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ABSTRACT 

The main functions of hydraulic fracturing fluids are to create a fracture network and to 

carry and place the proppant into the created fractures networks, thus, keeping the fractures open 

and allowing hydrocarbons to flow from the reservoir into the wellbore. Many studies have been 

performed over the years to develop an ideal fracturing fluid system. Development focus has 

generally been on optimization of a fluid rheology that can carry and place the proppant into the 

created fractures with less damage to the formation and at a lower cost.  

The main goal of this research is to continue building the understanding and optimization 

of proppant transport in a complex hydraulic fracture network. Specifically for this research focus 

is placed on two different fluids, water-glycerin solution and water-sodium chloride solution, 

representing varying density and viscosity. The effects of changing fluid viscosities, densities, 

proppant densities, proppant sizes, proppant concentrations, and slurry injection rates on proppant 

transport were then investigated.  This experimental work was performed using a laboratory size 

slot apparatus at the Colorado School of Mines. Four different proppants were tested, 100 mesh 

sand (2.65 sp.gr), 40/70 mesh sand (2.65 sp.gr), 40/70 mesh ceramic (2.08 sp.gr), and 40/70 mesh 

ceramic (2.71 sp.gr), at two slurry injection rates (1 and 2 gal/min) and two proppant 

concentrations (1 ppg (Cv=0.043) and 2 ppg (Cv=0.086)). Also, this study reviews the published 

correlations for proppant dune height and compares the calculated results with the lab results.  

The experimental results show that a water glycerin solution (viscosity of 4.3 cp) has a 

better capability of carrying the proppant into farther locations and to greater distances, which was 

ascertained by the weight of the collected proppant out of the sampling points. On the other hand, 

the results show that water-sodium chloride solution of 9.24 ppg density has less capability to carry 

the proppant deep into the fractures. The results also show that the proppant covered area inside 
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all of the farther fractures (T-1, S-3, and T-2) from the injection point was greater using the water-

glycerin solution that the water-sodium chloride solution, due to the ability of the high viscosity 

to keep more proppant suspended. For all tested proppants, the results show that increasing fluid 

density had no significant effect on the equilibrium dune height and proppant travel distance. 

Moreover, the results show that increasing the number of injected particles has a similar 

effect as that of increasing proppant concentration, both situations leading to quick dune build-up 

rates and increased proppant covered areas. For both tested fluids, the results show that increasing 

the injection rate has a significant impact on proppant transport. As the injection rate increases, 

the proppant dune height decreases and both the proppant covered area and the proppant collected 

from sampling points increase as well. It was found that smaller proppant sizes such as (100 mesh 

sand) transported deep into the slot system with lower dune height, as compared with larger 

proppant sizes (40/70 mesh). Also the results show that proppant density has a significant impact 

on proppant transport. Decreasing the proppant density resulted in increasing the proppant covered 

area inside the slots. 

This experimental work shows that viscosity has a greater impact on the proppant transport 

than fluid density does, thus implying a larger impact on the resulting fracture conductivity. All of 

the lab data were compared to published correlations that can predict proppant dune height inside 

the main fracture by Wang et al. (2003) and Alotaibi and Miskimins (2015). Both correlations 

showed values close to the laboratory measured values with some minor (< 2.5%) average percent 

difference. Overall, it appears that these correlations can be used to predict the equilibrium dune 

height inside the main fracture with low error values and without adjusting any parameters for the 

tested systems. 



v 

TABLE OF CONTENTS 
 
ABSTRACT�«  ............................................................................................................................... iii  

LIST OF FIGURES ..................................................................................................................... viii 

LIST OF TABLES ........................................................................................................................ xx 

NOMENCLATURE .................................................................................................................... xxi 

ACKNOWLEDGMENTS ......................................................................................................... xxiii 

CHAPTER 1 INTRODUCTION .................................................................................................. 1 

1.1 Problem Statement and Motivation of the Study .................................................... 3 

1.2  Research Objectives ................................................................................................ 4 

CHAPTER 2 LITERATURE REVIEW ....................................................................................... 6 

2.1  Hydraulic Fracturing Fluid Systems ....................................................................... 6 

2.2  Slickwater Fracturing Fluid System........................................................................ 8 

2.3  Proppant Characteristics ....................................................................................... 10 

2.3.1  Proppant Types ..................................................................................................... 11 

2.3.2  Proppant Size ........................................................................................................ 14 

2.3.3  Proppant Shape ..................................................................................................... 15 

2.4  Effects of Injection Parameters on Proppant Transport ........................................ 16 

2.4.1  Effect of Proppant Concentration ......................................................................... 16 

2.4.2 Effect of Pump Rate (Injection Rate).................................................................... 18 

2.4.3 Effect of Proppant Size ......................................................................................... 21 

2.4.4 Effect of Fracture Complexity .............................................................................. 23 

2.4.5  Effect of Fracturing Fluid viscosity ...................................................................... 26 

2.5  Proppant Transport Correlations ........................................................................... 27 

2.5.1  Settling Velocity Correlation ................................................................................ 28 

2.5.2  Dune Height Correlation ....................................................................................... 32 

CHAPTER 3 EXPERIMENTAL METHODOLOGY AND PROCEDURE ............................. 36 

3.1 Experimental Apparatus........................................................................................ 36 

3.1.1 Fracture Slot Network ........................................................................................... 37 

3.1.2 Slurry Pump .......................................................................................................... 38 

3.1.3 Flow Meter ............................................................................................................ 38 

3.1.4 Proppant Mixer ..................................................................................................... 39 

3.1.5 Variable Frequency Drive ..................................................................................... 40 



vi 

3.1.6 Sieve Analysis Equipment .................................................................................... 41 

3.2 Test Materials........................................................................................................ 41 

3.3 Test Parameters ..................................................................................................... 44 

3.4 Experimental Procedure ........................................................................................ 46 

CHAPTER 4 EXPERIMENTAL RESULTS AND DISCUSSION ........................................... 47 

4.1 Proppant Settling Velocity in Unbounded Fluids ................................................. 47 

4.2 Effect of Injection Parameters on Proppant Transport ......................................... 50 

4.2.1 Proppant Concentration ........................................................................................ 50 

4.2.2 Injection Rate ........................................................................................................ 58 

4.2.3 Fluid Density ......................................................................................................... 61 

4.2.4 Number of Particles (Volume of Proppant) .......................................................... 63 

4.3 Covered Area ........................................................................................................ 68 

4.2.5 Fluid Viscosity ...................................................................................................... 69 

4.3.1 Main fracture ......................................................................................................... 72 

4.3.2 Subsidiary Fractures.............................................................................................. 74 

4.4 Proppant Dune Height........................................................................................... 82 

4.5 Comparison between Measured and Published Correlations for EDL ................. 88 

4.5.1 Wang et al.�¶�V�����������������&�R�U�U�H�O�D�W�L�R�Q .......................................................................... 88 

4.5.2 Alotaibi and Miskimins (2015) Correlations ........................................................ 94 

4.6 Sieve Analysis ..................................................................................................... 100 

4.6.1 Sieve Analysis for 100 Mesh Sand 2.65 sp.gr .................................................... 103 

4.6.2 Sieve Analysis for 40/70 Mesh Sand 2.65 sp.gr ................................................. 106 

4.6.3 Sieve Analysis for 40/70 Mesh Ceramic 2.08 sp.gr............................................ 108 

4.6.4 Sieve Analysis for 40/70 Mesh Ceramic 2.71 sp.gr............................................ 111 

4.7 Source of Errors .................................................................................................. 113 

CHAPTER 5 DISCUSSION AND FIELD APPLICATIONS ................................................. 115 

5.1 Water-Glycerin Solution ..................................................................................... 115 

5.2 Water-Sodium Chloride Solution ....................................................................... 118 

5.3 Field Applications ............................................................................................... 120 

CHAPTER 6 CONCLUSION AND RECOMMENDATIONS ............................................... 122 

6.1 Conclusions ......................................................................................................... 122 

6.2 Recommendations ............................................................................................... 126 



vii  

REFERENCES ........................................................................................................................... 127 

APPENDIX A ............................................................................................................................. 133 

SIEVE ANALYSIS RESULTS .................................................................................................. 133 

 



viii  

LIST OF FIGURES 

�)�L�J�X�U�H�������� �3�U�H�G�L�F�W�H�G���F�U�X�G�H���R�L�O���S�U�R�G�X�F�W�L�R�Q���L�Q���8�Q�L�W�H�G���6�W�D�W�H�V�����(�,�$�������������� ................................. 2 

�)�L�J�X�U�H�������� �3�U�H�G�L�F�W�H�G���G�U�\���Q�D�W�X�U�D�O���J�D�V���S�U�R�G�X�F�W�L�R�Q���L�Q���8�Q�L�W�H�G���6�W�D�W�H�V�����(�,�$�������������� ........................ 3 

Figure 2.1 Shear rate vs. shear stress for several types of fluids (modified after SIMSCALE 
2019). ...................................................................................................................... 7 

Figure 2.2 Comparison of SRV using cross-linked gel and slickwater fracturing fluid 
systems .................................................................................................................... 9 

Figure 2.3 Placement of proppant in hydraulic fracture (modified after Belyadi et al. 2016).
............................................................................................................................... 11 

Figure 2.4 Effect of closure stress on fracture conductivity for different proppant types 
(modified after Guo et al. 2017). .......................................................................... 12 

Figure 2.5 Visual estimation of roundness and sphericity (modified after Krumbein and 
Sloss 1963; Saaid et al. 2011). .............................................................................. 16 

Figure 2.6 The effect of particle concentration on particle settling velocity (modified after 
Gadde et al. 2004). ................................................................................................ 17 

Figure 2.7 Equilibrium dune level (EDL) shows a power law trend with concentration (C) 
at 16.6 ft/min using 30/70 mesh brown sand (Alotaibi and Miskimins 2015). .... 18 

Figure 2.8 Equilibrium bed height versus lateral flow velocity for 20/40 proppants. Yellow 
line shows Ottawa sand (2.65 sp.gr), pink line represents ultra-lightweight 
proppant (1.75 sp.gr), and dark blue shows ultra-lightweight proppant (1.75 
sp.gr) (modified after Brannon et al. 2006). ......................................................... 19 

Figure 2.9 Power law relationship between equilibrium dune level (EDL) and slurry 
velocity (V) at different proppant concentrations for 30/70 mesh brown sand 
(modified after Alotaibi and Miskimins 2015) ..................................................... 20 

Figure 2.10 Linear relationship between the equilibrium dune level and the slurry velocity 
at different proppant concentrations for 100 mesh brown sand (modified after 
Alotaibi and Miskimins 2015). ............................................................................. 21 

Figure 2.11  Single proppant settling rate for different proppant sizes and densities (modified 
after Palisch et al. 2010)........................................................................................ 22 

Figure 2.12  Proppant settling velocity for different proppant sizes and types (modified after 
CARBO 2018). ..................................................................................................... 23 



ix 

Figure 2.13 Top view of four different fracture network structures (from Sahai et al. 2014).
............................................................................................................................... 24 

Figure 2.14 Top view of six different fracture network structures (modified after Wen et al. 
2016). .................................................................................................................... 25 

Figure 2.15 Proppant travel distance inside primary slot under water and gel for six different 
configurations (modified after Wen et al. 2016). .................................................. 25 

Figure 2.16 Shape of sand bank in the primary fracture under water and gel (modified after 
Wen et al. 2016). ................................................................................................... 27 

Figure 2.17 Forces acting on a spherical particle. .................................................................... 28 

Figure 2.18 Proppant transport in thin fluids and three different zones of bed region (Wang 
et al. 2003). ........................................................................................................... 33 

Figure 3.1 Schematic of experimental apparatus. .................................................................. 36 

Figure 3.2 Fracture slots network. .......................................................................................... 37 

Figure 3.3 Slurry pump. ......................................................................................................... 38 

Figure 3.4 Flow meter. ........................................................................................................... 39 

Figure 3.5 Proppant mixer. ..................................................................................................... 40 

Figure 3.6 Variable frequency drive....................................................................................... 40 

Figure 3.7 Sieve analysis equipment. ..................................................................................... 41 

Figure 3.8 Viscosity vs. mass concentration of the sodium chloride solution used in this 
research. ................................................................................................................ 43 

Figure 3.9 Viscosity vs. volumetric concentration of the water-glycerin solution used in 
this research. ......................................................................................................... 43 

Figure 3.9 Tested proppants: (a) 40/70 mesh sand (2.65 sp.gr), (b) 100 mesh sand (2.65 
sp.gr) ..................................................................................................................... 44 

Figure 3.11 The differences in number of particles between sand and proppant for the same 
weight of 29.5 g. ................................................................................................... 45 

Figure 3.12  Test flow chart four proppants, two fluids, two proppant concentrations and two 
injection rates. ....................................................................................................... 46 

Figure 4.1 Comparison of settling velocity in unbounded fluid, (a) 100% glycerin, (b) 40% 
water glycerin solution, and (c) 15% water-sodium chloride solution. ................ 48 



x 

Figure 4.2 Comparison of settling velocity in unbounded fluid, (a) 100% glycerin (950 cp), 
(b) 40% water-glycerin solution (4.3 cp), and (c) 15% water-sodium chloride 
solution (1.2 cp). ................................................................................................... 49 

Figure 4.3 Top view of the proppant transport testing apparatus showing the location of 
the proppant collection sites (main, secondary (S-2), tertiary (T-1), and tertiary 
(T-2) fractures). ..................................................................................................... 51 

Figure 4.4 Covered area inside the main fracture for: (a) 1 ppg (Cv=0.043), 40/70 ceramic 
(2.08 sp.gr) and 1 gal/min and  (b) 2 ppg (Cv=0.086), 40/70 ceramic (2.08 sp.gr), 
and 1 gal/min......................................................................................................... 53 

Figure 4.5 Covered area inside the main fracture for: (a) 1 ppg (Cv=0.043), 40/70 sand 
(2.65sp.gr) and 1 gal/min and (b) 2 ppg (Cv=0.086), 40/70 sand (2.65sp.gr), and 
1 gal/min. .............................................................................................................. 53 

Figure 4.6 The weight of the collected proppant out of the main fracture for 1 gal/min, two 
different concentrations, four different proppants, and two different fluids. ........ 54 

Figure 4.7 The weight of the collected proppant out of the main fracture for 2 gal/min, two 
different concentrations, four different proppants, and two different fluids. ........ 54 

Figure 4.8  The effect of proppant concentration on proppant transport out of the first 
tertiary fracture (T-1) for 1 gal/min, using two different concentrations, and four 
different proppants. ............................................................................................... 56 

Figure 4.9  The effect of proppant concentration on proppant transport out of the first 
tertiary fracture (T-1) for 1 gal/min, using two different concentrations, and four 
different proppants. ............................................................................................... 56 

Figure 4.10  The weight of the collected proppant out of the secondary fracture (S-2) for 1 
gal/min, two different concentrations, four different proppants, and two 
different fluids. ...................................................................................................... 57 

Figure 4.11  The weight of the collected proppant out of the secondary fracture (S-2) for 2 
gal/min, two different concentrations, four different proppants, and two 
different fluids. ...................................................................................................... 57 

Figure 4.12  The effect of injection rates on proppant transport out of the main fracture for 
1 gal/min, 2 ppg (Cv=0.086), four different proppants, and two different fluids.
............................................................................................................................... 58 

Figure 4.13 The effect of injection rates on proppant transport out of the second secondary 
fracture(S-2) for 2 ppg (Cv=0.086), four different proppants, and two different 
fluids. .................................................................................................................... 59 

Figure 4.14  The effect of injection rates on proppant transport out of the first tertiary 
fracture .................................................................................................................. 59 



xi 

Figure 4.15  The effect of injection rates on the sand movement and settling inside the main 
fracture for 100 mesh sand at the same sand concentration 2 ppg (Cv=0.086) 
using water-sodium chloride solution, where  (a) the injection rate 1 gal/min 
and (b) the injection rate 2 gal/min. ...................................................................... 60 

Figure 4.16  The effect of fluid density on EDL for three different fluids: fresh water, water-
glycerin solution, and water-sodium chloride solution for 1 gal/min and 1 ppg 
(Cv=0.043). ............................................................................................................ 62 

Figure 4.17  The effect of fluid density on the weight of the collected proppant out of the 
main fracture for three different fluids: fresh water, water-glycerin solution, and 
water-sodium chloride solution for 1 gal/min and 1 ppg (Cv=0.043). .................. 62 

Figure 4.18  The effect of the number of particles on proppant transport out of the main 
fracture for 1 gal/min, 1 ppg (Cv=0.043). ............................................................. 64 

Figure 4.19  The effect of the number of particles on proppant transport out of the main 
fracture for 2 gal/min, 1 ppg (Cv=0.043). ............................................................. 64 

Figure 4.20  The effect of the number of particles on proppant transport out of the tertiary 
fracture (T-1) for 1 gal/min, 1 ppg (Cv=0.043). .................................................... 65 

Figure 4.21  The effect of number of particles on proppant transport out of the tertiary 
fracture (T-1) for 2 gal/min. .................................................................................. 65 

Figure 4.22  Covered area inside the main fracture for ceramic 2.08 sp.gr (1 gal/min) (a) 
normalized injected weight (43.20 lb) and (b) injected weight (55 lb). ............... 66 

Figure 4.23  Covered area inside the fractures for ceramic 2.08 sp.gr (1 gal/min) for both 
normalized injected weight (43.20 lb, Cv=0.043) and injected weight (55 lb, 
Cv=0.054). ............................................................................................................. 67 

Figure 4.24  Covered area inside the fractures for ceramic 2.08 sp.gr (2 gal/min) for both 
normalized injected weight (43.20 lb, Cv=0.043) and injected weight (55 lb, 
Cv=0.054). ............................................................................................................. 67 

Figure 4.25  The effect of fluid viscosity on proppant transport inside the main fracture for 
2 gal/min, 1 ppg, and 100 mesh sand, where (a) water-glycerin solution (b) 
water-sodium chloride solution. ............................................................................ 70 

Figure 4.26  �7�R�S���Y�L�H�Z���R�I���G�X�Q�H�V�¶���V�K�D�S�H���L�Qside the fractures after completing the injection and 
the location of sampling points for 100 mesh sand at 1 ppg (Cv=0.043) and 1 
gal/min. ................................................................................................................. 68 

Figure 4.27  �7�R�S���Y�L�H�Z���R�I���G�X�Q�H�V�¶���V�K�D�S�H���L�Q�V�L�G�H���W�K�H���I�U�D�F�W�X�U�H�V���D�I�W�H�U���F�R�P�S�O�H�W�L�Q�J���W�K�H���L�Q�M�H�F�W�L�R�Q���D�Q�G��
the location of sampling points for 100 mesh sand at 2 ppg (Cv=0.086) and 1 
gal/min using SOLIDWORKS. ............................................................................ 69 



xii  

Figure 4.28  Covered area inside the main fracture for water-sodium chloride solution and 
water glycerin solution, four different proppants, two injection rates, and 1 ppg 
(Cv=0.043). ............................................................................................................ 73 

Figure 4.29  Covered area inside the main fracture for water-sodium chloride solution and 
water glycerin solution, four different proppants, two injection rates, and 2 ppg 
(Cv=0.086). ............................................................................................................ 73 

Figure 4.30 Covered area inside third secondary (S-3) and first tertiary (T-1) fractures for 
2.65 sp.gr sand at the same injection rate, for: (a) & (c) proppant concentration 
is 1 ppg (Cv=0.043) and (b) & (d) proppant concentration is 2 ppg (Cv=0.086). . 75 

Figure 4.31 Covered area inside the first secondary fracture (S-1) for water-sodium chloride 
solution and water glycerin solution, four different proppants, two injection 
rates, and 1 ppg (Cv=0.043). ................................................................................. 77 

Figure 4.32 Covered area inside the first secondary fracture (S-1) for water-sodium chloride 
solution and water glycerin solution, four different proppants, two injection 
rates, and 2 ppg (Cv=0.086). ................................................................................. 77 

Figure 4.33 Covered area inside the first tertiary fracture (T-1) for water-sodium chloride 
solution and water glycerin solution, four different proppants, two injection 
rates, and 1 ppg (Cv=0.043). ................................................................................. 78 

Figure 4.34 Covered area inside the first tertiary fracture (T-1) for water-sodium chloride 
solution and water glycerin solution, four different proppants, two injection 
rates, and 2 ppg (Cv=0.086). ................................................................................. 78 

Figure 4.35  Covered area inside the second secondary fracture (S-2) for water-sodium 
chloride solution and water glycerin solution, four different proppants, two 
injection rates, and 1 ppg (Cv=0.043). .................................................................. 79 

Figure 4. 36  Covered area inside the second secondary fracture (S-2) for water-sodium 
chloride solution and water glycerin solution, four different proppants, two 
injection rates, and 2 ppg (Cv=0.086). .................................................................. 79 

Figure 4.37 Covered area inside the third secondary fracture (S-3) for water-sodium 
chloride solution and water glycerin solution, four different proppants, two 
injection rates, and 1 ppg (Cv=0.043). .................................................................. 80 

Figure 4.38  Covered area inside the third secondary fracture (S-3) for water-sodium 
chloride solution and water glycerin solution, four different proppants, two 
injection rates, and 2 ppg (Cv=0.086). .................................................................. 80 

Figure 4.39  Covered area inside the second tertiary fracture (T-2) for water-sodium chloride 
solution and water glycerin solution, four different proppants, two injection 
rates, and 1 ppg (Cv =0.043). ................................................................................ 81 



xiii  

Figure 4.40  Covered area inside the second tertiary fracture (T-2) for water-sodium chloride 
solution and water glycerin solution, four different proppants, two injection 
rates, and 2 ppg (Cv=0.086). ................................................................................. 81 

Figure 4.41 Equilibrium dune height (EDH) inside the main fracture (left) versus fracture 
height (right). ........................................................................................................ 82 

Figure 4.42  Dune development inside the main fracture for 40/70 sand (2.65 sp.gr) at 1 
gal/min and (Cv=0.086) (a) 9 min (b) 15 minutes (c) 26 minutes......................... 83 

