12 

25 30/70 11.1 0.197 12 

26 30/70 5.3 0.087 2.5 

27 30/70 20.2 0.354 12 

 

 

Figure 4.46: Proppant dune height measurement at different proppant concentration in the 

secondary horizontal slot of H-1 slot configuration. These measurements were done at the end of 

Case 1 when the dune appeared to be in equilibrium. The error bars indicates the uncertainty in 

the proppant dune height measurement due to visibility issues and proppant concentration 

calculation. 
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4.2.4 Effect of Proppant Size on Proppant Transport 

Owing to the potentially interesting behavior of size segregation evident to the naked eye 

during the laboratory tests, several sand samples were collected and sieved to study the effect of 

different sand sizes on proppant transport and settling.  Results specific to the sieve analysis for 

100 mesh sand have been included in Figures 4.17 to 4.24. These figures clearly show that most 

of the bigger particles (80 mesh and bigger) were deposited within the slot during the dune 

building process, whereas the smaller particles were transported out of the slot.  

Figures 4.25 to 4.28 shows the results from the sieve analysis carried out for 30/70 mesh 

sand. In the case of T-1 slot configuration, it was observed that the sand that was deposited 

inside the slot consisted of mostly bigger particles with a higher percentage of 40 mesh and 

larger particles, whereas the smaller particles were transported out of the slot. No inference could 

be made in the case of H-1 slot configuration, since the results of the sieve analysis were quite 

similar in Figures 4.27 and 4.28. 

Sand segregation during the laboratory experiments, especially with the 100 mesh sand, 

was found to be directly affected by the pump rates, i.e. higher pump rates resulted in 

comparatively higher sand segregation. 

4.2.5 Effect of Slot Complexity on Proppant Transport 

Differences in proppant transport were clearly observed when the complexity was 

increased from the T-1 slot configuration to the T-2 slot configuration and later when tests were 

carried out with the H-1 slot configuration. It is evident from Sections 4.2.2 – 4.2.4 that the 

efficiency with which the proppant is transported into the secondary fractures is dependent on the 

combined effects of slurry rate, proppant concentration and proppant size. However, based on the 

results of this study, the slot complexity was found to be an independent factor affecting the 

proppant transport mechanisms.  
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In the cases of the T-1 and T-2 slot configurations, when the primary vertical slot was 

intersected by one and two vertical secondary slots respectively, the proppant transport into the 

secondary slot(s) was dependent on the distance of the intersection from the wellbore and the 

resultant pressure differential across the intersection. It was observed during the experiments 

carried out using the T-1 and T-2 slot configurations that the proppant transport into the 

secondary slot closer to the wellbore increased drastically as the peak of the dune in the primary 

slot approached the intersection. Thus, during the actual fracture treatment, the vertical 

secondary fractures closer to the wellbore can be expected to reach propped equilibrium earlier. 

As seen during the laboratory experiments, using smaller sand like 100 mesh might result in 

transporting the sand away from the wellbore, but the dune buildup is expected to start first in the 

secondary slot closer to the wellbore.  

Based on the results of the laboratory experiments, it can be expected that the width of 

the horizontal slot along with its relative position from the bottom of the primary slot can result 

in significantly different proppant movement and settling. Changing the vertical location of the 

horizontal slot – say 1.5 ft from the bottom of the primary vertical slot instead of 1 ft as in the 

case of current H-1 slot configuration – could result in different proppant settlement due to 

higher turbulent flow at the top of the slot. Narrower slot width – say 0.05” instead of 0.215” as 

in the case of current H-1 slot configuration – will possibly result in a slightly different outcome 

and would be dependent on the pump rate, the proppant size and the proppant concentration. 

Although perfectly horizontal fractures might not be created in nature, carrying out experiments 

with the H-1 slot configuration provided a better understanding of how the proppant transport 

would be affected when a vertical fracture is intersected by a natural fracture which is 

horizontally oriented.   
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4.2.6 Effect of Sweep Stages on Proppant Transport and Distribution  

During slickwater fracturing, it is common to include sweep stages between successive 

proppant-laden stages to minimize the proppant settling in near wellbore area and to prevent the 

early proppant screenout during the treatment. During these sweep stages, slickwater alone is 

pumped in order to move the proppant dune further into the fracture. During the laboratory 

experiments, a sweep stage was replicated by pumping clean water alone in Case 2. 

Compared to Case 1, the erosion case (Case 2) took longer for the eroded dune to reach 

equilibrium, as shown in Figures 4.3 to 4.16. During the erosion case, the sand near the 

perforations eroded quickly as soon as the sand concentration was reduced to zero, i.e. when 

pumping clean fluid alone. Swirling of the proppant on the front of the proppant dune was 

clearly evident, especially at higher pump rates. Higher pump rates also resulted in significantly 

more erosion of the proppant dune, especially the front of the dune closer to the wellbore, as 

compared to that at lower pump rates. 

An important observation was made during the experiments carried out with the H-1 slot 

configuration. Figure 4.47 shows a typical eroded dune in a single vertical slot, with the dune 

height at equilibrium dependent on the pump rate, proppant concentration and the proppant type. 

With the experiments carried out using H-1 slot configuration at higher pump rates, step-wise 

erosion was observed during the Case 2, as shown in Figure 4.48. As the eroded dune reached 

equilibrium, a peculiar shape of the dune was recorded, as shown in Figure 4.49. 

The settling rate of particles in a treatment fluid is a major factor in determining the 

proppant distribution within the hydraulic fractures. Proppant transport during hydraulic fracture 

treatment plays an important role in determining the geometry of the propped fracture. 
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Figure 4.47: Typical eroded proppant dune in the primary vertical slot with single vertical slot 

configuration at the end of Case 2 (Test 7). 

 

 

Figure 4.48: Step-wise eroded proppant dune observed in the primary vertical slot with H-1 slot 

configuration. 

 

Primary vertical slot Proppant dune

Primary vertical slot
Secondary 

horizontal slot

Step-wise 
eroded dune



107 

 

 

Figure 4.49: Peculiar shape of the eroded proppant dune observed at the end of Case 2 in the 

primary vertical slot with H-1 slot configuration. 
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CHAPTER 5 

DISCUSSION OF RESULTS 

 

Over the past fifteen years, with the advent of shale gas plays, the focus of the petroleum 

industry has drastically changed towards hydraulic fracture treatments. Slickwater treatments 

have become the preferred method of stimulation for these low-permeability shale reservoirs, 

and sweep stages along with ramp-up schedules are used to prevent an early proppant screen-out 

during the treatment (Olson, 2011). The main objective of the hydraulic fracture treatment is to 

maximize the contact area with the nano-Darcy shale reservoirs and extend the drainage radius 

by keeping the created fractures propped and conductive. This is essential in order to have 

economic production from shale reservoirs. 

In low-permeability reservoirs, the key to economically produce hydrocarbons is to create 

long, conductive hydraulic fractures which will allow the hydrocarbon to flow from the reservoir 

to the wellbore. Fracture length and fracture conductivity are the two main variables which 

directly affect the success of a hydraulic fracture treatment. Three different fracture lengths are 

commonly discussed in the industry: 1) created, 2) propped, and 3) effective. According to 

Cipolla et al. (2009), the created fracture length is the fracture length which is created due to the 

fluid flow during the fracture treatment; the propped fracture length is the fracture length that is 

supported by the proppant after the fracture closes; and, the effective fracture length is the actual 

fracture length that contributes to the production post-stimulation treatment. Differences in the 

propped fracture lengths and the effective fracture lengths are due to realistic conductivity 

reductions (as compared to the reference conductivity values provided by the proppant 

suppliers), and include factors such as non-Darcy flow, fines migration, proppant crushing, gel 
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damage, multiphase flow and cyclic stress effects (Palisch et al., 2007). Effective fracture lengths 

can be estimated using post-fracture pressure buildup tests and reservoir simulation history 

matching (Cipolla et al., 2009). In order to maximize the production at the end of a stimulation 

treatment, once the fracture is created during the pad stage, the proppant transport must be 

improved in order to have a longer propped length, and thus, longer effective length. 