Figure 4.43  Proppant dune shapes and dune heights inside the main fracture and secondary 
fractures (S-1, S-2, and S-3) for 2.65 sp.gr sand using water-glycerin solution. .. 84 

Figure 4.44  Equilibrium dune level inside the main fracture for both tested fluids, for four 
different proppants, two injection rates, and 1 ppg (Cv=0.043). ........................... 86 

Figure 4.45  Equilibrium dune level inside the main fracture for both tested fluids, for four 
different proppants, two injection rates, and 1 ppg (Cv=0.043). ........................... 86 

Figure 4.46  Measured and calculated EDL using Wang et al���¶�V���F�R�U�U�H�O�D�W�L�R�Q���I�R�U���Z�D�W�H�U-sodium 
chloride solution, 8.28 ft/min (2 gal/min), and 1 ppg (Cv=0.043). ....................... 92 

Figure 4.47  Measured and calculated EDL using Wang et al.�¶�V�� �F�R�U�U�H�O�D�W�L�R�Q�� �I�R�U�� �Z�D�W�H�U-
glycerin solution, 8.28 ft/min (2 gal/min), and 1 ppg (Cv=0.043). ....................... 94 

Figure 4.48  Measured and calculated EDL using Alotaibi et al.�¶�V�� �������������� �F�R�U�U�H�O�D�W�L�R�Q�� �I�R�U��
water-sodium chloride solution, 8.28 ft/min (2 gal/min), and 1 ppg (Cv=0.043).
............................................................................................................................... 96 

Figure 4.49  Measured and calculated EDL using Alotaibi et al.�¶�V�� �������������� �F�R�U�U�H�O�D�W�L�R�Q�� �I�R�U��
water-glycerin solution, 8.28 ft/min (2 gal/min), and 1 ppg (Cv=0.043). ............. 98 

Figure 4.50  Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 1 gal/min, and 2 ppg (Cv=0.086). ....................................................... 104 

Figure 4.51  Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 2 ppg (Cv=0.086). ......................................... 104 

Figure 4.52  Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 2 ppg (Cv=0.086). ......................................... 105 

Figure 4.53  Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from 
inside all the fractures for water-sodium chloride and water-glycerin solutions, 
1 gal/min, and 2 ppg (Cv=0.086). ........................................................................ 105 



xiv 

Figure 4.54  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 1 gal/min, and 1 ppg (Cv=0.043). ....................................................... 106 

Figure 4.55  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.043). ......................................... 107 

Figure 4.56  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.043). ......................................... 107 

Figure 4.57  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 1 
gal/min, and 1 ppg (Cv=0.043). ........................................................................... 108 

Figure 4.58  Sieve analysis for 40/70 ceramic (2.08 sp.gr), for the samples collected from 
inside all the fractures for water-sodium chloride and water-glycerin solutions, 
1 gal/min, and 1 ppg (Cv=0.043). ........................................................................ 109 

Figure 4.59  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 1 gal/min, and 1 ppg (Cv=0.043). ....................................................... 109 

Figure 4.60  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.043). ......................................... 110 

Figure 4.61  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.043). ......................................... 110 

Figure 4.62  Sieve analysis for 40/70 mesh ceramic (2.71 sp.gr), for the samples collected 
from outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 1 gal/min, and 1 ppg (Cv=0.043). ....................................................... 111 

Figure 4.63  Sieve analysis for 40/70 mesh ceramic (2.71 sp.gr), for the samples collected 
from outside of the secondary fracture (S-2) for water-sodium chloride and 
water-glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.043). ............................... 112 

Figure 4.64  Sieve analysis for 40/70 mesh ceramic (2.71 sp.gr), for the samples collected 
from outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.043). ......................................... 112 

Figure 4.65  Sieve analysis for 40/70 mesh ceramic (2.71 sp.gr), for the samples collected 
from inside all the fractures for water-sodium chloride and water-glycerin 
solutions, 1 gal/min, and 1 ppg (Cv=0.043). ....................................................... 113 



xv 

Figure A.1 Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 1 gal/min, and 2 ppg (Cv=0.086). ....................................................... 133 

Figure A.2  Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 2 gal/min, and 2 ppg (Cv=0.086). ....................................................... 134 

Figure A.3  Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 2 ppg (Cv=0.086). ......................................... 134 

Figure A.4  Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 2 ppg (Cv=0.086). ......................................... 135 

Figure A.5  Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 2 ppg (Cv=0.086). ......................................... 135 

Figure A.6  Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 2 ppg (Cv=0.086). ......................................... 136 

Figure A.7  Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from 
inside all the fractures for water-sodium chloride and water-glycerin solutions, 
1 gal/min, and 2 ppg (Cv=0.086). ........................................................................ 136 

Figure A.8  Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from 
inside all the fractures for water-sodium chloride and water-glycerin solutions, 
2 gal/min, and 2 ppg (Cv=0.086). ........................................................................ 137 

Figure A.9  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 1 gal/min, and 1 ppg (Cv=0.043). ....................................................... 137 

Figure A.10  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 2 gal/min, and 1 ppg (Cv=0.043). ....................................................... 138 

Figure A.11  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 1 gal/min, and 2 ppg (Cv=0.086). ....................................................... 138 

Figure A.12  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 2 gal/min, and 2 ppg (Cv=0.086). ....................................................... 139 



xvi 

Figure A.13  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.043). ......................................... 139 

Figure A.14  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 1 ppg (Cv=0.043). ......................................... 140 

Figure A.15  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 2 ppg (Cv=0.086). ......................................... 140 

Figure A.16  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 2 ppg (Cv=0.086). ......................................... 141 

Figure A.17  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.043). ......................................... 141 

Figure A.18  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 1 ppg (Cv=0.043). ......................................... 142 

Figure A.19  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 2 ppg (Cv=0.086). ......................................... 142 

Figure A.20  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 2 ppg (Cv=0.086). ......................................... 143 

Figure A.21  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 1 
gal/min, and 1 ppg (Cv=0.043). ........................................................................... 143 

Figure A.22  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 2 
gal/min, and 1 ppg (Cv=0.043). ........................................................................... 144 

Figure A.23  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 1 
gal/min, and 2 ppg (Cv=0.086). ........................................................................... 144 

Figure A.24  Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 2 
gal/min, and 2 ppg (Cv=0.086). ........................................................................... 145 



xvii  

Figure A.25  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 1 gal/min, and 1 ppg (Cv=0.043). ....................................................... 145 

Figure A.26  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 2 gal/min, and 1 ppg (Cv=0.043). ....................................................... 146 

Figure A.27  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 1 gal/min, and 2 ppg (Cv=0.086). ....................................................... 146 

Figure A.28  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 2 gal/min, and 2 ppg (Cv=0.086). ....................................................... 147 

Figure A.29  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.043). ......................................... 147 

Figure A.30  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 1 ppg (Cv=0.043). ......................................... 148 

Figure A.31  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.086). ......................................... 148 

Figure A.32  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 1 ppg (Cv=0.086). ......................................... 149 

Figure A.33  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.043). ......................................... 149 

Figure A.34  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 1 ppg (Cv=0.043). ......................................... 150 

Figure A.35  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 2 ppg (Cv=0.086). ......................................... 150 

Figure A.36  Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 2 ppg (Cv=0.086). ......................................... 151 



xviii  

Figure A.37  Sieve analysis for 40/70 ceramic (2.08 sp.gr), for the samples collected from 
inside all the fractures for water-sodium chloride and water-glycerin solutions, 
1 gal/min, and 1 ppg (Cv=0.043). ........................................................................ 151 

Figure A.38  Sieve analysis for 40/70 ceramic (2.08 sp.gr), for the samples collected from 
inside all the fractures for water-sodium chloride and water-glycerin solutions, 
2 gal/min, and 1 ppg (Cv=0.043). ........................................................................ 152 

Figure A.39  Sieve analysis for 40/70 ceramic (2.08 sp.gr), for the samples collected from 
inside all the fractures for water-sodium chloride and water-glycerin solutions, 
1 gal/min, and 2 ppg (Cv=0.086). ........................................................................ 152 

Figure A.40  Sieve analysis for 40/70 ceramic (2.08 sp.gr), for the samples collected from 
inside all the fractures for water-sodium chloride and water-glycerin solutions, 
2 gal/min, and 2 ppg (Cv=0.086). ........................................................................ 153 

Figure A.41  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 1 gal/min, and 1 ppg (Cv=0.043). ....................................................... 153 

Figure A.42  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 2 gal/min, and 1 ppg (Cv=0.043). ....................................................... 154 

Figure A.43  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 1 gal/min, and 2 ppg (Cv=0.086). ....................................................... 154 

Figure A.44  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin 
solutions, 2 gal/min, and 2 ppg (Cv=0.086). ....................................................... 155 

Figure A.45  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.043). ......................................... 155 

Figure A.46  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 1 ppg (Cv=0.043). ......................................... 156 

Figure A.47  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 2 ppg (Cv=0.086). ......................................... 156 

Figure A.48  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
outside of the secondary fracture (S-2) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 2 ppg (Cv=0.086). ......................................... 157 



xix 

Figure A.49  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.043). ......................................... 157 

Figure A.50  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 1 ppg (Cv=0.043). ......................................... 158 

Figure A.51  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 1 gal/min, and 1 ppg (Cv=0.043). ......................................... 158 

Figure A.52  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-
glycerin solutions, 2 gal/min, and 2 ppg (Cv=0.086). ......................................... 159 

Figure A.53  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
inside all the fractures for water-sodium chloride and water-glycerin solutions, 
1 gal/min, and 1 ppg (Cv=0.043). ........................................................................ 159 

Figure A.54  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
inside all the fractures for water-sodium chloride and water-glycerin solutions, 
2 gal/min, and 1 ppg (Cv=0.043). ........................................................................ 160 

Figure A.55  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
inside all the fractures for water-sodium chloride and water-glycerin solutions, 
2 gal/min, and 1 ppg (Cv=0.043). ........................................................................ 160 

Figure A.56  Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from 
inside all the fractures for water-sodium chloride and water-glycerin solutions, 
2 gal/min, and 1 ppg (Cv=0.043). ........................................................................ 161 

 



xx 

LIST OF TABLES 

Table 3.1 Fracture network (primary, secondary, and tertiary) dimensions. ........................ 37 

Table 3.2 Properties of water, water-sodium chloride solution, and water-glycerin 
solution. ................................................................................................................. 42 

Table 3.3 Properties of the Tested Proppants. ...................................................................... 42 

Table 3.4: Normalized proppant injected weight to equivalent sand volume. ....................... 45 

Table 4.1 Calculated Archimedes' Number using two different fluids and four different 
proppants. .............................................................................................................. 71 

Table 4.2 The calculation of Reynolds Number after equilibrium dune height was 
reached. ................................................................................................................. 87 

Table 4.3 Measured Equilibrium dune level (EDL) and calculated EDL using Wang et 
al.�¶�V���F�R�U�U�H�O�D�W�L�R�Q�����������������I�R�U���W�Z�R���G�L�I�I�H�U�H�Q�W���I�O�X�L�G�V���D�Q�G���I�R�X�U���G�L�I�I�H�U�H�Q�W���S�U�R�S�S�D�Q�W�V�� ..... 93 

Table 4.4 Measured Equilibrium dune level (EDL) and calculated EDL using Alotaibi and 
�0�L�V�N�L�P�L�Q�V�¶ correlations (2015)  for 40/70 mesh proppants.................................. 97 

Table 4.5 Measured Equilibrium dune level (EDL) and calculated EDL using Alotaibi and 
�0�L�V�N�L�P�L�Q�V�¶ correlation (2015) for 40/70 mesh proppants, Equation 4.3. ........... 100 

Table 4.6 The sieve analysis results for 100 mesh brown sand (2.65 sp.gr)....................... 101 

Table 4.7 The sieve analysis results for 40/70 mesh ceramic (2.08 sp.gr). ........................ 102 

Table 4.8 The sieve analysis results for 40/70 mesh ceramic (2.71 sp.gr). ........................ 102 

Table 4.9 The sieve analysis results for 40/70 mesh sand (2.65 sp.gr). .............................. 102 



xxi 

NOMENCLATURE 
 

����= magnetic field strength, volt x second, �>�� �?
�-
�. ���>���?

�-
�. 

�� �H�� = is the drag coefficient for sphere particle, dimensionless 

�� �t ��= is the particle volume concentration, vol%, [volume of solid/volume of mixture] 
 
�†�T�� = is the proppant median diameter, m,���>���? 

����= induced voltage, volt, �>�� �?
�-
�. ���>���?

�-
�. ���>�� �?�?�5 

������  = is the equilibrium dune height, [L] 

������  = is the equilibrium dune level, percent [L/L] 

�	�F = is bouncy force, kg m / s3 , �>�� �?�>���?�>�� �?�?�6 

�	�H = is drag force, kg m / s3 , �>�� �?�>���?�>�� �?�?�6 

�	�e = is gravity force, kg m / s3 , �>�� �?�>���?�>�� �?�?�6 

�‰ = is the gravitational acceleration constant, m/s; �>���?���>�� �?�?�5 

���	  = is the fracture height, [Length] 

��  = calibration factor, 1/m2, �>���?�?�6 

����= distance between the two electrodes, m, �>���? 

�� �V�c��= is Reynolds Number, dimensionless 

�� �d�� = is the fluid volumetric flow rate, (m3/s),���>���?�7���>�� �?�?�5 

�� �n�� = is the proppant volumetric flow rate, (m3/s),���>���?�7���>�� �?�?�5 

�� �J��= is the fluid Reynolds Number, dimensionless 

�� �K��= is the gravity Reynolds Number, dimensionless 

�� �T��= is the proppant Reynolds Number, dimensionless 

� �̃_�t�e= average velocity of the medium, m/s, �>���?���>�� �?�?�5 
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���G��= is the settling velocity of concentrated particles, m/s, �>���?���>�� �?�?�5 

���q��= is the settling velocity of the particle, m/s, �>���?���>�� �?�?�5 

��  = is the fracture width, m,���>���? 

 �O�d��= is the fluid density, kg/m3,���>�� �?���>���?�?�7 

�O�T�� = is the proppant density, kg/m3,���>�� �?���>���?�?�7 

�J = is the fluid viscosity, kg/(m.s),���>�� �?���>���?�?�5���>�� �?�?�5 

�I = is the gravity Reynolds Number for the fluid, dimensionless. 
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1 

CHAPTER 1 

INTRODUCTION 
 

�+�\�G�U�D�X�O�L�F���I�U�D�F�W�X�U�L�Q�J���L�V���D�Q���L�P�S�R�U�W�D�Q�W���Z�H�O�O���V�W�L�P�X�O�D�W�L�R�Q���W�H�F�K�Q�L�T�X�H���L�Q���Z�K�L�F�K���V�X�E�V�X�U�I�D�F�H���U�R�F�N��

�L�V���I�U�D�F�W�X�U�H�G���X�V�L�Q�J���D���S�U�H�V�V�X�U�L�]�H�G���I�O�X�L�G�����7�K�L�V���W�H�F�K�Q�L�T�X�H���L�V���Z�L�G�H�O�\���X�V�H�G���L�Q���X�Q�F�R�Q�Y�H�Q�W�L�R�Q�D�O���U�H�V�H�U�Y�R�L�U�V��

�Z�K�L�F�K�� �D�U�H�� �N�Q�R�Z�Q�� �W�R�� �K�D�Y�H�� �H�[�W�U�H�P�H�O�\�� �O�R�Z�� �S�H�U�P�H�D�E�L�O�L�W�\���� �1�R�W�� �R�Q�O�\�� �G�R�H�V�� �W�K�L�V�� �S�U�R�F�H�V�V�� �F�U�H�D�W�H�� �Q�H�Z��

�I�U�D�F�W�X�U�H�V���E�X�W���L�W���D�O�V�R���L�Q�F�U�H�D�V�H�V���W�K�H���H�[�W�H�Q�W���D�Q�G���F�R�Q�G�X�F�W�L�Y�L�W�\���R�I���H�[�L�V�W�L�Q�J���I�U�D�F�W�X�U�H�V�����+�\�G�U�D�X�O�L�F���I�U�D�F�W�X�U�L�Q�J��

�L�V���X�V�X�D�O�O�\���X�V�H�G���L�Q���F�R�P�E�L�Q�D�W�L�R�Q���Z�L�W�K���K�R�U�L�]�R�Q�W�D�O���G�U�L�O�O�L�Q�J�����7�K�H���F�R�P�E�L�Q�D�W�L�R�Q���R�I���K�R�U�L�]�R�Q�W�D�O���G�U�L�O�O�L�Q�J���D�Q�G��

�K�\�G�U�D�X�O�L�F�� �I�U�D�F�W�X�U�L�Q�J�� �K�D�V�� �D�� �S�R�V�L�W�L�Y�H�� �L�P�S�D�F�W�� �R�Q�� �W�K�H�� �Z�R�U�O�G�¶�V�� �R�L�O�� �D�Q�G�� �Q�D�W�X�U�D�O�� �J�D�V�� �S�U�R�G�X�F�W�L�R�Q�� �E�\��

�L�Q�F�U�H�D�V�L�Q�J�� �W�K�H�� �V�W�L�P�X�O�D�W�H�G�� �U�H�V�H�U�Y�R�L�U�� �Y�R�O�X�P�H���� �,�Q�� �8�Q�L�W�H�G�� �6�W�D�W�H�V���� �W�K�H�� �Q�X�P�E�H�U�� �R�I�� �W�K�H�� �K�\�G�U�D�X�O�L�F�D�O�O�\��

�I�U�D�F�W�X�U�H�G���K�R�U�L�]�R�Q�W�D�O���Z�H�O�O�V���D�F�F�R�X�Q�W�H�G���I�R�U�����������R�I���D�O�O���R�L�O���D�Q�G���Q�D�W�X�U�D�O���J�D�V���Z�H�O�O�V���G�U�L�O�O�H�G���D�Q�G�����������R�I��

�W�K�H���W�R�W�D�O���O�L�Q�H�D�U���I�R�R�W�D�J�H���G�U�L�O�O�H�G�����8�6���(�Q�H�U�J�\���,�Q�I�R�U�P�D�W�L�R�Q���$�G�P�L�Q�L�V�W�U�D�W�L�R�Q���(�,�$�����������������)�L�J�X�U�H�V�����������D�Q�G��
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�)�L�J�X�U�H�����������3�U�H�G�L�F�W�H�G���G�U�\���Q�D�W�X�U�D�O���J�D�V���S�U�R�G�X�F�W�L�R�Q���L�Q���8�Q�L�W�H�G���6�W�D�W�H�V�����(�,�$�������������� 

 

�7�K�H���S�X�U�S�R�V�H���R�I���W�K�L�V���U�H�V�H�D�U�F�K���L�V���W�R���F�R�Q�G�X�F�W���H�[�S�H�U�L�P�H�Q�W�D�O���W�H�V�W�V���W�R���V�W�X�G�\���W�K�H���H�I�I�H�F�W���R�I���F�K�D�Q�J�L�Q�J��

�I�O�X�L�G�� �G�H�Q�V�L�W�\�� �D�Q�G�� �I�O�X�L�G�� �Y�L�V�F�R�V�L�W�\�� �R�Q�� �S�U�R�S�S�D�Q�W�� �W�U�D�Q�V�S�R�U�W�� �L�Q�� �F�R�P�S�O�H�[�� �I�U�D�F�W�X�U�H�� �Q�H�W�Z�R�U�N�V�� �X�V�L�Q�J�� �W�Z�R��

�G�L�I�I�H�U�H�Q�W���I�O�X�L�G�V���L�Q���D���O�R�Z���S�U�H�V�V�X�U�H���O�D�E�R�U�D�W�R�U�\�� �V�H�W�W�L�Q�J�����&�K�D�S�W�H�U�������G�L�V�F�X�V�V�H�V�� �W�K�H���S�U�R�E�O�H�P���V�W�D�W�H�P�H�Q�W����

�P�R�W�L�Y�D�W�L�R�Q���R�I���W�K�H���V�W�X�G�\���D�Q�G���R�E�M�H�F�W�L�Y�H�V���R�I���W�K�H���U�H�V�H�D�U�F�K�����&�K�D�S�W�H�U�������S�U�R�Y�L�G�H�V���D���O�L�W�H�U�D�W�X�U�H���U�H�Y�L�H�Z���R�Q��

�S�U�R�S�S�D�Q�W���W�U�D�Q�V�S�R�U�W���L�Q���D���F�R�P�S�O�H�[���V�O�R�W���F�R�Q�I�L�J�X�U�D�W�L�R�Q�����&�K�D�S�W�H�U�������G�H�V�F�U�L�E�H�V���W�K�H���O�D�E���P�H�W�K�R�G�R�O�R�J�\���D�Q�G��

�S�U�R�F�H�G�X�U�H���� �D�Q�G�� �&�K�D�S�W�H�U�� ���� �V�X�P�P�D�U�L�]�H�V�� �W�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �U�H�V�X�O�W�V���� �&�K�D�S�W�H�U�� ���� �G�L�V�F�X�V�V�H�V�� �W�K�H��

�H�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�X�O�W�V���D�Q�G���W�K�H�L�U���D�S�S�O�L�F�D�W�L�R�Q�����&�R�Q�F�O�X�V�L�R�Q�V���D�U�H���S�U�R�Y�L�G�H�G�����D�O�R�Q�J���Z�L�W�K���U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V��

�I�R�U���I�X�W�X�U�H���H�[�S�H�U�L�P�H�Q�W�D�O���Z�R�U�N�����L�Q���&�K�D�S�W�H�U������ 

1.1 Problem Statement and Motivation of the Study 

�8�Q�F�R�Q�Y�H�Q�W�L�R�Q�D�O�� �U�H�V�H�U�Y�R�L�U�V�� �D�U�H�� �R�I�W�H�Q�� �I�U�D�F�W�X�U�H�G�� �Z�L�W�K�� �O�R�Z�� �Y�L�V�F�R�V�L�W�\�� �I�O�X�L�G�V���� �6�O�L�F�N�Z�D�W�H�U��

�I�U�D�F�W�X�U�L�Q�J���I�O�X�L�G���L�V���W�K�H���P�R�V�W���S�R�S�X�O�D�U���W�H�F�K�Q�L�T�X�H���L�Q���L�Q���W�K�H���K�\�G�U�D�X�O�L�F���I�U�D�F�W�X�U�L�Q�J���R�I���X�Q�F�R�Q�Y�H�Q�W�L�R�Q�D�O���Z�H�O�O�V��
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�W�K�H���O�R�Z���Y�L�V�F�R�V�L�W�\���R�I���V�O�L�F�N�Z�D�W�H�U���D�Q�G���W�K�H���K�L�J�K���G�H�Q�V�L�W�\���R�I���W�\�S�L�F�D�O���L�Q�M�H�F�W�H�G���S�U�R�S�S�D�Q�W�V���D�Q�G���W�K�H���D�V�V�R�F�L�D�W�H�G��

�S�R�R�U�� �S�U�R�S�S�D�Q�W�� �W�U�D�Q�V�S�R�U�W���� �7�K�H�� �K�L�J�K�� �G�H�Q�V�L�W�\�� �S�U�R�S�S�D�Q�W�V�� �F�D�Q�Q�R�W�� �E�H�� �H�I�I�L�F�L�H�Q�W�O�\�� �F�D�U�U�L�H�G�� �L�Q�W�R�� �W�K�H��

�V�X�E�V�L�G�L�D�U�\�� �I�U�D�F�W�X�U�H�V�� �W�K�D�W�� �O�D�\�� �I�X�U�W�K�H�U�� �D�Z�D�\�� �I�U�R�P�� �W�K�H�� �L�Q�M�H�F�W�L�R�Q�� �S�R�L�Q�W���� �7�K�L�V�� �U�H�V�H�D�U�F�K�� �D�W�W�H�P�S�W�V�� �W�R��

�X�Q�G�H�U�V�W�D�Q�G�� �D�Q�G�� �L�P�S�U�R�Y�H�� �S�U�R�S�S�D�Q�W�� �W�U�D�Q�V�S�R�U�W�� �L�Q�� �D�� �F�R�P�S�O�H�[�� �I�U�D�F�W�X�U�H�� �V�\�V�W�H�P�� �X�V�L�Q�J�� �Z�D�W�H�U���J�O�\�F�H�U�L�Q��

�V�R�O�X�W�L�R�Q�����Y�H�U�\���I�H�Z���D�U�W�L�F�O�H�V���K�D�Y�H���S�U�H�Y�L�R�X�V�O�\���V�W�X�G�L�H�G���S�U�R�S�S�D�Q�W���W�U�D�Q�V�S�R�U�W���L�Q���D���F�R�P�S�O�H�[���I�U�D�F�W�X�U�H���X�V�L�Q�J��

�Z�D�W�H�U���J�O�\�F�H�U�L�Q���V�R�O�X�W�L�R�Q�����/�L�X�����������������7�R���D�G�G�U�H�V�V���W�K�H���S�R�R�U���S�U�R�S�S�D�Q�W���W�U�D�Q�V�S�R�U�W���X�V�L�Q�J���V�O�L�F�N�Z�D�W�H�U���D�Q�G��

�E�H�W�W�H�U�� �X�Q�G�H�U�V�W�D�Q�G�� �S�U�R�S�S�D�Q�W�� �W�U�D�Q�V�S�R�U�W���� �W�Z�R�� �G�L�I�I�H�U�H�Q�W�� �I�O�X�L�G�V�� �Z�H�U�H�� �W�H�V�W�H�G�� �L�Q�� �W�K�L�V�� �V�W�X�G�\���� �,�Q�� �R�U�G�H�U�� �W�R��

�L�Q�F�U�H�D�V�H���S�U�R�S�S�D�Q�W���F�R�Y�H�U�H�G���D�U�H�D���L�Q�V�L�G�H���W�K�H���F�U�H�D�W�H�G���I�U�D�F�W�X�U�H���D�Q�G���W�R���L�Q�F�U�H�D�V�H���W�K�H���I�U�D�F�W�X�U�H���F�R�Q�G�X�F�W�L�Y�L�W�\����

�W�K�L�V�� �V�W�X�G�\�� �D�L�P�V�� �W�R�� �V�W�X�G�\�� �W�K�H�� �H�I�I�H�F�W�V�� �R�I�� �F�K�D�Q�J�L�Q�J�� �I�O�X�L�G�� �S�U�R�S�H�U�W�L�H�V�� �D�Q�G�� �L�Q�M�H�F�W�L�R�Q�� �S�D�U�D�P�H�W�H�U�V�� �R�Q��

�S�U�R�S�S�D�Q�W���W�U�D�Q�V�S�R�U�W���L�Q�V�L�G�H���V�O�R�W���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V�� 

1.2 Research Objectives 

�7�K�L�V�� �U�H�V�H�D�U�F�K�� �D�L�P�V�� �W�R�� �S�U�R�Y�L�G�H�� �D�� �E�H�W�W�H�U�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �R�I�� �W�K�H�� �S�U�R�S�S�D�Q�W�� �W�U�D�Q�V�S�R�U�W�� �L�Q�V�L�G�H��

�F�R�P�S�O�H�[�� �I�U�D�F�W�X�U�H���V�\�V�W�H�P�V���E�\�� �H�[�W�H�Q�G�L�Q�J���W�K�H���S�U�H�Y�L�R�X�V���H�[�S�H�U�L�P�H�Q�W�D�O���Z�R�U�N�����$�O�R�W�D�L�E�L�������������� �D�Q�G���E�\��

�V�W�X�G�\�L�Q�J���W�K�H���H�I�I�H�F�W���R�I���F�K�D�Q�J�L�Q�J���V�O�L�F�N�Z�D�W�H�U���Y�L�V�F�R�V�L�W�\���D�Q�G���G�H�Q�V�L�W�\���R�Q���S�U�R�S�S�D�Q�W���W�U�D�Q�V�S�R�U�W���L�Q���F�R�P�S�O�H�[��

�I�U�D�F�W�X�U�H���V�\�V�W�H�P�V�����6�H�F�R�Q�G�����L�W���Z�L�O�O���V�W�X�G�\���W�K�H���H�I�I�H�F�W���R�I���Y�D�U�\�L�Q�J���W�K�H���L�Q�M�H�F�W�L�R�Q���S�D�U�D�P�H�W�H�U�V�����Z�K�L�F�K���D�U�H���W�K�H��

�S�X�P�S���U�D�W�H�����S�U�R�S�S�D�Q�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����D�Q�G���Q�X�P�E�H�U���R�I���L�Q�M�H�F�W�H�G���S�D�U�W�L�F�O�H�V�����S�U�R�S�S�D�Q�W���V�L�]�H�����D�Q�G���S�U�R�S�S�D�Q�W��

�G�H�Q�V�L�W�\���R�Q���S�U�R�S�S�D�Q�W���W�U�D�Q�V�S�R�U�W���L�Q���F�R�P�S�O�H�[���I�U�D�F�W�X�U�H���X�V�L�Q�J���W�Z�R���I�O�X�L�G�V���E�\�� 

�x �&�R�P�S�D�U�L�Q�J���W�K�H���S�U�R�S�S�D�Q�W���H�T�X�L�O�L�E�U�L�X�P���G�X�Q�H���K�H�L�J�K�W���L�Q�V�L�G�H���W�K�H���P�D�L�Q���I�U�D�F�W�X�U�H�� 

�x �&�R�P�S�D�U�L�Q�J���W�K�H���S�U�R�S�S�D�Q�W���F�R�Y�H�U�H�G���D�U�H�D���L�Q�V�L�G�H���W�K�H���P�D�L�Q���I�U�D�F�W�X�U�H���D�Q�G���V�X�E�V�L�G�L�D�U�\���I�U�D�F�W�X�U�H�V�� 

�x �&�R�P�S�D�U�L�Q�J���W�K�H���Z�H�L�J�K�W���R�I���W�K�H�� �F�R�O�O�H�F�W�H�G���S�U�R�S�S�D�Q�W���R�X�W���R�I���W�K�H���P�D�L�Q���I�U�D�F�W�X�U�H�� �D�Q�G���V�X�E�V�L�G�L�D�U�\��

�I�U�D�F�W�X�U�H�V�����D�Q�G�� 
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�x �&�R�P�S�D�U�L�Q�J���W�K�H���S�D�U�W�L�F�O�H���V�L�]�H���G�L�V�W�U�L�E�X�W�L�R�Q���I�R�U���W�K�H���F�R�O�O�H�F�W�H�G���V�D�P�S�O�H�V���I�U�R�P���L�Q�V�L�G�H���W�K�H���I�U�D�F�W�X�U�H�V��

�D�Q�G���R�X�W�V�L�G�H���W�K�H���I�U�D�F�W�X�U�H�V���X�V�L�Q�J���V�L�H�Y�H���D�Q�D�O�\�V�L�V���W�H�V�W�V�� 

�7�K�H�V�H�� �J�R�D�O�V�� �F�D�Q�� �E�H�� �D�F�K�L�H�Y�H�G�� �E�\�� �F�R�Q�G�X�F�W�L�Q�J�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �V�W�X�G�L�H�V�� �X�V�L�Q�J���D���Z�D�W�H�U���J�O�\�F�H�U�L�Q��

�V�R�O�X�W�L�R�Q�� �D�Q�G���D���Z�D�W�H�U���V�R�G�L�X�P�� �F�K�O�R�U�L�G�H�� �V�R�O�X�W�L�R�Q�� �Z�K�L�O�H�� �N�H�H�S�L�Q�J�� �W�K�H�� �V�D�P�H�� �L�Q�M�H�F�W�L�R�Q�� �U�D�W�H�V���� �S�U�R�S�S�D�Q�W��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�����D�Q�G���S�U�R�S�S�D�Q�W���V�L�]�H�V���W�K�U�R�X�J�K���D���V�H�U�L�H�V���R�I���F�R�P�S�O�H�[���V�O�R�W���F�R�Q�I�L�J�X�U�D�W�L�R�Q�V�����,�Q���D�G�G�L�W�L�R�Q�����W�K�H��

�O�D�E���U�H�V�X�O�W�V���D�U�H���F�R�P�S�D�U�H�G���Z�L�W�K���W�K�H���S�U�H�Y�L�R�X�V���S�X�E�O�L�V�K�H�G���F�R�U�U�H�O�D�W�L�R�Q�V���E�\�����:�D�Q�J���H�W���D�O�����������������$�O�R�W�D�L�E�L��

�D�Q�G���0�L�V�N�L�P�L�Q�V�������������� 
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CHAPTER 2  

LITERATURE REVIEW 
 

Proppant transport inside hydraulic fractures using slickwater is an important topic to be 

studied as it provides a deeper insight on propped fracture length and fracture conductivity. 

Fracture conductivity and propped fracture length are dependent on the proppant placement inside 

the created fractures, and the productivity of the fractured well is determined by these two factors. 

Proppant flow and transport inside the created fractures are largely a function of proppant 

properties, fluid properties and fracture geometry. Many researchers have studied the effects of 

proppant, fluid properties and fracture geometry on proppant transport as presented in this chapter. 

The effects of parameters such as pump rate, proppant concentration, proppant size, fracture 

complexity and fluid viscosity are summarized here. Also, a review of experimental and numerical 

studies of proppant transport inside a complex fractures are detailed in this chapter. This chapter 

discusses the more recent studies on proppant transport using slickwater that are relevant to the 

current research. 

2.1 Hydraulic Fracturing Fluid Systems 

During the hydraulic fracturing treatment, rather than just creating fractures, fracturing 

fluid plays a very crucial part in the transportation and placement of the proppant in the fractures. 

There are two concepts behind proppant transport, which are fluid viscosity and fluid velocity. For 

high viscosity fluids, the viscosity plays a major role in proppant transportation, while fluid 

velocity is a vital component when dealing with low viscosity fluids like slickwater.  

Fluid viscosity is one of the most important considerations when selecting a fracturing 

fluid. It plays a vital role in exerting high viscous forces to carry the proppant inside the created 

fractures and to increase the fracture width. Low and high viscosity fracturing fluids, such as 
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slickwater and a cross-linked gel, provide different proppant transportability due to the difference 

in their viscosities. Other crucial characteristics of selecting a fracturing fluid are compatibility 

with formation fluids, cost, and environmental impacts. It is important to understand fluid rheology 

before explaining the typical types of fracturing fluids. Fluid behavior can be classified into 

Newtonian and non-Newtonian. If the fluid viscosity is constant with respect to the applied shear 

rate, the fluid is classified as a Newtonian fluid. Deviation from Newtonian behavior is known as 

a non-Newtonian fluid. Figure 2.1 illustrates Newtonian and non-Newtonian behavior of fluids. 

 
Figure 2.1 Shear rate vs. shear stress for several types of fluids (modified after SIMSCALE 

2019). 

 
The main three types of non-Newtonian fluid are shear-thinning, shear thickening fluid, 

and Bingham plastic. If the viscosity decreases as the shear rate increases, the fluid is called shear 

thinning or pseudo-plastic. The fluid is called shear thickening if the viscosity increases as the 

shear rate increases. For a Bingham fluid, a minimum stress is needed to be applied before it flows, 
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and once the flow starts, it behaves as Newtonian fluid where the shear stress and shear rate has a 

linear relationship. In all fluid types, viscosity changes not only with the shear rate, but also with 

the temperature and pressure. Because the effect of pressure on the fluid viscosity is extremely 

small, it can be neglected (Alderman 1997). Temperature, however, cannot be ignored as it has a 

significant impact on viscosity values. There are different types of hydraulic fracture fluid systems 

in the oil and gas industry and each formation requires a specific fluid system. The most common 

current fracture fluid systems are slickwater, cross-linked gel fracturing fluid system and a hybrid 

of these two fluids. 

2.2 Slickwater Fracturing Fluid System 

Slickwater fluid systems have become a common practice in the hydraulic fracturing of 

unconventional plays and shale gas reservoirs because of their low viscosity which aids the 

generation of complex fracture geometry when compared to other fluid systems. Slickwater is 

commonly composed of water and friction reducer (FR) such as polyacrylamide, plus bactericide 

and clay control agent. Adding friction reducer (FR) to slickwater helps to pump the slickwater at 

high pump rates. One of the benefits of slickwater over a conventional fracturing fluid is in the 

creation of a large stimulated reservoir volume (SRV). Cipolla et al. (2009) calculated and 

compared the SRV using two types of fracturing fluids (slickwater and cross-linked gel), and they 

observed the SRV using slickwater was bigger than the SRV using cross-linked gel as shown in 

Figure 2.2. Additionally, slickwater systems pose minimal damage to the formation as compared 

to conventional fracturing fluids. Conventional fluids are not only known to be less cost effective 

due to high polymer cost used to viscosify fracture fluids, but these polymeric substances could 

lead to formation damage posing a major production deterrent issue (Song et al. 2015). 
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Figure 2.2 Comparison of SRV using cross-linked gel and slickwater fracturing fluid systems 

(Modified after Cipolla et al. 2009; Ren et al. 2014). 

 
Due to their low viscosities, slickwater fluids are easy to pump and fast to flow back after 

the fracture treatment. Since the low viscosity makes it difficult for slickwater to provide efficient 

transportation of proppant, it is recommended to use high pump rates (in excess of 100 bbl/min) 

to provide effective proppant transport. To address the issue of proppant transport using the 

slickwater, most slickwater treatment designs use low proppant concentration ranges of 0.25 to 1 

ppg, up to a maximum proppant concentration of 2-3 ppg at end of the job (Palisch et al. 2010). 

According to Kostenuk and Browne (2010), the combination of higher rate with the lower viscosity 

can help induce more complex fractures, which increase the simulated reservoir volume (SRV) of 

the formation and potentially its productivity. Proppant transport using slickwater depends on 

turbulent flow, dune height, and/or bed transport. Initially, the proppant is carried in the slickwater 

by its turbulent flow. When the flow velocity decreases in the fracture due to increased cross-

sectional area, the proppants settle out quickly and fall to bottom of the created fracture. This 

causes a part of the created fracture length to be unpropped because most of the proppant settles 
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on the bottom of the created fractures near the wellbore (Kostenuk and Browne 2010). The addition 

of friction reducers became important in slickwater to reduce the fluid friction that is associated 

with the increase pump rates (Song et al. 2015).  

Another reason for using slickwater as a fracturing fluid is the cost, as it is cheaper than 

conventional fracturing fluids. Also, slickwater does not need the base fluid to be freshwater. In 

some areas, flow back water from existing wells can be reused as fracturing fluid in other wells 

because it has the same properties as the formation water. This could be helpful in regions where 

water disposal is difficult and expensive (Palisch et al. 2010).  

As mentioned earlier, one of the biggest concerns with using slickwater is proppant 

transportability into the subsidiary fractures. Fracturing fluids with low viscosity have little ability 

to carry the proppant and create the necessary fracture width as compared with cross-linked gel 

fracturing fluids. Another concern with using slickwater fracturing fluid is the amount of water 

needed to be used for a given fracturing treatment (King 2010). 

2.3 Proppant Characteristics 

Proppant is a grit material, essentially natural sand or man-made products such as resin-

coated sand or strong ceramic materials. During fracturing operations, proppant is mixed with 

fracturing fluids to ensure that the created fractures remain open after the fracture treatment is 

completed and to provide a conductive pathway for hydrocarbons to flow from the reservoir to the 

well. However, the absence of proppant inside the created fractures can result in the reclosing of 

the created fractures under the effect of earth stresses and thus reducing the productivity of the 

created fractures as shown in Figure 2.3. There are several types of proppant materials used in 

hydraulic fracturing operations, as well as different shapes and sizes. 
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Figure 2.3 Placement of proppant in hydraulic fracture (modified after Belyadi et al. 2016). 

 

2.3.1 Proppant Types 

The type of the proppant is one of the vital factors in every fracturing operation because it 

has a great impact on the fracture conductivity. Figure 2.4 demonstrates the effect of effective 

closure stress on fracture conductivity for different proppant types. The data in this figure show 

how the proppant type has a significant impact on proppant pack conductivity. Basically, there are 

two types of the proppants used in fracturing applications, either naturally occurring sand or man-

made ceramic proppants (Liang et al. 2016). 

�6�D�Q�G�����³�I�U�D�F���V�D�Q�G�´�����L�V���W�K�H���P�R�V�W��commonly used proppant for hydraulic fracture operations 

because of its availability and its price (it is generally the cheapest). Even though it is natural, the 

frac sand cannot be used directly in fracturing without some processing. These processes include 

washing to extract unwanted particles, drying and screening to size the sand grains. The two main 

types of sand used in hydraulic fracturing are Ottawa and Brady sands. Ottawa sand is high quality 

white sand and is mined from Jordan deposits found in the North region of the United States. On 

the other hand Brady sand, which comes from near Brady, Texas (Hickory formation), is known 

�D�V���³�E�U�R�Z�Q���V�D�Q�G�´���E�H�F�D�X�V�H���R�I���L�W�V���F�R�O�R�U�����%�U�D�G�\��sand is cheaper than Ottawa sand because the Brady 
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sand contains more impurities, less silica and is more angular. Angularity makes the Brady sand 

easier to crush at lower closure stress. These sands are not capable of handling closure pressure 

above 6000 psi without crushing (Liang et al. 2016). 

 
Figure 2.4 Effect of closure stress on fracture conductivity for different proppant types (modified 

after Guo et al. 2017). 
 

Ceramic proppants are man-made from sintered bauxite, kaolin, magnesium silicate, or the 

mixing of bauxite and kaolin. Ceramic proppant is uniform and round in shape and provides high 

conductivity and high porosity in the created fractures. Ceramic proppants have a higher strength 

as compared with other types of proppant. Ceramic proppant can handle closure pressures greater 

than 8,000 to 10,000 psi and has high crush resistance. In addition, due to its high thermal and 

chemical stability, it experiences less diagenesis, consequently providing high conductivity of 

induced fractures in both the short and long term. Ceramic proppants are classified into three 

groups based on their density: lightweight ceramics (LWC); intermediate density ceramics (IDC) 

often known as intermediate strength proppant (ISP); and high density ceramics (HDC) often 
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referred to as high strength proppant (HSP). However, the economics of using ceramic come into 

question, because the ceramic is generally more expensive and pumping of a large amount of such 

proppants may not be economically possible. (Liang et al. 2016). 

Resin-coating can be used to modify the properties of both sand and ceramic but it is 

usually used for sand. The main goals of using resin-coating are to improve proppant strength, 

specific gravity, resistance to flow back, and reduction of proppant embedment (Liang et al. 2016). 

Also, resin coating proppants can be used to control sand production from unconsolidated 

formations (Sinclair et al. 1983). However, the drawbacks of using resin-coating proppants are 

softening or degrading at low temperatures, since the coating materials are polymer base materials, 

and their cost (Liang et al. 2016). Resin-coating of proppants can be done either at the well location 

or at production facilities before taken to the well location. The main types of resin-coated proppant 

are precured resin coated sand and curable resin-coated sand. Typically, epoxy resin, furan resin, 

polyesters, urea aldehyde, vinyl esters, phenol-aldehyde, polyurethane and furfural alcohol are the 

most common resins for coating proppants. Each of the listed polymers has different properties 

and different functions. For instance, epoxy resin is used to coat the proppant because it has good 

mechanical strength, excellent heat resistance and good chemical resistance (Zoveidavianpoor and 

Gharibi 2015). 

Lightweight proppants are man-made proppants and are used to reduce the settling velocity 

of the proppant. Lightweight ceramic proppants have specific gravities ranging from 0.8 to 2.59. 