The resultant fracture conductivity at the end of the fracture treatment can be predicted 

using ‘dimensionless fracture conductivity’. Dimensionless fracture conductivity is a measure of 

the relative ease with which the produced fluids flow inside the fracture compared to the ability 

of the formation to deliver fluids into the fracture. Mathematically, the dimensionless fracture 

conductivity ‘FCD’ is defined as shown in Equation 5.1: 

    
                     

                        
 
   

   
                      (5.1) 

where, 

FCD = dimensionless fracture conductivity, unitless 

   kf = fracture permeability, mD 

   w = propped fracture width, ft 

    k = formation permeability, mD 

   xf = fracture half-length, ft 

The dimensionless fracture conductivity is still commonly used as a principal design 

parameter in hydraulic fracture design; however, the underlying assumptions for classical 

dimensionless fracture conductivity are violated in the case of unconventional reservoirs. The 

dimensionless fracture conductivity shown in Equation 5.1 assumes simple (bi-wing), planar, 

vertical fractures, which is not the case for shale reservoirs, and thus, cannot be calculated based 

on the individual values of kf, w, k and xf. However, the overall value of the dimensionless 
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fracture conductivity can be measured using a post-fracture buildup test (Cipolla et al., 2009) or 

rate transient type analysis (Gilbert and Barree, 2009). It is also important to take into 

consideration the stress dependent network conductivity at higher closure stresses, and higher 

Young’s modulus can be expected to have detrimental effects on the resultant network 

conductivity. High fracture conductivity near the wellbore is crucial for the hydrocarbon flow, 

especially in the case of transverse fractures when the fluids radially converge into a horizontal 

wellbore. In order to maximize the fracture conductivity, both the propped fracture length and 

the propped vertical coverage become important and both affect the post-treatment fracture 

conductivity and well production.  

The mineback and experimental tests carried out by Warpinski and Teufel (1987) showed 

that the presence of joints and faults can affect the fracture geometry of the hydraulic fractures 

by arresting the fracture growth, increasing fluid leakoff, hindering proppant transport, and 

enhancing the creation of multiple fractures. In the case of shale reservoirs, the presence of 

natural fractures, low in situ differential stress (i.e. the difference between the maximum and the 

minimum horizontal stress) and the use of low viscosity fluids (as in the case of slickwater fracs) 

results in the creation of complex fracture networks (Cipolla et al., 2008). The created complex 

fracture networks are generally attempted to be modeled using one of the two approaches: 1) 

Dual Porosity using Stimulated Reservoir Volume (SRV), or 2) Discrete Fracture Network 

(DFN) modeling. However, with regards to the proppant transport in these complex fracture 

networks, there is huge speculation in the industry in terms of the actual, final propped fracture 

lengths. It is unknown as to how much of the fracture network is un-propped or partially propped 

when the fracture closes after the hydraulic fracture treatment. Due to this reason, the hydraulic 

fracture simulators commonly used in the industry expect the stimulation engineers to specify the 
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final proppant distribution in the created fractures. Cipolla et al. (2008) presented three limiting 

scenarios for proppant placement in complex networks: 1) the proppant is evenly distributed 

throughout the complex fracture networks, 2) the proppant is concentrated in a dominant primary 

fracture only, and 3) the proppant settles and gets distributed in a pillar-like structure, as shown 

in Figure 5.1. Proppant placement in the fracture will impact the resultant fracture conductivity.  

 

 

Figure 5.1: Proppant placement scenarios (in plan view) (from Cipolla, 2008). 