Lightweight proppant can be made by using materials that have low specific gravity such as walnut 

shells, pits and husks. This type of proppant generally has uniform size and shape and good head 

resistance. In some applications, it is preferred to use lightweight proppants because they need low 

fluid viscosity to carry them and they help to increase propped length (Liang et al. 2016). A resin-
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impregnated and coated, chemically modified walnut hull is one type of ultra-lightweight particle 

as documented by Wood et al. (2003). Liang et al. (2016) have documented another type of ultra-

lightweight proppant which is a resin-coated porous ceramic proppant that has a specific gravity 

of 1.75. The use of a resin-coating for porous ceramic is to prevent the fluid from invading the 

proppant in order to reserve and reduce the density. Even though there are different ways to make 

lightweight proppant, they usually fail at low closure stresses and are limited in their use. 

Multi-functional proppants are made for specific usage such as traceable proppants and 

proppants filled or coated with chemicals. Traceable proppants are used to provide more 

information about stimulation treatments such as the geometry of the induced fractures after a 

hydraulic fracturing treatment is completed. For the radioactive tracer, the proppants are coated 

with radioactive materials and mixed with regular proppants during fracturing operations. These 

radioactive materials can be detected by using a gamma ray logging tool because they will emit 

gamma rays (Gadeken and Smith 1986). 

2.3.2 Proppant Size 

Proppant size is very important in hydraulic fracturing operations as it affects proppant 

transport and the final conductivity of the created fractures. Proppants come in a variety of different 

grain sizes generally ranging from 8 to ���������P�H�V�K�������������P���± 2.38mm), where the mesh size is the 

number of openings in one square inch of a screen. The standard way to measure the proppa�Q�W�¶�V 

mesh size is by using dry sieve analysis as documented by the American Petroleum Institution and 

the International Organization for Standardization (API/ISO) standard testing procedures (ISO 

13503-2:2006). The International Organization for Standardization standards dictate that for a 

given proppant size range, at least 90% of the proppants must fall between the designated mesh 

size range, and no more than 0.1% can be larger than the second screen above nor can 1% can fall 
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through the second screen below the primary sieves (Kaufman et al. 2007). For instance, if the 

�S�U�R�S�S�D�Q�W���V�L�]�H���L�V���³�����������´��mesh that means at least 90% of these grains are larger than 40 mesh and 

smaller than 20 mesh. Also, no more than 0.1% can be greater than a 16 mesh, and no more than 

1% can be smaller than a 50 mesh (Kaufman et al. 2007). Typically, the larger particle size 

provides a greater fracture conductivity because the pore spaces in the proppant pack are larger. In 

�D�G�G�L�W�L�R�Q���� �W�K�H�� �O�D�U�J�H�U�� �S�D�U�W�L�F�O�H�� �V�L�]�H�� ���J�U�H�D�W�H�U�� �W�K�D�Q�� ���������P�� �L�Q�� �G�L�D�P�H�W�H�U������ �W�K�H�� �K�L�J�K�H�U�� �S�U�R�E�D�E�L�O�L�W�\�� �R�I��

imperfection and brittle fracture. In contrast, the smaller particles are stronger because of the lack 

of imperfection and failure by cleavage (Kinsley and Smalley 1973). 

It is common in hydraulic fracturing treatments to mix different proppant sizes, especially 

in the hybrid completion designs. However, mixing of different proppant sizes has a potential to 

decrease the permeability. For instance, mixing of 100 mesh proppant sizes with 20/40 mesh leads 

to reducing the permeability due to the ability of 100 mesh proppant sizes to invade and fill the 

pore space. Schmidt et al. (2014) studied the performance of mixing different proppant sizes. They 

observed that the fracture conductivity is significantly influenced by the higher concentration of 

larger particle proppant. 

2.3.3 Proppant Shape 

The shape of the proppant is another important factor affecting the overall conductivity of 

the created fractures. Proppants come in a variety of different proppant shapes: spherical, round, 

and smooth for different situations. Figure 2.5 shows physical estimation of roundness and 

sphericity of proppant grains (Krumbein and Sloss 1963). Typically, the ideal proppant shape 

should be spherical or close to spherical because the more its spherical, the more it results in even 

stress distribution and in improving the proppant pack porosity. �)�U�R�P�� �W�K�H�� �.�U�X�P�E�H�L�Q�¶�V�� �V�W�D�Q�G�D�U�G��

scale, the smaller number indicates that the particle are more angular and pointed. The pointed and 
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angular proppant tend to break easily, which leads to a decrease in the fracture conductivity at 

higher closure stress. The API/ISO recommended limit for ceramic and resin coated poppants in 

both sphericity and roundness is 0.7 or greater. For other proppant types, i.e. sand, an average of 

0.6 or greater is recommended in both sphericity and roundness (Kaufman et al. 2007). 

 
Figure 2.5 Visual estimation of roundness and sphericity (modified after Krumbein and Sloss 

1963; Saaid et al. 2011). 

 
2.4 Effects of Injection Parameters on Proppant Transport 

This section presents the effects of different injection parameters on proppant transport 

using slickwater. The most important parameters are pump rate (injection rate), proppant 

concentration, proppant size, fracture complexity, fluid viscosity, and proppant shape. 

2.4.1 Effect of Proppant Concentration 

The proppant concentration is one of the most important injection parameters that has an 

effect on the proppant transport using slickwater. As the proppant concentration increases, the 

settling velocity of proppant decreases because the fluid velocity increases. This is attributed to 

the reduction in the available area for the fluid flow (Richardson and Zaki 1954). The same 

observations were confirmed by Gadde et al. (2004). Gadde et al. (2004) correlated the effect of 
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concentration and settling rate of the proppants which agrees with previous correlations as shown 

in Figure 2.6, where the settling rate decreases as proppant concentration increases. 

 
Figure 2.6 The effect of particle concentration on particle settling velocity (modified after Gadde 

et al. 2004). 

 
Woodworth and Miskimins (2007) observed that decreasing the proppant concentration 

causes a reduction in the proppant bed height. This is attributed to the fluidization of the settled 

proppant bed. Proppant dune height build-up rate increases as the proppant concentration increases 

in both primary and secondary slots (with higher pump rate) (Sahai et al. 2014). Alotaibi and 

Miskimins (2015) studied the effect of proppant concentration on Equilibrium Dune Level (EDL) 

at constant rate. They observed that the equilibrium dune level increases as the proppant 

concentration increases as shown in Figure 2.7. The increment of EDL with proppant concentration 

is due to more particle-to-wall interaction, more particle-to-particle interaction and the particles 

moving away from the high velocity lines to the low slurry velocity lines as proppant concentration 

increases (Alotaibi and Miskimins 2015). 
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Figure 2.7 Equilibrium dune level (EDL) shows a power law trend with concentration (C) at 16.6 

ft/min using 30/70 mesh brown sand (modified after Alotaibi and Miskimins 2015). 
 

2.4.2 Effect of Pump Rate (Injection Rate) 

Pump rate has a great impact on enhancing proppant transport using slickwater because the 

high injection rates generate higher drag and lifting forces to transport the proppant for longer 

distance and shorter dune height (Brannon et al. 2006). Brannon et al. (2006) studied the effect of 

slurry velocity on equilibrium dune height using three different proppant types, two lightweight 

proppants and sand. They observed that as slurry velocity increases, the equilibrium dune height 

decreases as shown in Figure 2.8. Thus, increasing the injection rate of low viscosity fracturing 

fluids aids better proppant transport (Novotny et al. 1977). 

Sahai et al. (2014) also observed that the pump rate has a direct impact on proppant 

transport. They observed that the pump rate is one of the parameters that affect the location and 

time of the dune build-up and proppant segregation within slots. An interesting result from their 
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study was that proppant turning around the corner occurs at pump rate greater than the threshold 

pump rate, which is the pump rate at which the proppants move from the main slot to a secondary 

slot. 

 
Figure 2.8 Equilibrium bed height versus lateral flow velocity for 20/40 proppants. Yellow line 
shows Ottawa sand (2.65 sp.gr), pink line represents ultra-lightweight proppant (1.75 sp.gr), and 

dark blue shows ultra-lightweight proppant (1.75 sp.gr) (modified after Brannon et al. 2006). 

 
Alotaibi and Miskimins (2015) studied the effect of slurry velocity on proppant transport 

and proppant settling using slickwater and three different proppant sizes. It was observed that for 

30/70 brown sand, increasing the slurry velocity by about 11% from 14.5 to 16.1 ft/min, reduces 

the equilibrium dune level (EDL) by about 0.7% from 21.94 to 21.78 inches, an indication of low 

erosional effects. Also, they observed that slickwater is still able to have high settling tendencies 

even at very high injection rates. The same observations were confirmed by using 30/70 white 

sand. Following this study, a relationship between EDL and slurry velocity was determined to be 

nonlinear and rather followed a power law trend as shown in Figure 2.9. The nonlinear power law 
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means that increasing slurry velocity has less erosional effect on equilibrium dune height. This 

nonlinearity is due to the effects of fracture wall friction on settling. Due to the large surface area 

and more grains, a higher slurry velocity increases the friction effect. On the other hand, they found 

that the EDL displayed a linear relation with slurry velocity for 100 mesh for both brown and white 

sands as shown in Figure 2.10. The linearity indicates that a 100 mesh sand retains its erosional 

power as slurry velocity increases due to its smaller size. 

 
Figure 2.9 Power law relationship between equilibrium dune level (EDL) and slurry velocity (V) 

at different proppant concentrations for 30/70 mesh brown sand (modified after Alotaibi and 
Miskimins 2015). 
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Figure 2.10 Linear relationship between the equilibrium dune level and the slurry velocity at 

different proppant concentrations for 100 mesh brown sand (modified after Alotaibi and 
Miskimins 2015). 

 

2.4.3 Effect of Proppant Size 

Proppant size has a significant impact on proppant transport; as the proppant size increases, 

the proppant settling velocity increases. Palisch et al. (2010) found that there is an exponential 

relationship between proppant size to settling velocity. Palisch et al. (2010) explained that proppant 

density is very important because proppants will settle if proppants are not buoyant; however, 

proppant size has greater impact on settling velocity than proppant density as shown in Figure 2.11 

and Figure 2.12. 

Sahai et al. (2014) studied the effect of proppant size on proppant transport in complex 

fractures. They observed that high concentrations of the larger proppant sizes were found in the 

primary fracture near the wellbore, while the higher concentration of the smaller proppant sizes 

were found in the subsidiary fractures. Also, when they conducted sieve analysis for 30/70 mesh 
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sand, they observed that the smaller proppant size transported and deposited out of the slots, while 

the larger proppant sizes deposited inside the slots. Alotaibi and Miskimins (2015) studied the 

effect of proppant size on the proppant using three different proppant sizes 100, 20/40 and 30/70 

mesh. They observed that the 100 mesh sand showed much better proppant transport performance 

as compared with 20/40 and 30/70 mesh sand because the larger proppant sizes are heavier and 

are difficult to carry as compared with smaller proppant sizes. The effect of the proppant sizes can 

be reduced by decreasing slurry velocity (Alotaibi and Miskimins 2015). 

 
Figure 2.11 Single proppant settling rate for different proppant sizes and densities (modified after 

Palisch et al. 2010). 
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Figure 2.12 Proppant settling velocity for different proppant sizes and types (modified after 

CARBO 2018). 

 
2.4.4 Effect of Fracture Complexity 

To understand the effects of fracture complexity on proppant transport, studies have been 

conducted using complex fracture networks with varying the number of secondary and tertiary 

fractures, angles, location from inlet, and dimensions of the slots. Sahai et al. (2014) studied the 

effect of fracture complexity using four different slot configurations as shown in Figure 2.13. They 

observed that transport of proppant into the subsidiary fractures depends on the combined effects 

of fracture complexity, proppant concentration, pump rate, and proppant size. In the scenarios of 

T-1 and T-2 slot configurations, the travel of proppant into the secondary slots depends on the 

distance of the intersection from the perforations (wellbore) and the resultant pressure across the 

intersection. An interesting conclusion from this study shows that, at higher effective pump rates, 

the fractures that are closer to the wellbore are expected to receive more proppants and be more 

conductive than the fractures that are far away from the wellbore. 
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Figure 2.13 Top view of four different fracture network structures (from Sahai et al. 2014). 

 
 

Wen et al. (2016) studied the effects of fracturing complexity using a primary fracture and 

six symmetric fractures perpendicular to the primary fracture and two tertiary fractures parallel to 

the primary fracture with the same distance. Also, they created several complex fractures using 

random combinations of these six symmetric fractures as shown in Figure 2.14. They observed 

that the fractures closer to the inlet have a significant impact on proppant transport distance as 

shown in Figure 2.15. Also, they observed that the fracturing fluid velocity plays a vital role in 

building a sand bank in the secondary fractures closer to the inlet, while gravity plays a vital role 

in building a sand bank in the secondary fractures far away from the inlet. However, Alotaibi and 

Miskimins (2015), observed that fracture network complexity does not seem to be a major limiting 

factor for slickwater proppant transport if enough proppant is pumped to develop the required dune 

height. 
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Figure 2.14 Top view of six different fracture network structures (modified after Wen et al. 

2016). 
 
 

 
Figure 2.15 Proppant travel distance inside primary slot under water and gel for six different 

configurations (modified after Wen et al. 2016). 
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Tong and Mohanty (2016) extended previous work by varying the angles of the secondary 

slots from 45o to 135o using the same flow rate and the same proppant type in each case. They 

observed that the proppant dune shapes in the primary slot are similar when changing the angles. 

On the other hand, proppant transport into secondary slots decreases as the angle increases which 

leads to a decrease in the length of proppant bed in secondary slots. This is attributed to the 

reduction in water velocity inside the secondary slots as the angle increases. 

Li et al. (2017) studied the effect of changing the orientation angle of secondary fractures 

(30o, 60o, and 90o) on proppant transport. They observed that as the orientation angles of secondary 

fractures increases, the dune height decreases in both primary and secondary slots. 

2.4.5 Effect of Fracturing Fluid viscosity 

Fracturing fluid viscosity has a significant impact on proppant transport inside hydraulic 

fractures. Higher viscosity of fracturing fluid is the primary mechanism of proppant transport and 

allows more proppant to be suspended. Slickwater, on the contrary, has lower viscosity and relies 

on the injection rate as the primary mechanism for proppant transport (Mack et al. 2014). Higher 

viscosity fracturing fluids decrease the settling velocity of the proppant. The reduction in settling 

velocity gives the fracturing fluid more capacity to carry the proppant into fracture networks. As 

a result, the average fracture conductivity and proppant concentration will reduce because of the 

wide distribution of suspended proppant instead of being restricted by a limited fracture length. 

On the other hand, low viscosity fracturing fluids cause rapid setting velocities of the proppant 

near the wellbore, forming proppant banks near the wellbore area with only a small amount of 

proppant transporting deeper into the created fractures. This results in increasing the conductivity 

near the wellbore (Chang et al. 2016). 
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Wen et al. (2016) studied the effect of fluid viscosity on the dune height (sand bank) shape 

in the fracture networks. Water and gel were used in six slot configurations. The viscosity of the 

water and gel at a room temperature of 25o C were 1 and 30 mpa.s (cp), respectively. They observed 

that the dune shapes in gels are �³�I�O�D�W�W�H�U�´�� �W�K�D�Q�� �L�Q�� �Z�D�W�H�U���� �$�O�V�R����they observed that the proppant 

transport distances are longer, and the height of the middle parts of the primary slot are higher with 

using gel as fracture fluid as shown in Figure 2.16. 

 
Figure 2.16 Shape of sand bank in the primary fracture under water and gel (modified after Wen 

et al. 2016). 
 

2.5 Proppant Transport Correlations 

Many studies have been conducted to understand the behavior of proppant transport within 

complex fractures and various injection parameters. More recent researchers focus on proppant 

transport using slickwater. This section describes some numerical models that were developed to 

analyze proppant transport in hydraulic fractures. 
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2.5.1 Settling Velocity Correlation 

�6�W�R�N�H�V�¶�� �/�D�Z (1851) has been widely used to predict settling velocity of a spherical 

proppant in a static fluid. The settling velocity for a single particle in Newtonian fluid can be 

derived by balance of the three forces that act on the spherical proppant, including the gravity force 

(Fg), buoyancy force (FB), and  drag force (FD) as shown in the Figure 2.17. The gravity and 

buoyancy forces can be calculated using Equation 2.1 and 2.2, respectively. The drag force like 

the friction, always oppose the motion of the object. The total drag force can be expressed using a 

dimensionless drag coefficient (CD) as shown in Equation 2.3. 

 
Figure 2.17 Forces acting on a spherical particle. 

 
Gravity force, 
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Drag force, 

�(�½ 
L
�5

�6
�%�½�é�Ù�#�8�æ�6 
L

��

�<
�%�½�é�Ù�@�ã

�6�8�æ�6                                          (2.3) 

The drag coefficient (CD) for a sphere particle is function of Reynolds Number (NRe). Three 

different regions of Reynolds Number (NRe) can be used to approximate the drag coefficient CD as 

shown below. Reynolds Number is expressed by  
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For Reynolds Number (�0�Ë�Ø
Q �t�������6�W�R�N�H�¶�V���/�D�Z���U�H�J�L�R�Q������CD = 24/NRe, the settling velocity 

can be found by balancing the three forces using Equations 2.5 to 2.8 as follows: 
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For Reynolds Number (2 < NRe < 500) (Intermediate region), CD = 18.5/NRe
0.6, the settling 

velocity is given by: 
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For Reynolds Number, NRe �• �������������1�H�Z�W�R�Q�¶�V���O�D�Z���U�H�J�L�R�Q�������&D = 0.44, the settling velocity 

is given by: 
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Where; 

�	�e = is gravity force, kg m / s3 , �>�� �?�>���?�>�� �?�?�6 
 
�	�F = is bouncy force, kg m / s3 , �>�� �?�>���?�>�� �?�?�6 
 
�	�H = is drag force, kg m / s3 , �>�� �?�>���?�>�� �?�?�6 
 
���q��= is the settling velocity of the particle, m/s, �>���?���>�� �?�?�5 

 �O�d��= is the fluid density, kg/m3,���>�� �?���>���?�?�7 

�O�T�� = is the proppant density, kg/m3,���>�� �?���>���?�?�7 

�J = is the fluid viscosity, kg/(m.s),���>�� �?���>���?�?�5���>�� �?�?�5 

 �O�d��= is the fluid density, kg/m3,���>�� �?���>���?�?�7 

�O�T�� = is the proppant density, kg/m3,���>�� �?���>���?�?�7 

�†�T�� = is the proppant median diameter, m,���>���? 

�J = is the fluid viscosity, kg/( m.s),���>�� �?���>���?�?�5���>�� �?�?�5 

�‰ = is the gravitational acceleration constant, m/s; �>���?���>�� �?�?�5 

�� �V�c�� = is Reynolds Number, dimensionless 

�� �H�� = is the drag coefficient for sphere particle, dimensionless 

 

For most situations, the settling of proppant falls in the Stokes region where the Reynolds 

Number is less than or equal 2 (Novotny et al. 1977). It is clear from Equation 2.10 that there are 

four parameters controlling the settling velocity of proppant: fluid density, proppant density, fluid 

viscosity, and proppant size. From �6�W�R�N�H�V�¶���/�D�Z, the effect of proppant diameter is squared. So a 
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decrease of proppant diameter by one-half has an effect of decreasing the settling velocity by a 

factor of four. Also, increased fluid viscosity will reduce the settling velocity of the proppants. 

However, if proppant concentration is not negligible, the above equations are not valid to 

predict the settling velocity of the proppant. An experimental correlation was developed by 

Richardson and Zaki (1954) to investigate the effect of proppant concentration on settling velocity. 

They observed that as proppant concentration increases, the settling velocity decreases because the 

average velocity of the fluid increases due to the reduction in flow area at higher concentrations. 

The correlation of settling as a function of proppant concentration and Reynolds number is 

expressed by: 

�8�Ö
L �8�Ö�:�s 
F �� �%�é�;�	 ��                            (2.11) 

Where the exponent Beta (�������L�V���I�X�Q�F�W�L�R�Q���R�I���W�K�H���I�O�X�L�G�¶�V��Reynolds number surrounding the particle 

as shown by: 

�� = 4.6 For NRe < 0.1 

�� = 4.35(NRe)�í0.03 For 0.1 > NRe < 1 

�� = 4.45(NRe)�í0.1 For 1 > NRe < 400 

�� = 2.39 For NRe > 400 

Daneshy (1978) presented another expression for the effect of particle concentration on 

settling velocity as shown by Equation 2.12 
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Gadde et al. (2004) presented the following Equation 2.13 for the settling velocity as 

function of particle concentration: 

�8�Ö
L �8�æ
k�t�ä�u�y���%�é
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F �u�ä�r�z���%�é 
E �s
o                         (2.13) 

Where:  

���q��= is the settling velocity of the particle, m/s, �>���?���>�� �?�?�5 

���G��= is the settling velocity of concentrated particles, m/s, �>���?���>�� �?�?�5 

�� �t ��= is the particle volume concentration, vol%, [volume of solid/volume of mixture] 

 

2.5.2 Dune Height Correlation 

Equilibrium bed height is the maximum height a proppant bed can reach in a given 

hydraulic fracture. As the proppant bed continues to grow in height, it decreases available area to 

fluid flow. As the available area decreases, the fluid velocity increases. The fluid velocity 

continues increasing until a certain value is reached to transport proppant without depositing it. 

Wang et al. (2003) presented correlations for bed load transport in smooth slots under different 

conditions. They developed a bi-power correlation to predict the height of the gap above the 

proppant bed based on the fluid Reynolds number, proppant Reynolds number and velocities of 

the sedimentation as shown in Equation 2.14. Wang et al. (2003) carried out two different scenarios 

of experiments, for scenario 1 the fluid was injected without proppants and this scenario called 

�³�H�U�R�V�L�R�Q�´�����)�R�U���W�K�H���V�H�F�R�Q�G���V�F�H�Q�D�U�L�R�����S�U�R�S�S�D�Q�W�V���Z�H�U�H���L�Q�M�H�F�W�H�G���Z�L�W�K���W�K�H���I�O�X�L�G���D�Q�G���W�K�L�V���V�F�H�Q�D�U�L�R���Z�D�V��

�F�D�O�O�H�G���µ�E�H�G���O�R�D�G���W�U�D�Q�V�S�R�U�W�´�����7�K�H�U�H���D�U�H���W�K�U�H�H���G�L�I�I�H�U�H�Q�W���]�R�Q�H�V���R�I���W�K�H���E�H�G region. First is the immobile 

bed at bottom part, second is the mobile bed above the immobile region where the proppant are 

transporting by sliding and rolling after suspension or combination of them. The third zone is the 

clear fluid as shown in Figure 2.18. 
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Figure 2.18 Proppant transport in thin fluids and three different zones of bed region (Wang et al. 

2003). 
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Where; 

c1 � ���í���������î�������í4 ln (RG) + 2.92 × 10�í3, Dimensionless 

m1 � �����������í�������������î�������í3 × ���í0.428 × [15.2 �± ln (RG)], Dimensionless 

n1 � ���í���������������O�Q (�4�À�����í�����������������'�L�P�H�Q�V�L�R�Q�O�H�V�V. 

Gravity Reynolds number: 
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Gravity Reynolds number for the fluid: 
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Fluid Reynolds number: 
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Proppant Reynolds number: 
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Where: 

�� �K��= is the gravity Reynolds Number, dimensionless;  

�� �J��= is the fluid Reynolds Number, dimensionless;  

�� �T��= is the proppant Reynolds Number, dimensionless; 

�I = is the gravity Reynolds Number for the fluid, dimensionless; 

 �O�d��= is the fluid density, kg/m3,���>�� �?���>���?�?�7 

�O�T�� = is the proppant density, kg/m3,���>�� �?���>���?�?�7 

�†�T�� = is the proppant median diameter, m,���>���? 

�J = is the fluid viscosity, kg/(m.s),���>�� �?���>���?�?�5���>�� �?�?�5 

�‰ = is the gravitational acceleration constant, m/s; �>���?���>�� �?�?�5 

�� �d�� = is the fluid volumetric flow rate, (m3/s),���>���?�7���>�� �?�?�5 

�� �n�� = is the proppant volumetric flow rate, (m3/s),���>���?�7���>�� �?�?�5 

��  = is the fracture width, m,���>���? 

 

Alotaibi and Miskimins (2015) observed that proppant continues to settle inside fracture 

slot networks until the proppant bed reaches an equilibrium height. The height where the proppant 

settling velocity is zero, is called the equilibrium dune height (EDH). This height is constant with 

time. The ration of equilibrium dune height to fracture height is called the equilibrium dune level 

(EDL) as shown in Equation 2.19. 
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Where:  

������  = is the equilibrium dune level, percent �>�������?�â 

������  = is the equilibrium dune height, �>���?�â 

���	  = is the fracture height, �>���?�ä 
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CHAPTER 3  

EXPERIMENTAL METHODOLOGY AND PROCEDURE 
 

This chapter describes the components of the experiment set-up used to study the effects 

of fluid properties on proppant transport through a complex fracture network. The experimental 

work in this research was conducted in an existing slot apparatus. The details of the experimental 

apparatus, test materials, and test procedures are presented in this chapter. 

3.1 Experimental Apparatus 

The experimental apparatus for this research was designed at the Colorado School of Mines 

to understand proppant transport in a complex fracture network. The experimental apparatus 

consists of fracture slots, a mixing tank, a mixer, flow lines, a flow meter, and a slurry pump. Two 

cameras were used for recording the settling of the proppants inside the slots, and the proppant 

dune build up mechanisms can also be observed. Sieve analysis equipment was used to analyze 

the collected proppants from inside the slots. Figure 3.1 shows a schematic of the experimental 

apparatus used in this research. 

 
Figure 3.1 Schematic of experimental apparatus. 
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3.1.1 Fracture Slot Network 

The fracture slots were designed at the Colorado School of Mines to study proppant 

transport in a complex hydraulic fracture system. This apparatus has one primary fracture, three 

secondary fractures, and two tertiary fractures as shown in Figure 3.2. These fracture sheets are 

made of Plexiglas (acrylic) with rough walls. The roughness was made by using a computerized 

v-shaped router bit machine at very short depths. These sheets were designed with a uniform height 

�R�I�� ������ �������´���� �7�K�H�� �S�U�L�P�D�U�\�� �I�U�D�F�W�X�U�H�� �Z�D�V�� �G�H�V�L�J�Q�H�G�� �Z�L�W�K�� �������´�� �Z�L�G�W�K�� �W�R�� �P�L�P�L�F�� �D�Q�� �D�F�W�X�D�O�� �K�\�G�U�D�X�O�L�F��

�I�U�D�F�W�X�U�H���D�Q�G���Z�L�W�K���D�����¶���O�H�Q�J�W�K�����7�K�H���O�H�Q�J�W�K���D�Q�G���Z�L�G�W�K���I�R�U���D�O�O���V�H�F�R�Q�G�D�U�\���D�Q�G���W�Hrtiary fractures are one 

foot and 0.1 inch, respectively. Measuring tapes were fixed to the fracture slots to measure 

proppant height. Table 3.1 shows the dimensions of the fracture network. These fracture slots are 

placed inside a Plexiglas frame with dim�H�Q�V�L�R�Q�V���R�I�������¶�����´���î�����¶�î���¶�������7�K�H���3�O�H�[�L�J�O�D�V���I�U�D�P�H���L�V���X�V�H�G��

to surround the slots and store the injected slurry. 

Table 3.1 Fracture network (primary, secondary, and tertiary) dimensions. 
Dimensions  Primary fracture slot  Secondary fracture slot Tertiary fracture slot 

Length (ft) 4 1 1 

Width (in) 0.2 0.1 0.1 

Height (in) 23.25 23.25 23.25 

 

 
Figure 3.2 Fracture slots network. 
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3.1.2 Slurry Pump 

A self-priming centrifugal pump is used to pump the slurry from the mixing tank into the 

fracture slots through the flow meter. The pump is designed to be able to pump solids in the liquid. 

This pump utilizes an impeller to apply a centrifugal force that creates a pressure drop across the 

pump inlet and outlet. This pressure difference is proportional to the impeller speed of rounds per 

minute (RPM). Figure 3.3 shows a picture of the slurry pump. 

 
Figure 3.3 Slurry pump. 

 
3.1.3 Flow Meter 

An electromagnetic type flow meter is used to measure the slurry flow rate. When the slurry 

flows through the electromagnetic flow meter, it generates a magnetic field across the pipe. When 

�W�K�H���I�O�X�L�G���I�O�R�Z�V���W�K�U�R�X�J�K���W�K�H���S�L�S�H�����D�Q���L�Q�G�X�F�H�G���Y�R�O�W�D�J�H���L�V���J�H�Q�H�U�D�W�H�G���E�\���W�K�H���V�O�X�U�U�\�¶�V���F�R�Q�G�X�F�W�L�Y�H���S�K�D�V�H����

which is proportional to the fluid velocity, the density of the magnetic field, and the distance 

�E�H�W�Z�H�H�Q���H�O�H�F�W�U�R�G�H�V�����)�D�U�D�G�D�\�¶�V���O�D�Z���R�I���L�Q�G�X�F�W�L�R�Q���F�D�Q���E�H���X�V�H�G���W�R���F�D�O�F�X�O�D�W�H���W�K�H���I�O�X�L�G���Y�H�O�R�F�L�W�\���D�V���V�K�R�Z�Q��

in Equation 3.1. The calculated fluid velocity can then be used to calculate the volumetric flow 

rate using the diameter of the pipe. Figure 3.4 shows a picture of the flow meter. 
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Where, 

����= induced voltage, volt, �>�� �?
�-
�. ���>���?

�-
�. ���>�� �?�?�5 

����= magnetic field strength, volt x second, �>�� �?
�-
�. ���>���?

�-
�. �� 

����= distance between the two electrodes, m, �>���?�� 

� �̃_�t�e= average velocity of the medium, m/s, �>���?���>�� �?�?�5 

K = calibration factor, 1/m2, �>���?�?�6 

 

 
Figure 3.4 Flow meter. 

 
3.1.4 Proppant Mixer 

The proppant mixer is compromised of a mixing tank and a drive mixer, as shown in Figure 

3.5. The drive mixer has three propellers placed inside a 100 gal mixing tank to provide a more 

�F�R�Q�V�L�V�W�H�Q�W���P�L�[�W�X�U�H���R�I���I�O�X�L�G���D�Q�G���S�U�R�S�S�D�Q�W�V�����$���3�9�&���S�L�S�H���Z�L�W�K���D�����´���G�L�D�P�H�W�H�U���F�R�Q�Q�H�F�W�V���W�K�H���E�R�W�W�R�P���R�I��

the mixing tank to the slurry pump. 
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Figure 3.5 Proppant mixer. 

3.1.5 Variable Frequency Drive 

A variable frequency drive (VFD) was used to turn up or down the motor speed to maintain 

a consistent slurry rate (pump rate). The VFD is placed between the slurry pump and the flow 

meter. The VFD reads the output of the flow meter signal and adjusts the speed of the motor 

(RPMs) to meet the required flow rate value. It works similar to a motor controller that drives an 

electric motor by changing the frequency (hertz) or voltage supplied to an electric motor, which 

are known as adjustable speed drive and adjustable frequency drive, respectively. Figure 3.6 shows 

a picture of the variable frequency drive. 

 
Figure 3.6 Variable frequency drive. 
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3.1.6 Sieve Analysis Equipment 

A sieve analysis device was used to characterize and classify proppants as shown in Figure 

3.7. Sieving is a method used to size or separate by allowing the proppant to pass through a series 

of sieves. The collected samples are placed into the top sieve which has the larger screen opening 

followed by smaller screen opening end with a round pan called the receiver. The larger proppants 

are trapped at the top screen, while the smaller size can pass through the screen by shaking these 

sieves using a mechanical shaker. The amount of proppant that is trapped by each screen is then 

weighed and divided by the total weight of the proppant sample. 

 
Figure 3.7 Sieve analysis equipment. 

 
3.2 Test Materials 

The materials used to conduct the experiment in this research are proppant, tap water, 

glycerin and sodium chloride (NaCl). Golden, Colorado, tap water was used to prepare two kinds 

of solutions for the tests: a solution of 40% water-glycerin and a solution of weighted brine with 
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15% sodium chloride. The percentage of 40% represents the volumetric concentration of glycerin, 

while 15% represents the weight percentage of sodium chloride in the solution. 

Sodium chloride, NaCl, was obtained from a local store. The viscosity of the water-sodium 

chloride solution at different concentrations are shown in Figure 3.8. The glycerin was obtained 

from the G2 Solution Company. The viscosity of the water-glycerin solution at different 

concentrations are shown in Figure 3.9. A rotary viscometer device was used to measure the 

rheology of the solutions. The solutions of water-sodium chloride and water-glycerin was observed 

to behave as Newtonian fluids where the shear stress and shear rate have a linear relationship. 

Table 3.2 summarizes the properties of these two solutions at the required concentrations. 

Table 3.2 Properties of water, water-sodium chloride solution, and water-glycerin solution. 
Fluid types Ratio Density Density Density Specific gravity Viscosity 

# % g/cm3 kg/m3 lb/ft3 unitless cp 

Water 100 1.000 1000 62.40 1.000 1.00 

Water-sodium chloride 15 1.108 1108 69.17 1.108 1.20 

Water-glycerin 40 1.167 1167 69.42 1.110 4.30 

 

For the proppant, two different types of proppants were used, sand and ceramic with two 

different sizes as shown in Figure 3.12. The size and median diameter of the tested proppants are 

shown in Table 3.3. 

Table 3.3 Properties of the Tested Proppants. 
�3�U�R�S�S�D�Q�W���V�L�]�H �6�S�H�F�L�I�L�F���J�U�D�Y�L�W�\����

���V�S���J�U�� 
�0�H�G�L�D�Q 

�G�L�D�P�H�W�H�U 
�0�H�G�L�D�Q 
�G�L�D�P�H�W�H�U 

�6�S�K�H�U�L�F�L�W�\ �5�R�X�Q�G�Q�H�V�V 

�P�H�V�K �X�Q�L�W�O�H�V�V �P�P �L�Q �X�Q�L�W�O�H�V�V �X�Q�L�W�O�H�V�V 

������ �������� ���������� 0.0073 0.5 0.3 

���������� �������� ���������� 0.0131 0.9 0.7 

���������� �������� ���������� ������������ ������ ������ 

���������� �������� ���������� 0.0131 0.9 0.9 
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Figure 3.8 Viscosity vs. mass concentration of the sodium chloride solution used in this research. 

 
Figure 3.9 Viscosity vs. volumetric concentration of the water-glycerin solution used in this 

research. 
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Figure 3.10 Tested proppants: (a) 40/70 mesh sand (2.65 sp.gr), (b) 100 mesh sand (2.65 sp.gr), 

(c) 40/70 mesh ceramic (2.08 sp.gr), and (d) 40/70 mesh ceramic (2.71 sp.gr). 
 

3.3 Test Parameters 

Fracture treatment parameters or injection parameters such as slurry rate and proppant 

concentration need to mimic the actual fracture treatment design. In this study, a flow rate of 1 

gal/min (0.13 ft3/min) and 2 gal/min (0.13 ft3/min) were selected to be used in this research to 

study. These flow rates of 1 gal/min and 2 gal/min give slurry velocities of 4.13 ft/min and 8.27 

ft/min, respectively, by dividing the flow rates by the fracture slot cross-sectional area of 0.0323 

ft2 (4.65 in2). For proppant concentration, Palisch et al. (2010) mentioned that most slickwater 

treatment designs have very low proppant concentrations ranges of 0.25 - 1 lb/gal and for more 

aggressive treatment designs, the proppant concentration ranges from 2 �± 3 Ib/gal toward the end 

of the treatment job. Accordingly, the proppant concentration for this research was set at 1 and 2 

lb/gal for all experiments. Fifty (50) gallons of the prepared solutions was injected during each 

test. 
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The total injected weight of the proppants was normalized to the equivalent sand volume 

using the density differences between sand and ceramic densities using Equation 3.2. Table 3.4 

illustrates the total injected weight after normalized to the equivalent sand volume. The reason for 

normalizing the injected weight to equivalent sand volume was because 55 lb of 2.08 sp.gr has 

about 30% more particles (grains) than 55 lb of sand 2.65 sp.gr while pumping. Figure 3.11 shows 

the differences in the number of particles between sand and proppant for the same weight of 29.5 

g. 

�0�K�N�I�=�H�E�V�A�@���?�K�A�B�B�E�?�E�A�J�P 
L
�¼�Ø�å�Ô�à�Ü�Ö���×�Ø�á�æ�Ü�ç�ì

�Ì�Ô�á�×���×�Ø�á�æ�Ü�ç�ì
 (3.2) 

�0�K�N�I�=�H�E�V�A�@���?�K�A�B�B�E�?�E�A�J�P���B�K�N���:�t�ä�r�z���O�L�ä�C�N�; 
L
�6�ä�4�<

�6�ä�:�9

L �r�ä�y�z�w���Q�J�E�P�H�A�O�O      

Table 3.4: Normalized proppant injected weight to equivalent sand volume. 

�3�U�R�S�S�D�Q�W���W�\�S�H�V 
�6�S�H�F�L�I�L�F��
�J�U�D�Y�L�W�\�� 

�1�R�U�P�D�O�L�]�H�G���&�R�H�I�I�L�F�L�H�Q�W 
 

�1�R�U�P�D�O�L�]�H�G���S�U�R�S�S�D�Q�W 
���:�H�L�J�K�W���I�R�U���&�Y� ���������� 

���1�R�U�P�D�O�L�]�H�G���S�U�R�S�S�D�Q�W��
�Z�H�L�J�K�W���I�R�U���&�Y� ���������� 

�� �X�Q�L�W�O�H�V�V �X�Q�L�W�O�H�V�V �O�E �O�E 
���������P�H�V�K�� �������� �������� ���������� ������������ 
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�������������P�H�V�K �������� �������� ���������� ���������� 

  

 
Figure 3.11 The differences in number of particles between sand and proppant for the same 

weight of 29.5 g. 
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3.4 Experimental Procedure 

Fifty gallons of tap water was placed in the Plexiglas box until all fracture slots were 

covered by the water. Then, for the sodium chloride solution (NaCl), the mixing tank was filled 

with 50 gal tap water and 68.85 lb of NaCl was added to the tank; for the water-glycerin solution, 

the mixing tank was filled with 33 gal of tap water and 22 gal of glycerin. After that, proppants 

were added to the solutions. Then, the mixing device was started and set at 60 RPM for 10-20 min 

to ensure uniform mixing of the fluid and proppants. After that, the flow meter was adjusted to the 

required flow rate, using the variable frequency drive (VFD) to control voltage supplied to the 

electric motor. Then, both cameras were turned on to record the settling of the proppant. The valves 

were then opened and the slurry pump turned on to inject the slurry from the tank into the slot 

system. The pumping continued until the tank was drained. Once proppants settled, the 

measurements were taken. After that, the samples were collected from inside and outside the slots 

for further analysis. All the steps were repeated for each proppant. At the end of every test, the 

collected samples were washed and dried in an oven and sieved. Figure 3.12 shows the tests flow 

chart for four proppants, two fluids, two proppant concentrations and two injection rates. 

 
Figure 3.12 Test flow chart four proppants, two fluids, two proppant concentrations and two 

injection rates. 
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CHAPTER 4 

 EXPERIMENTAL RESULTS AND DISCUSSION 
 

This chapter summarizes the results of the experimental study of proppant transport in 

complex slot systems, using two different fluids and discusses the experimental results and their 

application to the field. The first section of this chapter discusses the settling velocity of a single 

proppant in unbounded fluids. The second section discusses the effect of some of the injection 

parameters on proppant transport in a complex fracture configuration. The effect of the injection 

parameters were studied based on the amount of proppant collected out of the fractures and the 

dune buildup rate. The third section explains the effect of injection rate and proppant concentration 

on proppant covered area for both tested fluids. The forth section discusses equilibrium dune height 

inside the main fracture. The fifth section compares the experimental results to published 

correlations. The sixth section explains the particles�¶ distribution (sieve analysis) for both tested 

fluids. The last section highlights the field application of the lab results.   

4.1 Proppant Settling Velocity in Unbounded Fluids 

The goals of these tests were to measure the settling velocity of a single proppant particle 

using different fluid densities and viscosities and to investigate whether �6�W�R�N�H�V�¶���/�D�Z could be used 

to predict the settling velocity of the proppant inside the narrow slots. For this experiment, a 

ceramic proppant of 2.71 sp.gr and 0.730 mm median diameter was colored and dropped into 

containers of three different fluids. The three unbounded fluids that were used for this experiment 

were 100% glycerin, 40% water-glycerin and 15% water-sodium chloride solution. When the 

volumetric concentration of glycerin is 100%, the density of the solution is 1,338 kg/m3 and the 

viscosity is 950 cp. When the volumetric concentration of glycerin in water is 40%, the density of 

the solution is 1,167 kg/m3 and the viscosity is 4.30 cp. When the mass concentration of the sodium 
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chloride in water is 15%, the density of the solution is 1,108 kg/m3 and the viscosity is 1.2 cp. A 

video camera was used to record the movement of the proppant in these fluids. To measure the 

distance the proppant travelled, a measuring tape was fixed on the container, as shown in Figure 

4.1. Then the proppant settling velocity was calculated based on the distance traveled and the time 

taken to traverse that distance.  

 
Figure 4.1 Comparison of settling velocity in unbounded fluid, (a) 100% glycerin, (b) 40% water 

glycerin solution, and (c) 15% water-sodium chloride solution. 

 
The measured settling velocities of the spherical proppant were then compared with the 

calculated proppant settling velocities in unbounded fluids.  �6�W�R�N�H�V�¶���/�D�Z was used to calculate the 

settling velocities of spherical proppant falling in static fluid, using Equation 2.8. Figure 4.2 shows 

the comparison of measured and calculated settling velocities of a single proppant bead in the three 

different fluids. 

Comparing the measured settling velocity with the �6�W�R�N�H�V�¶�� �/�D�Z calculation, it was 

observed that when the fluid viscosity and density were high (100% glycerin) both measured and 

calculated settling velocities were similar and were almost zero. However, the settling velocity 

increased when the fluid viscosity and density decreased, and the calculated settling velocity was 

greater than the measured settling velocity. From these tests, it was determined that �6�W�R�N�H�V�¶��Law 

can be used to predict the settling velocity in unbounded fluid for a large single proppant with high 
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viscous fluid, and for less viscous fluid with a small single proppant diameter and/or when the 

proppant density approaches the fluid density. The difference between the measured and calculated 

settling velocity could be attributed to the size of the selected particle may not be uniform. 

�$�F�F�R�U�G�L�Q�J���W�R���W�K�H���6�W�R�N�H�V�¶���/�D�Z�����W�K�H���H�I�I�H�F�W���R�I���W�K�H���S�U�R�S�S�D�Q�W���V�L�]�H���L�V���V�T�X�D�U�H�G�����$�V���D���U�H�V�X�O�W�����G�R�X�E�O�L�Q�J���W�K�H��

particle size increases the particle settling velocity by a factor of four. 

 
Figure 4.2 Comparison of settling velocity in unbounded fluid, (a) 100% glycerin (950 cp), (b) 

40% water-glycerin solution (4.3 cp), and (c) 15% water-sodium chloride solution (1.2 cp). 
 

�6�W�R�N�H�V�¶���/�D�Z could not be used to predict the settling velocity inside the fracture networks 

during the experimental tests because of the following reasons. First, the tested fluids were in a 

dynamic state and �6�W�R�N�H�V�¶���/�D�Z �F�D�Q���R�Q�O�\���E�H���X�V�H�G���I�R�U���³�V�W�D�W�L�R�Q�D�U�\���I�O�X�L�Gs� .́ Second, the fracture (slot) 

wall had an impact on the settling velocity calculation using �6�W�R�N�H�V�¶���/�D�Z, especially, when the 

traveling proppant interacts with the fracture wall. This leads to a change in the settling velocity 
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because the slot walls increase the settling velocity of the proppant by exerting a drag force on the 

proppant, while �6�W�R�N�H�V�¶���/�D�Z does not have any parameter to integrate the reduction of the proppant 

settling velocity due to the fracture wall effect. Third, �6�W�R�N�H�V�¶���/�D�Z cannot be used to calculate the 

settling velocity of the proppant because it does not account for the effect of the proppant 

concentration. The settling velocity of one proppant bead is affected by the existence of other 

proppants. Thus, the proppant acts as in a bounded fluid, making �6�W�R�N�H�V�¶���/�D�Z invalid. 