 

This research aims to reduce the speculation in proppant transport occurring in complex 

fracture networks. The experiments conducted show that the presence of secondary slots affects 

the proppant transport differently in the case of vertical and horizontal slots. The proppant 

transport in primary vertical slot occurs via sedimentation and fluidization, as seen in the 

experiments previously carried out by Kern et al. (1959) and STIM-LAB Inc. (Woodworth and 
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Miskimins, 2007). The proppant settling results in the formation of a stabilized proppant dune 

and the proppant transport then occurs via traction carpet, also referred to as fluidized beds (as 

explained in Section 2.3.3). However, the proppant transport in vertical secondary slots occurs 

by two different modes: 1) proppant flowing around the corner, when the pump rate is above the 

threshold rate for the particular slot configuration (or above the threshold velocity in the primary 

slot), and 2) proppant falling from the primary slot into the secondary slot due to the effects of 

gravity. The experimental results showed that the proppant buildup in the secondary slot 

occurred only after the dune buildup started in the primary slot. A similar proppant transport 

observation was made by Dayan et al. (2009) as well when using a smaller one-dimensional 

fracture model. 

During the experimental tests, it was also observed that the secondary slot closer to the 

wellbore reached propped equilibrium height before the slot further away from the wellbore. In 

the case of the perfectly horizontal secondary slot, proppant flowing around the corner was 

observed as the only mode for proppant transport above the threshold pump rate and the resultant 

threshold fluid velocity. During the proppant-laden stages, at pump rates below the threshold 

rate, the horizontal slot was observed to become blocked sooner than when the pump rate was 

above the threshold rate.  

During sieve analysis, it was observed that the 100 mesh sand (i.e. 70/140 mesh sand) 

showed higher proppant segregation based on proppant sizes than the tighter sieved 30/70 mesh 

sand. Based on the sieve analysis and the results of the laboratory tests carried out at different 

pump rates and proppant concentrations, it can be reasoned that the resultant fracture 

conductivity will be different across the fracture network and would be dependent on the flow 

rate across the fracture intersection and proppant sieve distribution. Assuming the hypothetical 
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flow distribution shown in Figure 3.13, since the effective flow rates at the secondary fractures 

closer to the wellbore would be higher, the proppant can be expected to be “turning” the corner if 

the flow rate is higher than the threshold rate (threshold rate as defined in Section 4.2.2). For the 

secondary fractures further away from the wellbore, since the effective flow rate can be expected 

to be lower than the threshold rate, proppant will be transported only due to the effects of 

gravity. In general, the proppant transport in to the secondary fracture will be dependent on the 

velocity profile across the fracture intersection, with fluid velocity above threshold velocity 

augmenting the proppant transport. As mentioned previously, since the proppant buildup in 

secondary slots was observed to be dependent on the dune buildup in the primary slot, it should 

be emphasized that the secondary fractures reaching equilibrium proppant dune heights would be 

highly dependent on the amount of proppant pumped during the hydraulic fracture treatment.    

Field studies carried out using radioactive tracing and logging in the offset wells have 

also confirmed the proppant transport in secondary and tertiary fractures (Vincent, 2011). The 

studies performed in the Barnett Shale have shown 500 ft transport of 40/70 ceramic proppant 

between parallel offset wells (Leonard et al., 2007). 

 During slickwater fracturing in the field, it is common to include sweep stages between 

successive proppant-laden stages. The sweep stages are included to minimize the proppant 

settling in the near wellbore area and to improve diversion of the proppant along the perforated 

lateral, and thus, prevent early proppant screenout during the treatment. Another important 

observation made during the laboratory experiments was that the proppant closer to the wellbore 

was eroded quickly when pumping clean water through the slot (i.e. the erosion case or Case 2). 

Higher pump rates resulted in significantly more erosion of the proppant dune.  To maintain 

sufficient conductivity near the fracture entrance at the end of the treatment, the fracture 
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treatment design needs to include pump rate slowdowns and/or proppant concentration ramp ups, 

or possibly both, in order to have sufficient quantities of an effective propping agent (higher 

quality proppant with flow back control characteristics) near the wellbore, as shown in Figure 

5.2.  