4.2 Effect of Injection Parameters on Proppant Transport 

This section explains the results of effects of injection parameters (proppant concentration, 

injection rate, fluid density, fluid viscosity, and number of particles) on the proppant transport in 

rough complex fractures. 

4.2.1 Proppant Concentration  

Proppant concentration is one of the most important injection parameters in hydraulic 

fracturing design. Many studies have been conducted to study the effect of proppant concentration 

on proppant transport inside a complex fracture networks using slickwater. This section explains 

the studied effects of proppant concentration on proppant transport inside a complex fracture 

network using two different fluids. The experiments were conducted using a 40% water-glycerin 

solution (4.3 cp), a 15% water-sodium chloride solution (1.2 cp), and four different proppants. The 

proppant concentrations used for these tests were 1 ppg (Cv=0.043) and 2 ppg (Cv=0.086); 

however, the total injected weight of the proppant was normalized to equivalent sand volume using 

the density differences between sand and the proppant densities as explained in Section 3.1.  The 

effect of proppant concentration on proppant transport was studied by comparing the dune build-

up rate and the total collected proppant out of different sampling points within the slot 

configurations (main, secondary, and tertiary fractures), which represent the travel distance as 
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shown in Figure 4.3. Figure 4.3 shows the locations were the proppant samples were collected 

from outside of the slot configurations. 

 
Figure 4.3 Top view of the proppant transport testing apparatus showing the location of the 
proppant collection sites (main, secondary (S-2), tertiary (T-1), and tertiary (T-2) fractures). 

 
4.2.1.1 The Main Fracture 

The effect of the proppant concentration on the dune build-up rate inside the main fracture 

was observed to be slow when the proppant concentration was 1 ppg (Cv=0.043) as compared with 

the dune build-up rate when the proppant concentration increased to 2 ppg (Cv=0.086), at the same 

injection rate for both tested fluids and all tested proppants. This is attributed to the presence of 

more proppant particles, which increases the interactions between the proppant, and between the 

proppant and fracture walls. These interactions cause a reduction in the available flow area around 

the proppant. As the flow area around the proppant decreases, the fluid velocity increases, pushing 

the proppant away from the high velocity streamlines to low velocity streamlines and towards the 

fracture walls. The interaction between the proppants and fracture walls causes a rapid settling of 
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the proppant due to the friction wall effect which increases the dune build-up rate. Based on 

previous published papers (Baldock et al. 2004, Dayan et al. 2009, and Li  2018), it was observed 

that the proppant settling velocity decreases as proppant concentration increases. However, the 

results of this research showed contrasting observation, which could be attributed to the effect of 

fracture wall roughness.   

As the injection continues, the proppant dune eventually reaches the equilibrium dune 

height (EDH). It was observed that the rate at which equilibrium dune height was reached in the 

main fracture is directly proportional to the proppant concentration, when the concentration 

increased from 1 ppg (Cv=0.043) to 2 ppg (Cv=0.086). In addition, the dune buildup rate in the 

water-sodium chloride solution was found to be faster than in the water-glycerin solution. This is 

attributed to the rapid settling of the proppant in the water-sodium chloride solution, which has a 

lower viscosity. While the high viscosity of the water-glycerin solution keeps the proppant 

suspended, it also transports the proppant farther from the injection point. This leads to an increase 

in the proppant bed length inside the main fracture and a decrease in the dune buildup rate. The 

difference in EDH for both tested fluids are explained in Section 4.4. 

It was observed that the early injected proppant travelled for a short distance and settled 

near the injection point, building the dune height. Once the EDH was reached, the proppant 

injected later travelled along the top of the EDH �W�R�Z�D�U�G�V���W�K�H���S�U�R�S�S�D�Q�W���G�X�Q�H�¶�V���I�U�R�Q�W����where the dune 

did not reach equilibrium height, and/or to a point outside of the main fracture. In addition, 

increasing the proppant concentration leads to an increase in the covered area inside the main 

fracture under the same injection rates and proppant types as shown in Figures 4.4 and 4.5. This is 

discussed in more detail in Section 4.3. Figures 4.4 and 4.5 show the covered area inside the main 

fracture at different proppant concentrations using the water-glycerin solution. 
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Figure 4.4 Covered area inside the main fracture for: (a) 1 ppg (Cv=0.043), 40/70 ceramic (2.08 

sp.gr) and 1 gal/min and  (b) 2 ppg (Cv=0.086), 40/70 ceramic (2.08 sp.gr), and 1 gal/min. 

 

 
Figure 4.5 Covered area inside the main fracture for: (a) 1 ppg (Cv=0.043), 40/70 sand 

(2.65sp.gr) and 1 gal/min and (b) 2 ppg (Cv=0.086), 40/70 sand (2.65sp.gr), and 1 gal/min. 

 
Figures 4.6 and 4.7 show that the water-glycerin solution provided more proppant transport 

out of the main fracture as compared to the water-sodium chloride solution, for all tested proppants. 

For both tested fluids, it was also noted that as proppant concentration increased, more proppant 

was transported out of the main fracture. From this experiment, it can be concluded that increasing 

proppant concentration leads to an increase in the covered area, the dune buildup rate, and leads 

to more proppant collected out of the main fracture. 
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Figure 4.6 The weight of the collected proppant out of the main fracture for 1 gal/min, two 

different concentrations, four different proppants, and two different fluids. 

 
Figure 4.7 The weight of the collected proppant out of the main fracture for 2 gal/min, two 

different concentrations, four different proppants, and two different fluids. 
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4.2.1.2 The Subsidiary Fractures 

The effect of the proppant concentration on proppant transport into the secondary and 

tertiary fractures can be observed by the dune buildup rate and the covered area inside these 

fractures. As the proppant concentration increased, the dune build-up rate and the proppant covered 

area increased inside the secondary and tertiary fractures. This is discussed in detail in Section 4.3. 

This can be attributed to quick proppant dune build-up and large dune length inside the main 

fracture with increasing proppant concentration. It was observed that increasing the proppant 

concentration results in more proppant transported into the farther fractures (S-3 and T-2) due to 

increasing dune length and dune height inside the main fracture.  

Comparing the amount of the collected proppant out of these subsidiary fractures, it was 

found that as proppant concentration increased, more proppant was collected from the first tertiary 

fracture (T-1) as shown in Figures 4.8 and 4.9. The same observation was found out of the 

secondary fracture (S-2), however, due to the shorter proppant traveling distance inside the 

secondary fracture and due to the absence of the tertiary fracture, the proppant does not transport 

in any predictable fashion for both tested fluids as shown in Figures 4.10 and 4.11. Also, it was 

found that there was no proppant collected out of the second tertiary fracture (T-2) for both tested 

concentrations. This can be attributed to the location of the second tertiary fracture (T-2), as it is 

located farthest away from the injection point. Figures 4.8-4.11 compare the effect of proppant 

concentration on the proppant transported out of the subsidiary fractures using two different fluids. 
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Figure 4.8 The effect of proppant concentration on proppant transport out of the first tertiary 
fracture (T-1) for 1 gal/min, using two different concentrations, and four different proppants. 

 
 

 
Figure 4.9 The effect of proppant concentration on proppant transport out of the first tertiary 
fracture (T-1) for 2 gal/min, using two different concentrations, and four different proppants. 
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Figure 4. 10 The weight of the collected proppant out of the secondary fracture (S-2) for 1 
gal/min, two different concentrations, four different proppants, and two different fluids. 

 

 
Figure 4.11 The weight of the collected proppant out of the secondary fracture (S-2) for 2 
gal/min, two different concentrations, four different proppants, and two different fluids. 
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4.2.2 Injection Rate  

Increasing the injection rate is another important way to improve proppant transport away 

from the injection point. It was observed that increasing the injection rate from 1 gal/min to 2 

gal/min leads to improving the proppant transport by increasing the amount of the collected 

proppant out of the main, secondary, and the first tertiary fracture (T-1) for both tested fluids as 

shown in Figures 4.12-4.14. However, there was no proppant collected out of the second tertiary 

fracture (T-2) for all tests. 

 

 
Figure 4.12 The effect of injection rates on proppant transport out of the main fracture for 1 

gal/min, 2 ppg (Cv=0.086), four different proppants, and two different fluids. 
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Figure 4.13 The effect of injection rates on proppant transport out of the second secondary 

fracture(S-2) for 2 ppg (Cv=0.086), four different proppants, and two different fluids. 
 

 
Figure 4.14 The effect of injection rates on proppant transport out of the first tertiary fracture 

(T-1) for 2 ppg (Cv=0.086), four different proppants, and two different fluids. 
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Increasing the injection rate from 1 gal/min to 2 gal/min leads to increasing the bed shear 

velocity in the gap between the top of the dune and the top of the fracture. As a result, the proppant 

settling velocity decreases with increasing injection rates. A higher injection rate results in moving 

the proppant along the dune bed due to the high turbulence flow. At the end of the dune bed, the 

turbulence flow suspends some of the small particles allowing them to travel farther, while larger 

particles start to fall back to the bed slope. This is attributed to the effect of the gravity force 

exceeding the lifting force. Figure 4.15 shows the 100 mesh sand movement at the same sand 

concentration (2 ppg, Cv=0.086) for two different injection rates using the water-sodium chloride 

solution. It was observed that more proppant moves by jumping due to high vortex at the end of 

dune bed at 2 gal/min than at 1 gal/min, as shown in Figure 4.15. 

 
Figure 4.15 The effect of injection rates on the sand movement and settling inside the main 

fracture for 100 mesh sand at the same sand concentration 2 ppg (Cv=0.086) using water-sodium 
chloride solution, where  (a) the injection rate 1 gal/min and (b) the injection rate 2 gal/min. 

Notice the higher vortex on the right-side figure. 
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4.2.3 Fluid Density  

Fresh-water, water-sodium chloride solution and water-glycerin solution were used to 

study the effect of fluid density on proppant transport inside a complex fracture system. Increasing 

the density of the water-sodium chloride solution to approach the proppant density was limited by 

the solubility of sodium chloride in water. The maximum solubility of sodium chloride in water at 

room temperature was about 36 g/100 ml and the maximum density achieved was 1.19 g/cm3 (9.93 

lb/gal). These tests were conducted using 100 mesh sand (2.65 sp.gr), 40/70 sand (2.65 sp.gr), 

40/70 ceramic (2.08 sp.gr), and 40/70 ceramic (2.71 sp.gr) at the same proppant concentration and 

the same injection rate. Both fluids, fresh-water and water-sodium chloride solution, resulted in 

almost the same equilibrium dune height inside the main fracture as shown in Figure 4.16. This 

indicates that increasing the density of fresh water from 8.34 lb/gal to 9.26 lb/gal had no significant 

effect on the equilibrium dune height and the collected proppant out of the fractures as shown in 

Figure 4.17. As a result, fresh water was not used in the remaining tests. However, the reduction 

in equilibrium dune height using the water-glycerin solution with a density of 9.74 lb/gal could be 

attributed to the effect of increasing its viscosity.  

The effect of increasing the fluid density could be significant with ultra-lightweight 

proppant as observed by Brannon et al. (2006). They observed that increasing brine density reduces 

equilibrium dune height more when using ultra-lightweight proppants (ULWPs- 1.25 and 1.75 

sp.gr) than with Ottawa sand (2.65 sp.gr). This was attributed to the specific gravity of the ULWPs-

1.25 and 1.75 approaching buoyancy with the tested brine density and displaying less settling 

tendency.  
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Figure 4.16 The effect of fluid density on EDL for three different fluids: fresh water, water-
glycerin solution, and water-sodium chloride solution for 1 gal/min and 1 ppg (Cv=0.043). 

 

 
Figure 4.17 The effect of fluid density on the weight of the collected proppant out of the main 

fracture for three different fluids: fresh water, water-glycerin solution, and water-sodium 
chloride solution for 1 gal/min and 1 ppg (Cv=0.043). 
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4.2.4 Number of Particles (Volume of Proppant)  

To study the effect of the number of particles on proppant transport, the total injected 

weight of the proppants was normalized to the equivalent sand volume using the density 

differences between sand and ceramic densities as discussed in Section 3.3. Table 3.4 shows the 

total injected weight after normalized to the equivalent sand volume. This study focuses on 40/70 

ceramic (2.08 sp.gr) because it has the lowest specific gravity among all tested proppants. The 

reason for normalizing the injected weight to equivalent sand volume was because 55 lb of 2.08 

sp.gr has about 30% more particles (grains) than 55 lb of sand 2.65 sp.gr while pumping. This 

affects the amount of the total proppant that was collected out of the fractures and in the covered 

area of the slot. For this reason, ceramic of 2.08 sp.gr was tested in two different ways. First, by 

pumping 43.20 lb for 1 ppg (Cv=0.043) after normalizing the injected weight to equivalent sand 

volume. Second, by pumping 55 lb for 1 ppg (Cv=0.054) without normalizing the injected weight. 

From Figures 4.18 and 4.19, it was observed that increasing the number of injected particles 

has a significant impact on total proppant transported out of the main fracture for both tested fluids. 

When 55 lb of ceramic (2.08 sp.gr) was pumped using water-glycerin, the total collected proppant 

out of the main fracture increased by about 43.45 %, than when pumping  43.20 lb of the same 

ceramic. This indicates that more particles travelled out of the main fracture when the injected 

weight increased from 43.20 to 55 lb. In addition, it can be noted that pumping 55 lb of ceramic 

(2.08 sp.gr), which was the same weight of injected sands, had the largest weight of collected 

proppant out of the main fracture than all other tested proppants. The same observation was found 

when using water-sodium chloride with about a 37.13% increase in the total collected proppant 

out of the main fracture. The effect of the number of particles on proppant transport out of the first 

tertiary fracture (T-1) was similar to that observed in the main fracture. As the number of injected 
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particles increased, the weight of collected particles out of the tertiary fracture increased, as shown 

in Figures 4.20 and 4.21.  

 
Figure 4.18 The effect of the number of particles on proppant transport out of the main fracture 

for 1 gal/min, 1 ppg (Cv=0.043). 

 
Figure 4.19 The effect of the number of particles on proppant transport out of the main fracture 

for 2 gal/min, 1 ppg (Cv=0.043). 
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Figure 4.20 The effect of the number of particles on proppant transport out of the tertiary fracture 

(T-1) for 1 gal/min, 1 ppg (Cv=0.043). 
 
 

 
Figure 4.21 The effect of number of particles on proppant transport out of the tertiary fracture 

(T-1) for 2 gal/min. 



66 

Increasing the number of particles leads to a quicker dune buildup rate inside the main 

fracture and a larger covered area as shown in Figure 4.22. Figures 4.23 and 4.24 show a 

comparison of the covered area using 55 lb and 43.20 lb of ceramic (2.08 sp.gr). It can be seen that 

when the number of particles increased by pumping 55 lb of ceramic 2.08 sp.gr, the covered area 

increased as well. Increasing the number of injected particles by increasing the injected weight led 

to increasing the covered area inside both closer and farther fractures from the injection point. 

Increasing the number of particles has a similar effect as that of increasing proppant concentration, 

as there is more proppant-to-proppant interactions which leads to quick dune build-up rate and 

decrease in the flow area. Also, it was found that increasing the injection rate from 1 to 2 gal/min 

led to decreasing the covered area inside the main fracture and increasing the covered area in the 

other fractures. This can be attributed to the fact that increasing the injection rate led to decreasing 

the proppant dune height inside the main fracture by carrying the proppant to the other fractures 

and out of the main fracture. 

 
Figure 4.22 Covered area inside the main fracture for ceramic 2.08 sp.gr (1 gal/min) (a) 

normalized injected weight (43.20 lb) and (b) injected weight (55 lb). 
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Figure 4.23 Covered area inside the fractures for ceramic 2.08 sp.gr (1 gal/min) for both 
normalized injected weight (43.20 lb, Cv=0.043) and injected weight (55 lb, Cv=0.054). 

 

 
Figure 4.24 Covered area inside the fractures for ceramic 2.08 sp.gr (2 gal/min) for both 
normalized injected weight (43.20 lb, Cv=0.043) and injected weight (55 lb, Cv=0.054). 
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4.3 Covered Area 

One of the most important goals of proppant transportation is to maximize the covered area 

of the created fractures and keep the fractures open during production. Two different fluids were 

used in this study to test the differences in the covered slot area. After completing the injection, 

the proppant settles and takes different shapes, heights, and lengths inside the slot configurations. 

An example of such is shown in Figure 4.26. Once the injection is completed and the proppant 

settled, the final shapes of the proppant covered area were measured and calculated by dividing 

the area into different uniform shapes. For areas with non-uniform shapes, SOLIDWORKS was 

used to calculate the covered area inside the fractures as shown in Figure 4.27. Then the ratio of 

the covered area was calculated by dividing the proppant covered area by the total fracture area. 

 
Figure 4.25 �7�R�S���Y�L�H�Z���R�I���G�X�Q�H�V�¶���V�K�D�S�H���L�Q�V�L�G�H���W�K�H���I�U�D�F�W�X�U�H�V���D�I�W�H�U���F�R�P�S�O�H�W�L�Q�J���W�K�H���L�Q�M�H�F�W�L�R�Q���D�Q�G���W�K�H��
location of sampling points for 100 mesh sand at 1 ppg (Cv=0.043) and 1 gal/min.  
 



69 

 
Figure 4.26 �7�R�S���Y�L�H�Z���R�I���G�X�Q�H�V�¶���V�K�D�S�H���L�Q�V�L�G�H���W�K�H���I�U�D�F�W�X�U�H�V���D�I�W�H�U���F�R�P�S�O�H�W�L�Q�J���W�K�H���L�Q�M�H�F�W�L�R�Q���D�Q�G���W�K�H��

location of sampling points for 100 mesh sand at 2 ppg (Cv=0.086) and 1 gal/min using 
SOLIDWORKS. 

4.2.5 Fluid Viscosity 

Two different fluids were used to study the effect of the fluid viscosity on proppant 

transport through a complex fracture system. The first fluid was a water-glycerin solution (40% 

by volume), and the second fluid was a water-sodium chloride solution (15% by weight). The 

physical properties of these two fluids are discussed in Chapter 3.  All the tests were conducted at 

room temperature.  

It was observed that the high viscosity of the water-glycerin solution provides better 

proppant carrying capacity by reducing the settling velocity of the proppant and moving it far away 

from the injection point. As a result, it builds dune height corresponding to the farther secondary 

and tertiary fractures and increasing the proppant dune length. On the other hand, the low viscosity 

of the water-sodium chloride causes the proppant to settle quickly to the bottom of the main 

fracture near the injection point, increasing the dune buildup rate. Figure 4.25 shows how the fluid 



70 

viscosity can provide better proppant transport by keeping the proppant suspended in the fluid for 

100-mesh sand at the same injection rate. It was found that more proppants stayed suspended and 

transported along the dune height inside the main fracture in the water-glycerin solution than in 

the water-sodium chloride solution. For the water-sodium chloride solution, the proppants just roll 

and slide along the dune height and start jumping at the end of the dune height due to the turbulent 

flow, which tries to keep the proppant suspended for short distances and settles after passing the 

main proppant dune.  

It was observed that the proppant travel distance was greater using the water-glycerin 

solution than in the water-sodium chloride solution, which was ascertained by the total amount of 

the collected proppants out of the main fracture and by increasing the covered area in the farther 

subsidiary fracture as discussed in Section 4.3. This indicates that increasing the fluid viscosity 

can improve proppant travel distance along the main fracture by reducing the settling velocity and 

helping transport proppants into the secondary and tertiary fractures that are located farther away 

from the injection point. 

 
Figure 4.27 The effect of fluid viscosity on proppant transport inside the main fracture for 2 

gal/min, 1 ppg, and 100 mesh sand, where (a) water-glycerin solution (b) water-sodium chloride 
solution. 
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From the conducted lab tests, it was observed that settling velocity decreases as fluid 

�Y�L�V�F�R�V�L�W�\���L�Q�F�U�H�D�V�H�V�����7�K�L�V���R�E�V�H�U�Y�D�W�L�R�Q���Z�D�V���F�R�P�S�D�U�H�G���W�R���W�K�H���F�D�O�F�X�O�D�W�H�G���$�U�F�K�L�P�H�G�H�V�¶���1�X�P�E�H�U�����$r) 

using Equation 4.1 for both tested fluids and all proppants. From Table 4.1, it is clear that the 

�F�D�O�F�X�O�D�W�H�G���$�U�F�K�L�P�H�G�H�V�¶���1�X�P�E�H�U�V���R�I���W�K�H���Z�D�W�H�U-glycerin solution for all proppants were lower than 

that of the water-sodium chloride solution. A higher Archimedes Number indicates high settling 

�Y�H�O�R�F�L�W�\�����D���O�R�Z�H�U���$�U�F�K�L�P�H�G�H�V�¶���1�X�P�E�H�U���L�Q�G�L�F�D�W�H�V���O�R�Z�H�U���V�H�W�W�O�L�Q�J���Y�H�O�R�F�L�W�\�����7�K�H���S�U�R�S�S�D�Q�W���X�V�L�Q�J���W�K�H��

water-glycerin �V�R�O�X�W�L�R�Q���G�H�P�R�Q�V�W�U�D�W�H�G���O�R�Z���$�U�F�K�L�P�H�G�H�V�¶���1�X�P�E�H�U�����P�H�D�Q�L�Q�J���L�W���K�D�V���O�R�Z���V�H�W�W�O�L�Q�J�����$�O�V�R����

it can be noted from Table 4.1 that proppant size and proppant density have an effect on proppant 

�V�H�W�W�O�L�Q�J���Y�H�O�R�F�L�W�\�����7�K�H���O�R�Z�H�V�W���$�U�F�K�L�P�H�G�H�V�¶���1�X�P�E�H�U���Z�D�V���L�Q�G�L�F�D�W�H�G���X�V�L�Q�J�����������P�H�Vh sand which is 

the smallest tested proppant followed by ceramic 2.08 sp.gr which is the lighter tested proppant. 

Archimedes Number (Ar) 
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�O�d��= is the fluid density, kg/m3,���>�� �?���>���?�?�7 

�O�T�� = is the proppant density, kg/m3,���>�� �?���>���?�?�7 

�†�T�� = is the proppant median diameter, m,���>���? 

�J = is the fluid viscosity, kg/( m.s),���>�� �?���>���?�?�5���>�� �?�?�5 

�‰ = is the gravitational acceleration constant, m/s; �>���?���>�� �?�?�5 

 

Table 4.1 Calculated Archimedes' Number using two different fluids and four different 
proppants. 

Proppant types  Proppant density  Proppant diameter Archimedes' Number (dimensionless) 
# (kg/m3) (m) Water- sodium chloride  Water-glycerin solution  

100, sand 2,650 0.00019 79.835 6.298 

40/70, sand 2,650 0.00032 381.400 30.088 
40/70, ceramic 2,080 0.00033 263.666 20.315 
40/70, ceramic 2,710 0.00033 434.561 34.333 
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4.3.1 Main fracture 

For the main fracture, it was found that the covered area for sand (2.65 sp.gr) and ceramic 

(2.71 sp.gr) was slightly greater using the water-sodium chloride solution than using the water-

glycerin solution as shown in Figures 4.28 and 4.29. This can be attributed to the low viscosity of 

the water-sodium solution. As a result of the aforementioned low viscosity, rapid settling of the 

proppants near the injection point occurred resulting in a larger covered area. However, the high 

viscosity water-glycerin solution transported the proppant farther away from the injection point by 

increasing the proppant bed length and decreasing proppant dune height.  

Aside from the types of fluids being used to transport proppant during experiments, 

proppant density and size are also important parameters that help increase the proppant covered 

area. It was observed that the lighter proppant (ceramic 2.08 sp.gr.) covers a large area inside the 

main fracture as shown in Figures 4.28 and 4.29. This can be attributed to its low specific gravity. 

The low specific gravity of this proppant keeps the proppant suspended and it accumulates at the 

top of main fracture forming a top dune. This filled the gap between the top of the main fracture 

and dune height as shown in Figure 4.22. It was found that this phenomenon happened more with 

the water-glycerin solution than the water-sodium chloride solution. Ceramic (2.71 sp.gr.), which 

is the heaviest proppant, had a larger covered area inside the main fracture compared to sand (2.65 

sp.gr.). The high density of ceramic (2.71 sp.gr.) increases its settling velocity compared to sand 

(2.65 sp.gr.) creating a larger covered area. For the same proppant density, it was observed that a 

smaller proppant size of 100-mesh sand covers less area compared to 40/70 sand. This is due to 

the fact that smaller particle diameter experiences less friction effect by the wall of the fracture 

with less particle-to-particle interaction (Liu and Sharma 2005).  
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Figure 4.28 Covered area inside the main fracture for water-sodium chloride solution and water 

glycerin solution, four different proppants, two injection rates, and 1 ppg (Cv=0.043). 

 

 
Figure 4.29  Covered area inside the main fracture for water-sodium chloride solution and water 

glycerin solution, four different proppants, two injection rates, and 2 ppg (Cv=0.086). 
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It was observed that increasing the injection rate leads to decreasing the covered area inside 

the main fracture by reducing dune height and transporting the proppant to the farther points. This 

can be attributed to the fact that increasing the injection rate results in high drag and lift forces that 

help in transporting the proppant to subsidiary fractures. Also, it was observed that for all tested 

proppants, as proppant concentration increases, the covered area inside the main fracture increases.  

4.3.2 Subsidiary Fractures 

For subsidiary fractures, it was observed that the closest secondary and tertiary fractures to 

the injection point had the largest covered area and received more proppant than the farthest 

fractures. This can be attributed to the location of these fractures from the injection point, where 

the proppant dune height inside the main fracture cannot be increased until the closest secondary 

fracture (S-1) is filled to the same dune level as of the main fracture. Also, the critical slurry 

velocity is achieved earlier at this location, close to the injection point, which helps more proppant 

to turn around the corner into the subsidiary fractures (S-1) and (T-1). Consequently, the covered 

area is larger inside these subsidiary fractures compared to the farther subsidiary fractures.  

Also, it was observed that using the water-glycerin solution resulted in a larger covered 

area in the farther subsidiary fractures compared to using the water-sodium chloride solution for 

all tested proppants. It was also found that increased proppant concentration leads to increasing 

the covered area in all subsidiary fractures for both tested fluids as shown in Figure 4.30. 

The propped area in the secondary fracture (S-1), which is the closest fracture to the 

injection point, has the largest covered area compared to the other secondary fractures as shown 

in Figures 4.31 and 4.32. It was noted that the covered area inside S-1 was slightly lower using 

water-glycerin solution than water-sodium chloride solution. This can be attributed to the high 

fluid viscosity and the location of S-1. The high viscosity of the water-glycerin solution was 
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observed to suspend and carry the proppant from S-1 farther away into first tertiary fracture (T-1) 

resulting in lower dune height inside the S-1 as compared to the water-sodium chloride solution. 

 
Figure 4.30 Covered area inside third secondary (S-3) and first tertiary (T-1) fractures for 2.65 
sp.gr sand at the same injection rate, for: (a) and (c) proppant concentration is 1 ppg (Cv=0.043) 

and (b) and (d) proppant concentration is 2 ppg (Cv=0.086). 

 
With decreasing both proppant density and size, the proppant can be transported further to 

the tertiary fracture (T-1) from S-1. This results in decreasing the covered area inside the secondary 

fracture, S-1, by increasing the covered area inside the first tertiary fracture (T-1). Also, increasing 

the injection rate causes a slight reduction in the proppant covered area inside S-1 leading to a 

slight increase in the covered area inside T-1 as shown in Figures 4.31-4.34.  

For the first tertiary fracture (T-1), the water-sodium chloride solution was found to have 

smaller covered area than the water-glycerin solution as shown in Figures 4.33-4.34. Due to low 

viscosity and low slurry velocity inside the secondary fracture S-1, which allows more proppant 

to settle inside the secondary fracture S-1, less proppant transports into the tertiary fracture T-1. 

The low velocity of the fluid inside the secondary fracture (S-1) was not able to provide high 
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enough drag and lifting force to carry more proppant into the first tertiary fracture (T-1). In 

addition, proppant transport to T-1 depends on proppant dune height inside S-1. Proppant started 

to transport into T-1 after building the dune height inside S-1.  

The second secondary fracture (S-2) is located in the middle of the main fracture away 

from the injection points, where the fluid velocity decreases and proppant dune height of both 

fluids is different based on the proppant concentration. At this location, more proppant flows into 

this fracture due the gravity effect after settling inside the main fracture. Most importantly, for this 

fracture (S-2), the slot does not have a tertiary fracture.  Therefore, it provides an outlet channel 

for the proppant and fluid to flow out. The amount of injected fluid exiting this slot is larger than 

all other secondary fractures. As a result, a significant amount of proppant was collected out of 

this fracture, due to the shorter traveling distance for the proppant and no restriction of the tertiary 

fracture existence. As a result, the proppant does not settle in any predictable trend for both tested 

fluids as shown in Figures 4.35-4.36.  

The covered area inside the farthest secondary fracture (S-3) from the injection point, has 

a smaller covered area as compared to the first secondary fracture. It was found that the covered 

area inside S-3 was slightly larger using the water-glycerin solution than the water-sodium chloride 

solution. This can be attributed to the better capability of water-glycerin solution to transport the 

proppant into farther locations. When decreasing both proppant density and size, the proppant can 

be transported further to these subsidiary fractures (S-3) and (T-2) resulting in increasing the 

covered area inside these fractures. It was observed that increasing the injection rate and proppant 

concentration leads to increasing the proppant covered area inside these fractures as shown in 

Figures 4.37-4.40. 
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Figure 4.31 Covered area inside the first secondary fracture (S-1) for water-sodium chloride 
solution and water glycerin solution, four different proppants, two injection rates, and 1 ppg 

(Cv=0.043). 

 
Figure 4.32 Covered area inside the first secondary fracture (S-1) for water-sodium chloride 
solution and water glycerin solution, four different proppants, two injection rates, and 2 ppg 

(Cv=0.086). 
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Figure 4.33 Covered area inside the first tertiary fracture (T-1) for water-sodium chloride 

solution and water glycerin solution, four different proppants, two injection rates, and 1 ppg 
(Cv=0.043). 

 
Figure 4.34 Covered area inside the first tertiary fracture (T-1) for water-sodium chloride 

solution and water glycerin solution, four different proppants, two injection rates, and 2 ppg 
(Cv=0.086). 
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Figure 4.35 Covered area inside the second secondary fracture (S-2) for water-sodium chloride 

solution and water glycerin solution, four different proppants, two injection rates, and 1 ppg 
(Cv=0.043). 

 
Figure 4. 36 Covered area inside the second secondary fracture (S-2) for water-sodium chloride 

solution and water glycerin solution, four different proppants, two injection rates, and 2 ppg 
(Cv=0.086). 
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Figure 4.37 Covered area inside the third secondary fracture (S-3) for water-sodium chloride 
solution and water glycerin solution, four different proppants, two injection rates, and 1 ppg 

(Cv=0.043). 

 
Figure 4.38 Covered area inside the third secondary fracture (S-3) for water-sodium chloride 
solution and water glycerin solution, four different proppants, two injection rates, and 2 ppg 

(Cv=0.086). 
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Figure 4.39 Covered area inside the second tertiary fracture (T-2) for water-sodium chloride 
solution and water glycerin solution, four different proppants, two injection rates, and 1 ppg 

(Cv=0.043). 

 
Figure 4.40 Covered area inside the second tertiary fracture (T-2) for water-sodium chloride 
solution and water glycerin solution, four different proppants, two injection rates, and 2 ppg 

(Cv=0.086). 
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4.4 Proppant Dune Height 

This section analyzes the equilibrium dune height inside the main fracture for different 

fluid types using different proppant concentrations, injection rates, and proppant types. The 

equilibrium dune height inside the main fracture was measured after the dune reached its maximum 

height, where no more proppant settling was observed. The equilibrium dune height was measured 

by reviewing and analyzing the recorded videos after completing the injection. All equilibrium 

dune height measurements were taken 10 inches away from the injection points to avoid the effect 

of the subsidiary fractures, which is about 21% of the total main slot length as shown in Figure 

4.41. Then, the measured equilibrium dune height was divided by the slot height in order to find 

the ratio of equilibrium height to the fracture height using Equation 2.19. This ratio is known as 

the equilibrium dune level (EDL), which can be used to scale-up the lab measured dune height to 

field numbers. 

 
Figure 4.41 Equilibrium dune height (EDH) inside the main slot (left) versus slot height (right). 

 
At the beginning of injection, most of the injected proppant tends to settle near the injection 

point, resembling a slope. This is due to the fact that the fluid velocity was not high enough to 

carry the proppant farther away from the injection point due to a large flow area as shown in Figure 

4.42a. As the injection continues, the angle of this slope increases along the main fractures, as does 
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the proppant bed length and less proppant turns around the corner into the subsidiary fractures 

Figure 4.42b. The same trend continued until the proppant dune reached the equilibrium dune 

height, with a shape as shown in Figure 4.42c.  

 
Figure 4.42 Dune development inside the main fracture for 40/70 sand (2.65 sp.gr) at 1 gal/min 

and (Cv=0.086) (a) 9 min (b) 15 minutes (c) 26 minutes. 

Once the proppant dune reached the equilibrium height, all the proppant injected later 

transported deeper into the slot, and transported over the equilibrium dune height. The proppant 

transported into the secondary slots first by falling (sliding) from the main slot due to the gravity 

effect resembling a slope shape inside the secondary slots, which started after the proppant dune 

build-up began inside the main slot. It was observed that falling points inside all the secondary 

slots have almost similar dune heights as inside the main slot, as shown in Figure 4.43. Second, 

proppant transport to secondary fractures depends on the slurry velocity inside the main slot. At 

the beginning of the injection, the slurry velocity inside the main slot was low because of the large 

cross-sectional flow area. Therefore, more proppant transported and settled along the main slot 

and minimal proppant turned around the corner into the secondary slots. As the fluid velocity 

increased inside the main slots and reached a critical velocity, the proppant started turning around 

the corner and transported into secondary slots building the proppant dunes. The dune buildup rate 

inside the tertiary slots (T-1 and T-2) was observed to be dependent on the dune buildup rate inside 
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the secondary slots. All tests show that dune buildup rate inside first tertiary slot (T-1) was faster 

than the second tertiary slot (T-2). This is attributed to its location close to the injection point. 

It was observed that the dune buildup rate was higher using the water-sodium chloride 

solution than the water-glycerin solution; as a result, the proppant dune reached the equilibrium 

height faster with water-sodium chloride solution than water-glycerin solution. This is attributed 

to the high viscosity of the water-glycerin solution, which carries the proppant far away from the 

injection point, increasing the proppant bed length. It was observed that the time for the injected 

proppant to reach the equilibrium height depends on the fluid type, proppant size, proppant density, 

and proppant concentration. 

 
Figure 4.43 Proppant dune shapes and dune heights inside the main slots and secondary slots (S-

1, S-2, and S-3) for 2.65 sp.gr sand using water-glycerin solution. 

Figures 4.44 and 4.45 compare the equilibrium dune level using water-sodium chloride 

solution to equilibrium dune height using water-glycerin solution. These figures show that the 

water-sodium chloride resulted in higher equilibrium dune height for all tested proppants because 
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its low viscosity, which causes rapid settling of the proppant to the bottom of the main fracture 

near the injection point. In addition, it was observed that the proppant density had an effect on 

equilibrium dune height. When the proppant density increases, the equilibrium dune height 

increases as well. For instance, ceramic (2.71 sp.gr) has the highest equilibrium dune height among 

all tested proppants with the same conditions of injection rate and proppant concentration. Also, it 

was found that larger proppant sizes such as 40/70 mesh formed higher equilibrium dune height 

than smaller proppant sizes such as 100 mesh sand. This applied to both tested fluids as compared 

to the proppants that have the same density, as shown in Figures 4.44 and 4.45. This can be 

attributed to the lower settling velocity of smaller particles such as 100 mesh compared to larger 

particle sizes with the same density.  

Furthermore, it was observed that as the dune height increases, the cross-sectional flow 

area decreases. This results in increasing slurry velocity on the top of the dune height and 

increasing the Reynolds Number as shown in Table 4.2. The higher Reynolds Number was 

observed with the heaviest tested proppant ceramic (2.71 sp.gr) for both tested fluids. Also, It can 

be seen that the water-sodium solution resulted in higher Reynolds number than water-glycerin 

solution for all tested proppants. Increasing the injection rate was found to have a great impact on 

EDH inside the main fracture; it was observed that EDH decreases as the injection rate increases. 
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Figure 4.44 Equilibrium dune level inside the main fracture for both tested fluids, for four 

different proppants, two injection rates, and 1 ppg (Cv=0.043). 
 

 
Figure 4.45 Equilibrium dune level inside the main fracture for both tested fluids, for four 

different proppants, two injection rates, and 2 ppg (Cv=0.086). 



87 

Table 4.2 The calculation of Reynolds Number after equilibrium dune height was reached. 
Proppant Types 

 
 

Fluid Types 
 
 

Injection  
Rate, (gal/min) 

 

Proppant 
Volume 

Fraction (Cv) 

EDH, 
 (in) 

 

Reynolds 
Number, 
unitless 

100, 2.65 sp.gr 
Water-Sodium 

chloride solution 1 0.043 

22.597 127743 
40/70, 2.65 sp.gr 22.627 225507 
40/70, 2.08 sp.gr 22.313 156413 
40/70, 2.71 sp.gr 22.750 293275 
100, 2.65 sp.gr 

Water-Glycerin 
solution 

1 0.043 

22.563 35663 

40/70, 2.65 sp.gr 22.500 55059 
40/70, 2.08 sp.gr 22.313 45999 
40/70, 2.71 sp.gr 22.687 76556 
100, 2.65 sp.gr 

Water-Sodium 
chloride solution 2 0.043 

22.375 197999 
40/70, 2.65 sp.gr 22.438 359125 
40/70, 2.08 sp.gr 22.250 304554 

40/70, 2.71 sp.gr 22.563 442988 
100, 2.65 sp.gr 

Water-Glycerin 
solution 

2 0.043 

22.310 54173 
40/70, 2.65 sp.gr 22.438 105557 
40/70, 2.08 sp.gr 22.125 79571 
40/70, 2.71 sp.gr 22.500 119357 
100, 2.65 sp.gr 

Water-Sodium 
chloride solution 

1 0.086 

22.750 166833 
40/70, 2.65 sp.gr 22.875 374642 
40/70, 2.08 sp.gr 22.730 281995 
40/70, 2.71 sp.gr 22.938 469239 
100, 2.65 sp.gr 

Water-Glycerin 
solution 

1 0.086 

22.685 43396 
40/70, 2.65 sp.gr 22.662 70229 
40/70, 2.08 sp.gr 22.617 68090 
40/70, 2.71 sp.gr 22.875 114936 
100, 2.65 sp.gr 

Water-Sodium 
chloride solution 

2 0.086 

22.590 262499 
40/70, 2.65 sp.gr 22.625 466861 
40/70, 2.08 sp.gr 22.517 415490 
40/70, 2.71 sp.gr 22.813 696124 
100, 2.65 sp.gr 

Water-Glycerin 
solution 2 0.086 

22.435 62483 
40/70, 2.65 sp.gr 22.500 114354 
40/70, 2.08 sp.gr 22.335 97854 
40/70, 2.71 sp.gr 22.718 168266 
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4.5 Comparison between Measured and Published Correlations for EDL 

The measured equilibrium dune level (EDL) in the lab was compared to the published 

correlations by Wang et al. (2003) and Alotaibi and Miskimins (2015). First, the correlation 

proposed by Wang et al. (2003) was used to estimate the EDL for both tested fluids. This 

correlation is the only published correlation that can be used to predict dune height as function of 

slurry velocity, fluid density and fluid viscosity, proppant density, proppant size, and fracture 

thickness as explained in Section 2.5.2. However, this correlation was proposed for sand bed height 

in a fracture with a smooth surface without including a friction loss effect. Second, the correlations 

proposed by Alotaibi and Miskimins (2015) were used to estimate EDL. �$�O�R�W�D�L�E�L���D�Q�G���0�L�V�N�L�P�L�Q�V�¶ 

work includes friction loss and proppant shape factor and presented correlations for 100, 30/70 

and 20/40 mesh brown and white sands to estimate EDL for different sand concentrations and flow 

rates as explained in Section 2.5.2. However, these correlations can only be used to predict EDL 

as a function of slurry velocity, proppant concentration, and proppant diameter, and not as a 

function of fluid properties.  

4.5.1. Wang et al.�¶�V��(2003) Correlation 

The comparison was first conducted using water-glycerin solution and 40/70 mesh sand 

(2.65 sp.gr) data. 40/70 mesh, 2.65 sp.gr sand was chosen as an example to show how to estimate 

EDL using Wang et al.�¶�V���F�R�U�U�H�O�D�W�L�R�Q���D�Q�G���K�R�Z���W�K�H���F�R�P�S�D�U�L�V�R�Q���Z�D�V���F�R�Q�G�X�F�W�H�G�������7�K�H��sand properties 

are a density of 2,650 kg/m3, median diameter of 3.34 x 10-4 m, and concentration of 1 ppg 

(Cv=0.043). The fluid properties are a density of 1,167 kg/m3 and a viscosity of 0.0043 kg/m.s. 

The fracture width is 5.08 x 10-3 m. 

 The first step in calculating EDL by Wang et al.�¶�V�� �F�R�U�U�H�O�D�W�L�R�Q��is to calculate gravity 

Reynolds number (RG), gravity Reynolds number for the fluid (�Ê), fluid Reynold number (Rf), 
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proppant Reynolds number (Rp), and correlation constants, c1, m1, and n1 using the Equations 2.14-

2.19. The gravity Reynolds number was calculated using Equation 2.9, and it was 30.08 (unitless). 

The gravity Reynolds number for the fluid was calculated using Equation 2.16 and was found to 

be 1.43 x 10-4 (unitless). The fluid and proppant Reynold numbers were calculated using Equations 

2.17 and 2.18 and were found to be 6,489.64 and 570.94 (unitless)�����U�H�V�S�H�F�W�L�Y�H�O�\�����7�K�H���F�R�U�U�H�O�D�W�L�R�Q�¶�V��

constants, c1, m1, and n1 were calculated using the Equation 2.14, and were found to be 2.14 x10-3, 

9.55 x 10-1, and - 1.78 x 10-1, respectively. The fluid height (H1) was calculated using Equation 

2.14. The results of calculations of EDL for all other proppants are shown in Table 4.3. 

Gravity Reynolds number, 
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Proppant Reynolds number, 
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Correlation constant, c1, 
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Correlation constant, m1, 
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Correlation constant, n1, 
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After the dimensionless parameters were calculated, the fluid height was calculated using 

Equation 2.14. Equation 2.14 was used to calculate the fluid height, which is the gap between dune 

height and fracture height as shown in Figure 2.17. After calculating the fluid height using Wang 

et al.�¶�V�� �F�R�U�U�H�O�D�W�L�R�Q���� �W�K�H�� �H�T�X�L�O�L�E�U�L�X�P�� �G�X�Q�H�� �K�H�L�J�K�W�� ���(�'�+���� �D�Q�G�� �H�T�X�L�O�L�E�U�L�X�P�� �G�X�Q�H�� �O�H�Y�H�O�� ���(�'�/���� �Z�H�U�H��

calculated as shown below. After calculating equilibrium dune level (EDL), the average percent 

difference was calculated to compare the measured EDL with the calculated EDL. This percentage 
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shows how different the two values are as a percentage of their average value. This percentage is 

used when wanting to compare two experimental values. 