 
 

Figure 5.2: Improved near-wellbore conductivity by pumping high quality propping agent in 

conjunction with pump rate slowdown and proppant concentration ramp up. 

 

 Plug-and-perf systems are commonly being used in horizontal wells completed with a 

cemented casing/liner in order to increase the number of fracturing treatments that can be 

pumped. However, there are concerns in the industry with the over-displacement of the treatment 

slurry when pumping the perf guns down the horizontal section. As the plug-and-perf stages are 

associated with pump rate slowdowns, based on the results of this experiments, it can speculated 

that the over-displacement of the treatment slurry might not be too detrimental to the proppant 

settled in the near-wellbore region. During the laboratory experiments, higher pump rates 

resulted in an increased gap between the top of the settled proppant dune and the top of the 

primary slot; hence, resulting in a lower propped dune height in the primary slot. Once the 

proppant dune in the primary slot has achieved an equilibrium height at a higher pump rate, 

subsequent pumping of clean fluid at lower pump rates would thus result in minimal erosion of 
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the settled proppant dune. Therefore, pumping clean fluid during the plug-and-perf stage at lower 

rates can be expected to cause little erosion to the settled proppant dune in the primary fracture.  

 However, the placement of the horizontal well relative to the dune buildup in the created 

fracture could affect the resultant increase in the productivity from the hydraulic fracture 

treatment. Although horizontal wells are planned to be drilled parallel to the bedding plane of the 

formation, the resultant horizontal wellbore might not be perfectly parallel to the bedding plane 

or completely centralized in it, as shown in Figure 5.3a. The position of the wellbore relative to 

the created proppant dune could dictate the post-treatment productivity increase. As shown in 

Figure 5.3b, the hydraulic treatment at Point ‘B’ would be more effective as compared to Point 

‘A’. Minimal productivity increase can be expected at Point ‘A’ as there would be limited 

connectivity between the propped dune and the wellbore.  

It must be emphasized that care should be taken when extrapolating these laboratory 

results directly to the field as the actual proppant transport would be affected adversely by the 

fluid leakoff, fracture wall roughness, and the dynamic state of fracture growth during the actual 

hydraulic fracture treatment. Proppant bridging can also occur due to fracture width restrictions 

or slurry dehydration (caused by fluid leakoff), and will affect the proppant movement and 

accordingly the resultant conductivity in the fracture network. However, ‘surface asperity-

dominated conductivity’ and the likely creation of a ‘proppant arch’ can result in an increase in 

the resultant fracture conductivity. 

In the absence of proppant, fracture displacement during hydraulic fracture treatment can 

provide some conductivity in the form of surface asperities, as shown in Figure 5.4.  Fredd et al. 

(2001), based on their laboratory conductivity experiments, pointed out that the conductivity 

provided by the surface asperities alone can vary by two orders of magnitude, as shown in results



116 

 

 
 

Figure 5.3: Effect of the placement of horizontal well on the post-treatment proppant dune and potential associated productivity 

increase.  
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in Figure 5.5. The resultant surface asperity will depend on the degree of fracture displacement, 

the rock mechanical properties, and the size and distribution of the asperities. However, it can be 

reasoned that a combination of proppant- and asperity-dominated conductivities would result in a 

more conductive path for hydrocarbon flow. 

 

Figure 5.4: Slickwater cases investigated during conductivity experiments for the east Texas 

Cotton Valley sandstone formation (from Fredd al., 2001). 

 

 

Figure 5.5: Results of the slickwater cases investigated during the conductivity experiments 

(from Fredd al., 2001). 
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Warpinski (2009) suggested that the proppant dune buildup in the fracture during the 

proppant-laden stages can result in the creation of a proppant arch during the production phase, 

as shown in Figure 5.6. The arch above the proppant bed can be expected to provide an 

extremely high conductive pathway for the treatment fluid cleanup and the hydrocarbon flow 

during the production phase. The study carried out by Warpinski showed that additional stress on 

the proppant bed near the arch can result in proppant crushing and embedment, and thus, can 

impair the resultant conductivity and possibly add to sand production. Therefore, pumping resin-

coated proppants during the tail end stages of the proppant-laden phase can minimize the 

conductivity impairment by reducing the proppant crushing and controlling the proppant 

flowback. 

 
Figure 5.6: Proppant distribution in the hydraulic fracture at the end of pumping, and during the 

production stage (from Warpinski, 2009).
 

 

Overall, the scaled results of this experimental study suggest that the proppant does get 

transported into the complex fracture networks and is dependent on the combined effects of 

pump rate, proppant concentration, amount of proppant pumped and proppant size. The slot 
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complexity was also observed to affect the proppant transport, and the modes of proppant 

movement in the primary and secondary slots were found to be dependent on the threshold pump 

rate and threshold fluid velocity in the primary slot. At pump rates lower than the threshold rate, 

the proppant transport in the secondary slot was observed to be occurring due to the proppant 

falling into the secondary slot alone; however, at higher rates, the majority of the proppant 

transport was seen to be occurring due to the proppant flowing around the corner. The location 

and the size of the secondary slot, relative to the wellbore, are expected to affect the proppant 

movement as well. The results of this study can be used in designing the hydraulic fracture 

treatments more effectively by incorporating the above mentioned proppant transport behavior 

parameters.  
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

 

Chapter 6 focuses on the conclusions drawn from the laboratory experiments carried out 

during this research. Through this study, an attempt has been made to better understand the 

proppant transport and settling during hydraulic fracture treatments associated with 

unconventional reservoirs which result in the creation of complex fracture networks. 

Recommendations for possible future experimental work are also included. 

 

6.1 Conclusions  

The project objectives are re-stated along with the conclusions made from the experimental 

results and observations: 

o Develop an experimental laboratory apparatus to perform slot flow experiments. 

 A low-pressure experimental laboratory apparatus was developed and built with a 

series of slot configurations representing different complex fracture scenarios. 

The submersible pump was modified to control the output flow rate and to 

perform the experiments in the range of 4-30 gal/min. A dial was installed at the 

bottom of the sand hopper which allowed various sand concentrations to be 

introduced. 

o Evaluate proppant transport through a series of slot configurations to simulate different 

slickwater treatment scenarios by varying the pump rate, proppant concentration, and 

proppant size. 

 The pump rate was found to be a major parameter affecting the proppant transport 
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and settling in the studied complex slot configurations. The effect of pump rate 

was found to be different in the case of primary and secondary slot configurations.  

 For the dune-building case (i.e. Case 1 of the experiments), the proppant 

transport in the primary vertical slot was observed to occur via 

sedimentation and fluidization in the form of a traction carpet after the 

creation of a proppant dune. However, in the case of secondary slots, the 

proppant transport was observed to be dependent on the threshold pump 

rate for the particular complex slot configuration, and thus, the resulting 

fluid velocity inside the primary slot. Two mechanisms were observed to 

be transporting the proppant into the secondary slots: 1) proppant flowing 

around the corner, when the pump rate was higher than the threshold 

pump rate (i.e. when the fluid velocity at the slot intersection(s) was 

higher than the threshold fluid velocity), and 2) proppant falling from the 

primary slot due to the gravity effects, regardless of the pump rate. The 

fluid velocity inside the primary slot can be expected to dictate the 

proppant buildup in the secondary slot, with fluid velocity above threshold 

fluid velocity resulting in higher proppant buildup in the secondary slot. 

 For the dune-erosion case (i.e. Case 2 of the experiments), in all of the 

experiments, the proppant dune closer to the wellbore was observed to 

erode as soon as clean water was pumped, which resulted in a void space 

in the primary slot near the perforations. The proppant erosion in the 

secondary slots was observed to be dependent on the proppant dune 

erosion in the primary vertical slot. 
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 The proppant concentration was found to primarily affect the rate of proppant 

settling, with higher proppant concentrations resulting in quicker proppant dune 

buildup for the dune-building case (i.e. Case 1 of the experiments). The 

experimental results show that the proppant concentration had little effect on the 

proppant dune height at equilibrium conditions as compared to the pump rate. 