Fluid height H1, 
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The calculated EDL using Wang et al.�¶�V���F�R�U�U�H�O�D�W�L�R�Q���I�R�U���������������V�D�Q�G���D�W�������������I�W���P�L�Q���D�Q�G������������

ppg was 97.39%, which was close to the measured EDL of 96.51%. The average percent difference 

between the two values measured and the calculated EDL using Wang et al.�¶�V�� �F�R�U�U�H�O�D�W�L�R�Q�� �Z�D�V��
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0.91%, which gives some level of confirmation to the measured EDL in the lab. For both fluids, 

the height average percent difference in EDL between measured in the lab and the calculated was 

2.9%. From Table 4.3 and Figures 4.46 and 4.47, it is clear that the correlation slightly 

overestimated the measured EDL by 0.13-2.9%. This difference could be attributed to the 

following factors: Wang et al.�¶�V�� �F�R�U�U�H�O�D�W�L�R�Q�� �Z�D�V�� �S�U�R�S�R�V�H�G�� �I�R�U�� �G�X�Q�H�� �E�H�G�� �K�H�L�J�K�W�� �L�Q�� �D�� �O�R�Q�J�� �V�L�Q�J�O�H��

primary fracture with a smooth surface under different conditions without including friction loss 

effect, which could have resulted in a higher EDL. The effect of the existence of secondary 

fractures could also have impact the results. Also, the correlation did not take into account the 

effect of proppant shape factor. It takes only the proppant density as a differentiating factor with a 

limited number of larger proppant sizes that are greater than 60 mesh. However, from all the 

calculations, the correlation by Wang et al. appears to be able to predict the EDL with low error 

values. 

 
Figure 4.46 Measured and calculated EDL using Wang et al.�¶�V���F�R�U�U�H�O�D�W�L�R�Q���I�R�U���Z�D�W�H�U-sodium 

chloride solution, 8.28 ft/min (2 gal/min), and 1 ppg (Cv=0.043).  
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Table 4.3 Measured Equilibrium dune level (EDL) and calculated EDL using Wang et al.�¶�V��
correlation (2003) for two different fluids and four different proppants. 

Proppant types Fluid types Slurry 
velocity, 
(ft/min) 

Concentration, 
(ppg) 

EDL, %, by %Diff 
 

 Measured  Calculated 
using 

Wang et al. 
100, 2.65 sp.gr  

Water-
sodium 
chloride 

 
4.14 

 
1 

97.19 99.20 2.04 
40/70, 2.65 sp.gr 97.32 99.08 1.80 
40/70, 2.08 sp.gr 95.97 98.79 2.90 
40/70, 2.71 sp.gr 97.85 99.10 1.27 
100, 2.65 sp.gr  

Water-
glycerin 

 
4.14 

 
1 

97.04 98.42 1.41 
40/70, 2.65 sp.gr 96.77 98.49 1.76 
40/70, 2.08 sp.gr 95.97 98.15 2.24 
40/70, 2.71 sp.gr 97.58 98.53 0.97 
100, 2.65 sp.gr  

Water-
sodium 
chloride 

 
8.28 

 
1 

96.24 98.77 2.60 
40/70, 2.65 sp.gr 96.51 98.57 2.12 
40/70, 2.08 sp.gr 95.70 98.07 2.44 
40/70, 2.71 sp.gr 97.04 98.60 1.59 
100, 2.65 sp.gr  

Water-
glycerin 

 
8.28 

 
1 

95.96 97.31 1.40 
40/70, 2.65 sp.gr 96.51 97.42 0.94 
40/70, 2.08 sp.gr 95.16 96.78 1.68 
40/70, 2.71 sp.gr 96.77 97.48 0.73 
100, 2.65 sp.gr  

Water-
sodium 
chloride 

 
4.14 

 
2 

97.85 99.31 1.49 
40/70, 2.65 sp.gr 98.39 99.24 0.86 
40/70, 2.08 sp.gr 97.76 98.99 1.25 
40/70, 2.71 sp.gr 98.66 99.25 0.60 
100, 2.65 sp.gr  

Water-
glycerin 

 
4.14 

 
2 

97.31 98.62 1.33 
40/70, 2.65 sp.gr 97.47 98.70 1.26 
40/70, 2.08 sp.gr 97.58 98.42 0.85 
40/70, 2.71 sp.gr 98.39 98.74 0.36 
100, 2.65 sp.gr  

Water-
sodium 
chloride 

 
8.28 

 
2 

96.77 98.95 2.22 
40/70, 2.65 sp.gr 97.31 98.81 1.53 
40/70, 2.08 sp.gr 96.24 98.39 2.21 
40/70, 2.71 sp.gr 98.12 98.83 0.72 
100, 2.65 sp.gr  

Water-
glycerin 

 
8.28 

 
2 

95.43 97.64 2.29 
40/70, 2.65 sp.gr 96.77 97.78 1.04 
40/70, 2.08 sp.gr 95.70 97.24 1.60 
40/70, 2.71 sp.gr 97.71 97.84 0.13 
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Figure 4.47 Measured and calculated EDL using Wang et al.�¶�V��correlation for water-glycerin 

solution, 8.28 ft/min (2 gal/min), and 1 ppg (Cv=0.043). 

 
4.5.2 Alotaibi and Miskimins�¶ (2015) Correlations 

The comparison was also conducted using the correlations proposed by Alotaibi and 

Miskimins (2015). The 40/70 mesh sand was chosen as an example to show how to estimate EDL 

using Alotaibi and Miskimins�¶ correlations because this size is within the range of 30/70 mesh, 

which the correlation was developed for. The first calculation is performed with Equation 4.2, the 

first of the two Alotaibi and Miskimins�¶ correlations. This correlation is a function only of sand 

concentration and slurry velocity, which means the calculations will be the same regardless of the 

proppant type, size and fluid types. The 100 mesh correlation developed by Alotaibi and 

Miskimins cannot be used for the tested 100 mesh sand because it can only be applicable for 

velocities greater than 12 ft/min which is greater than the tested velocities. The sand properties are 

density of 2,650 kg/m3, median diameter of 3.34 x 10-4 m, and concentration of 1 ppg (Cv=0.043) 



95 

and 2 ppg (Cv=0.086). The fluid properties are density of 1,167 kg/m3 and viscosity of 0.0043 

kg/m.s. The fracture width is 5.08 x 10-3 m. 

Equilibrium dune level EDL, 
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Average percent difference 
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The calculated EDL by Alotaibi and Miskimins (2015) for the 40/70 mesh sand at 4.14 

ft/min and 1 ppg (Cv=0.043) was 98.10%. This calculated EDL was closest to the measured EDL 

of 97.32% for the chosen sand, which was 97.32%. The average percent difference between the 

measured and the calculated was 0.8%, which indicates some level of confirmation to the measured 
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value. From Table 4.4 and Figures 4.48 and 4.49, it is clear that the correlation slightly 

overestimated the measured EDL by 0.8-2.2%. This difference could be attributed to proppant 

density. Alotaibi and Miskimins�¶ correlation was proposed for sand only with a specific gravity of 

2.65, which gives perfect predictions for the proppants with similar specific gravity. The highest 

observed percent difference in EDL between the measured value and the correlation was 2.2%, 

with the low specific gravity proppant of 2.08. From all tests, it was clear that Alotaibi and 

Miskimins�¶ correlation can be used to predict the EDL for proppants that have density close to 

sand (2.65 sp.gr) and with the size of 30/70 at slurry velocity less than 12.4 ft/min. The comparison 

of the calculated and the measured EDL for the water-glycerin solution as a function of velocity 

and proppant concentration was performed without taking into the account the fluid properties. It 

can be seen that the correlation gives a close value of EDL to the measured value using the water-

glycerin solution with a low average percent difference in EDL from 0.04% to 2.19%. 

 
Figure 4.48 Measured and calculated ED�/���X�V�L�Q�J���$�O�R�W�D�L�E�L���D�Q�G���0�L�V�N�L�P�L�Q�V�¶ correlation (2015) for 

water-sodium chloride solution, 8.28 ft/min (2 gal/min), and 1 ppg (Cv=0.043). 
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Table 4.4 Measured Equilibrium dune level (EDL) and calculated EDL using Alotaibi and 
�0�L�V�N�L�P�L�Q�V�¶ correlations (2015) for 40/70 mesh proppants. 

 
 

Proppant types 

 
 

Fluid types 

 
 

Velocity 
(V), 

(ft/min) 

 
 

Concentration, 
(Cv), ppg 

EDL, %, by %Diff 
 

%  Measured  Calculated 
using 

Alotaibi 
and 

Miskimins 
100, 2.65 sp.gr  

Water-
sodium 
chloride 

 
4.14 

 
1 

97.19 - - 
40/70, 2.65 sp.gr 97.32 98.10 0.80 
40/70, 2.08 sp.gr 95.97 98.10 2.20 
40/70, 2.71 sp.gr 97.85 98.10 0.25 
100, 2.65 sp.gr  

Water-
glycerin 

 
4.14 

 
1 

97.04 - - 
40/70, 2.65 sp.gr 96.77 98.10 1.36 
40/70, 2.08 sp.gr 95.97 98.10 2.19 
40/70, 2.71 sp.gr 97.58 98.10 0.53 
100, 2.65 sp.gr  

Water-
sodium 
chloride 

 
8.28 

 
1 

96.24 - - 
40/70, 2.65 sp.gr 96.51 96.65 0.15 
40/70, 2.08 sp.gr 95.70 96.65 0.99 
40/70, 2.71 sp.gr 97.04 96.65 0.40 
100, 2.65 sp.gr  

Water-
glycerin 

 
8.28 

 
1 

95.96 - - 
40/70, 2.65 sp.gr 96.51 96.65 0.15 
40/70, 2.08 sp.gr 95.16 96.65 1.55 
40/70, 2.71 sp.gr 96.77 96.65 0.13 
100, 2.65 sp.gr  

Water-
sodium 
chloride 

 
4.14 

 
2 

97.85 - - 
40/70, 2.65 sp.gr 98.39 98.35 0.04 
40/70, 2.08 sp.gr 97.85 98.35 0.51 
40/70, 2.71 sp.gr 98.66 98.35 0.31 
100, 2.65 sp.gr  

Water-
glycerin 

 
4.14 

 
2 

97.31 - - 
40/70, 2.65 sp.gr 97.47 98.35 0.90 
40/70, 2.08 sp.gr 97.58 98.35 0.79 
40/70, 2.71 sp.gr 98.39 98.35 0.04 
100, 2.65 sp.gr  

Water-
sodium 
chloride 

 
8.28 

 
2 

96.77 - - 
40/70, 2.65 sp.gr 97.31 97.00 0.32 
40/70, 2.08 sp.gr 96.24 97.00 0.79 
40/70, 2.71 sp.gr 98.12 97.00 1.14 
100, 2.65 sp.gr  

Water-
glycerin 

 
8.28 

 
2 

95.43 - - 
40/70, 2.65 sp.gr 96.77 97.00 0.24 
40/70, 2.08 sp.gr 95.70 97.00 1.35 
40/70, 2.71 sp.gr 97.71 97.00 0.73 
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Figure 4.49 Measured and calculated EDL using �$�O�R�W�D�L�E�L���D�Q�G���0�L�V�N�L�P�L�Q�V�¶ correlation (2015) for 

water-glycerin solution, 8.28 ft/min (2 gal/min), and 1 ppg (Cv=0.043). 
 

The second comparison of Alotaibi and Miskimins�¶ correlations was done using Equation 

4.3. This correlation is a function of proppant concentration, slurry velocity, and proppant median 

diameter. The application of this correlation is limited to specific proppant median diameters of 

100, 30/70, and 20/40 mesh sands. 40/70 sand was chosen as an example to show how to estimate 

EDL using Alotaibi and Miskimins�¶ second correlation because its mean diameter is within the 

range of 30/70 sand. The sand properties are density of 2,650 kg/m3, median diameter of 3.34 x 

10-4 m, and concentration of 1 ppg (Cv=0.043) and 2 ppg (Cv=0.086). The fluid properties are 

density of 1,167 kg/m3 and viscosity of 0.0043 kg/m.s. The fracture width is 5.08 x 10-3 m. 
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100 mesh sand, 
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40/70 mesh sand, 
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The calculated EDL by Alotaibi and Miskimins (2015) using Equation 4.3 slightly 

overestimated the measured EDL by 1.04-3.17%. This difference could be attributed to proppant 

sizes and proppant densities. This correlation was proposed for a specific proppant median 

diameters 100, 30/70, and 20/40 mesh and for sand only with specific gravity of 2.65.  This 

correlation was used to calculate the EDL for 40/70 assuming that this mesh size within the range 

of 30/70 mesh. It can be seen that the calculated EDL for 100 mesh overestimated the measured 

EDL with a high percentage difference even though this correlation was proposed for the proppant 

with median dimeter of 100 mesh. This can be attributed to the low tested slurry velocity (8.28 

ft/min), while this correlation was developed using a slurry velocity greater than 12.4 ft/min for 
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100 mesh sizes. From the all calculations, the correlation by Alotaibi and Miskimins (2015) can 

be used to predict the EDL with low error values. 

Table 4.5 Measured Equilibrium dune level (EDL) and calculated EDL using Alotaibi and 
�0�L�V�N�L�P�L�Q�V�¶ correlation (2015) for 40/70 mesh proppants, Equation 4.3. 

Proppant types Fluid types Velocity 
(V), 

(ft/min) 

Concentration, 
(C), ppg 

EDL, %, by %Diff 
 

%  Measured  Calculated 
using 

Alotaibi 
and 

Miskimins 
100, 2.65 sp.gr  

Water-
sodium 
chloride 

 
8.28 

 
1 

96.24 97.68 1.49 
40/70, 2.65 sp.gr 96.51 98.14 1.68 
40/70, 2.08 sp.gr 95.70 98.14 2.52 
40/70, 2.71 sp.gr 97.04 98.14 1.12 
100, 2.65 sp.gr  

Water-
glycerin 

 
8.28 

 
1 

95.96 97.68 1.78 
40/70, 2.65 sp.gr 96.51 98.14 1.68 
40/70, 2.08 sp.gr 95.16 98.14 3.08 
40/70, 2.71 sp.gr 96.77 97.68 1.40 
100, 2.65 sp.gr  

Water-
sodium 
chloride 

 
8.28 

 
2 

96.77 98.33 1.60 
40/70, 2.65 sp.gr 97.31 98.33 1.04 
40/70, 2.08 sp.gr 96.24 98.78 2.61 
40/70, 2.71 sp.gr 98.12 98.78 0.67 
100, 2.65 sp.gr  

Water-
glycerin 

 
8.28 

 
2 

95.43 98.33 3.00 
40/70, 2.65 sp.gr 96.77 98.33 1.60 
40/70, 2.08 sp.gr 95.70 98.78 3.17 
40/70, 2.71 sp.gr 97.71 98.78 1.09 

 

4.6 Sieve Analysis 

Sieve analysis tests were carried out to determine which fluid has the ability to transport 

proppants of varying sizes farther into subsidiary fractures. The sieve analysis was carried out with 

the four different proppant types: 100 mesh sand (2.65 sp.gr), 40/70 mesh sand (2.65 sp.gr), 40/70 

mesh ceramic (2.08 sp.gr), and 40/70 mesh ceramic (2.71 sp.gr). The proppant samples were 

collected from the inside of the slots and outside of each slots exit (main, secondary (S-2) and 

tertiary (T-1)) to distinguish the proppant distribution of particles with different sizes. The 

collected samples were washed from glycerin and sodium chloride for 10 minutes to prevent 
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proppant clumping, then dried in an oven. The dry samples were placed into the top sieve, which 

has the larger screen opening followed by a smaller screen opening, ending with a round pan. The 

larger proppants were trapped at the top sieve while the smaller size proppants pass through sieve 

by shaking the sieve for 10 minutes using a mechanical shaker to provide complete proppant 

segregation. The overall sieve analysis results are summarized �L�Q�� �³�$�S�S�H�Q�G�L�[�� �$-Sieve Analysis 

�5�H�V�X�O�W�V�´���� 

The API specifications state that for a given proppant size range, at least 90% of the 

proppants must fall between the designated mesh size range, and no more than 0.1% can be larger 

than the second screen above nor can 1% can fall through the second screen below the primary 

sieves ( ISO 13503-6:2006). Also, there is no standard API specification for 100-mesh sand. The 

sieve analysis results for 40/70 sand (2.65 sp.gr) and ceramic (2.08, 2.71 sp.gr) showed that more 

than 90 % of the retained weight falls between 40 and 70 and less 0.1% falls out of this limit. 

Tables 4.6-4.8, show the sieve analysis results for the original samples of 100 mesh sand and 40/70 

mesh ceramic (2.08 sp.gr), 40/70 mesh ceramic (2.71 sp.gr), and 40/70 mesh sand (2.65 sp.gr). 

Table 4.6 The sieve analysis results for 100 mesh brown sand (2.65 sp.gr). 
Sieve 
size 

Sieve 
weight 

Sieve 
opening 

Full sieve 
weight 

Net 
weight 

Weight 
percent 

Cumulative 
weight percent 

mesh g in g g % % 

30 358.41 0.0234 358.41 0.00 0.00 0.00 
50 346.17 0.0117 351.06 4.89 2.87 2.87 
70 325.77 0.0083 379.59 53.82 31.61 34.48 
80 326.46 0.0070 370.95 44.49 26.13 60.62 
100 319.37 0.0059 358.46 39.19 23.02 83.64 
140 311.33 0.0041 335.95 24.62 14.46 98.10 
200 305.5 0.0029 308.56 3.06 1.80 99.89 
pan 357.80 - 357.80 0.00 0.00 99.89 
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Table 4.7 The sieve analysis results for 40/70 mesh ceramic (2.08 sp.gr). 
Sieve 
size 

Sieve 
weight 

Sieve 
opening 

Full sieve 
weight  

Net 
weight  

Weight 
percent 

Cumulative 
weight percent 

mesh g in g g % % 
30 358.46 0.0234 358.5 0.04 0.032 0.032 
40 349.95 0.0165 350.64 0.69 0.551 0.583 
50 346.22 0.0117 428.00 81.78 65.299 65.882 
60 337.43 0.0098 366.95 29.52 23.571 89.452 
70 325.79 0.0083 335.60 9.81 7.833 97.285 
80 326.30 0.0070 329.14 2.84 2.268 99.553 
100 319.30 0.0059 319.78 0.48 0.383 99.936 
pan 357.80 - 357.88 0.08 0.064 100.000 

 

Table 4.8 The sieve analysis results for 40/70 mesh ceramic (2.71 sp.gr). 
Sieve 
size 

Sieve 
weight 

Sieve 
opening 

Full sieve 
weight  

Net 
weight  

Weight 
percent 

Cumulative 
weight percent 

mesh g in g g % % 
30 358.45 0.0234 358.47 0.02 0.012 0.012 
40 349.96 0.0165 351.3 1.34 0.788 0.800 
50 346.43 0.0117 501.01 154.58 90.908 91.708 
60 337.55 0.0098 350.13 12.58 7.398 99.106 
70 325.77 0.0083 327.15 1.38 0.812 99.918 
80 326.33 0.0070 326.46 0.13 0.076 99.994 
100 319.25 0.0059 319.26 0.01 0.006 100.000 
pan 357.80 - 357.80 0.00 0.000 100.000 

 

Table 4.9 The sieve analysis results for 40/70 mesh sand (2.65 sp.gr). 

Sieve 
size 

Sieve 
weight 

Sieve 
opening 

Full sieve 
weight  

Net proppant 
weight  

Weight 
percent 

Cumulative 
weight 
percent 

mesh  in g g % % 
30 358.45 0.0234 358.45 0.00 0.000 0.000 
40 349.89 0.0165 353.13 3.24 1.905 1.905 
50 346.17 0.0117 443.46 97.29 57.216 59.121 
60 337.36 0.0098 384.13 46.77 27.505 86.627 
70 325.71 0.0083 340.72 15.01 8.827 95.454 
80 326.29 0.007 331.63 5.34 3.140 98.594 
100 319.26 0.0059 321.12 1.86 1.094 99.688 
pan 357.80 - 358.33 0.53 0.312 100.000 
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4.6.1 Sieve Analysis for 100 Mesh Sand 2.65 sp.gr  

The sieve analysis of the proppant collected from outside of the main fracture and the 

secondary fracture, S-2, for 100 mesh sand (2.65 sp.gr) showed almost similar proppant 

distribution for both tested fluids as shown Figures 4.50 and 4.51. It is important to note that the 

location of this secondary fracture, S-2, might have an impact on the sample collected proppant 

outside of this fracture and its final sieve analysis. This is attributed to the fact that some proppants 

transported form the main fracture into and ultimately out of this fracture, S-2, after injection 

stopped due to a gravity effect and the absence of a tertiary fracture. 

However, for the first tertiary fracture, T-1, the sieve analysis showed that the water-

glycerin solution carried more large particles (100 mesh and bigger) than the water-sodium 

chloride solution as shown in Figure 4.52. This can be attributed to the location of the first tertiary 

fracture (T-1) and the high viscosity of the water-glycerin solution. The low viscosity of the water-

sodium chloride solution has a low proppant carrying capacity. As a result, the sieve analysis for 

the collected proppant from inside all fractures using the water-sodium chloride showed more 

percentage of larger particles than water-glycerin, which indicates that most of the larger particles 

settled inside the fractures as shown in Figure 4.53. It was observed that changing the proppant 

concentration and injection rate resulted in varying the proppant weight percent with similar trends 

(see Appendix A). 
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Figure 4.50 Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from outside 
of the main fracture for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 2 ppg 

(Cv=0.086). 
 

 
Figure 4.51 Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from outside 

of the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 1 
gal/min, and 2 ppg (Cv=0.086). 
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