 Although no direct inference was made from the laboratory experiments regarding 

the effect of proppant size on proppant transport, proppant segregation was 

confirmed based on the sieve analysis carried out using the proppant collected 

from different sampling points within the laboratory apparatus. Smaller proppant 

size with a broad sieve distribution (like 70/140 mesh sand) resulted in a higher 

proppant segregation as compared to a larger proppant size with a tighter sieve 

distribution (like 30/70 mesh sand). Due to the proppant segregation observed 

during the sieve analysis, the propped fracture sections closer to wellbore can be 

expected to more conductive than fracture sections away from the wellbore. 

o Based on the experimental results, come up with recommendations that can possibly help 

with the designs of hydraulic fracture treatments by focusing on the parameters that 

enhance transport. 

 Based on this study, the proppant transport in secondary fractures can be expected 

to be dependent on the fracture complexity, pump rate, proppant volume, 

proppant concentration, and proppant size: 

 Added fracture complexity can result in larger stimulated reservoir volume 

(SRV). However, the location and size of secondary and tertiary fractures 

(relative to the wellbore) can affect the proppant movement and settling 
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during the treatment. Due to higher effective flow rates near wellbore, the 

secondary and tertiary fractures closer to the wellbore are expected to be 

better propped and more conductive than those away from the wellbore. 

 Higher pump rate and higher proppant concentration should result in 

larger propped secondary fractures. During the laboratory experiments, it 

was observed that both higher pump rates and higher proppant 

concentrations resulted in higher propped height in the secondary slots as 

compared to the primary slot. Proppant turning around the corner was only 

observed when the fluid velocity in the primary slot was higher than the 

threshold fluid velocity for the given complex slot configuration. 

 Proppant bridging and screen-out within the fracture network can be expected to 

be dependent on the proppant concentration and proppant size, regardless of 

whether it occurs due to fracture width restrictions or slurry dehydration. 

Alternating sweep stages between proppant-laden stages can help in reducing 

proppant screen-outs; however, the sweep stages should be limited to smaller 

volumes as higher fluid volumes will results in excessive erosion of the propped 

dune in both primary and secondary fractures. 

 Pumping tightly-sieved high-quality proppants during the tail-end stages of the 

proppant-laden stages of the treatment can improve the resultant near wellbore 

fracture conductivity. High-quality proppants will also serve to reduce proppant 

crushing at the proppant arch during the fracture closure. 

 Over-displacement of the treatment slurry, when pumping the perf guns during 

the plug-and-perf operations, can be expected to cause little erosion to the settled 
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proppant dune in the primary fracture due to the associated pump rate slowdown. 

Thus, the effect of over-displacement of the treatment slurry at reduced pump 

rates can be expected to have very minimal impact on the near-wellbore 

conductivity. 

 

Three-dimensional slot flow experiments provide a practical way to evaluate proppant 

transport mechanisms in the laboratory with parallel plate visualizations. The results of this 

laboratory study provided a better understanding of the proppant transport behavior in the case of 

complex fracture network, and thus, can be used to optimize the treatment designs through 

improved proppant selection and scheduling. Experiments were performed at different pump 

rates which allow the proppant transport behavior to be understood across different sections of 

the fracture along its length. 

However, since flat, smooth and parallel Plexiglas plates were used without any leakoff, 

care must be taken when extrapolating the laboratory results to the field applications. Also, since 

the fracture continues to grow during the proppant-laden stages, proppant settling becomes a 

dynamic process and would affect the laboratory results from this study.  

 

6.2 Recommendations for Future Experimental Work 

The results of this preliminary laboratory experimental work has provided some insights to 

better understand the proppant transport behavior in complex fracture networks. Additional 

studies are recommended to further expand this understanding. With all the knowledge acquired 

during this research, the recommendations for potential future work are: 

o Vary the sand concentration during the experiments to see the convection effects more 

clearly due to the density differences between the individual pumping stages; 
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o Make the slot width non-uniform, which might affect the proppant movement and 

settling; 

o Add roughness to the slot walls, which will accelerate proppant settling; 

o Use a mix of different proppant sizes to see how it might affect conductivity, especially 

when pumping 100 mesh sand followed by 30/70 mesh sand (as typically pumped during 

the hydraulic fracture treatments in the field); 

o Include inclined vertical slots because in nature the fractures are likely not perfectly 

vertical; 

o Include secondary slots at acute/obtuse angles because in nature the secondary fractures 

might not be perfectly orthogonal; and, 

o Finally, develop a correlation or a series of correlations based on the laboratory test 

results that help to understand slickwater proppant transport in complex fracture systems. 

Such a correlation could be used in fracture simulators to help with the designs of 

hydraulic fracture treatments by focusing on parameters that enhance transport. 
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NOMENCLATURE 

 

        Symbols 

a Coefficient, f(RG), [dimensionless], unitless 

d Diameter of the particle, [L], m 

FCD Dimensionless Fracture Conductivity, [dimensionless], unitless 

g Acceleration due to gravity, [LT
-2

], m/sec
2
 

H Clean fluid zone height, [L], cm 

H1 Height of clean fluid and the settled proppant bed combined, [L], cm 

H2 Height of clean fluid zone, [L], cm 

k Formation permeability, [L
2
], mD 

kf Fracture permeability, [L
2
], mD 

m Coefficient, f(RG), [dimensionless], unitless 

Rf Fluid Reynolds number, [dimensionless], unitless 

RG Gravity Reynolds number, [dimensionless], unitless 

Rp Proppant Reynolds number, [dimensionless], unitless 

vs Particle settling velocity, [LT
-1

], m/sec 

W Fracture width, [L], cm (Chapter 2) 

w Propped fracture width, [L], ft (Chapter 5) 

xf Fracture half-length, [L], ft 

λ Gravity Reynolds number for the fluid, [dimensionless], unitless 

µ Viscosity of the carried fluid, [ML
-1

T
-1

], Pa.sec or kg/m-sec 

ρf Density of Carrier fluid, [ML
-3

], kg/m
3
 

ρp Density of the particle, [ML
-3

], kg/m
3
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APPENDIX A – SCALING ANALYSIS 

 

This appendix contains the scaling analysis which was carried out to scale the field 

conditions to laboratory conditions. 

 

Field Parameters 

   Field Pump Rate       (bbl/min) 100 

  (cu.ft/min) 561.4583 

  

    Typical Frac height (ft) 200 to  400 

Primary Fracture width (inch) 0.2 

  

    Frac Height (ft) 200 300 400 

Velocity at fracture opening 

(ft/min) 
168.44 112.29 84.22 

     

Lab Parameters 

   Primary slot height (ft) 2 

  Primary Slot width (inch) 0.215 

  

    Velocity at fracture opening 

(ft/min) 
168.44 112.29 84.22 

Lab pump rate (gal/min) 45.15 30.10 22.57 
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APPENDIX B – SUPPLEMENTAL ELECTRONIC FILES 

 

This appendix contains the information about the two supplemental electronic files that 

have been submitted as a part of this Master’s thesis. Table B.1 contains the information about 

these supplemental files. 

 

Table B-1: Supplemental Electronic File Information 

 

File Name File Information 

Screenshots.pdf Screen shots captured from the video recorded for each experiment, 

showing proppant movement through the slot configuration at 

different times. 

 

Note: First five (5) experiments were carried out during the design 

and testing stage and the screen shots for these experiments are not 

included. The screen shots are included for Experiments 6-27. The 

times mentioned in the screen shots for Case 1 and 2 are taken from 

the start of the respective cases. 

Sieve Analysis 

Results.xls 

MS Excel spreadsheet containing the data for the sieve analysis 

carried out for this research study. 

 

 

 

 


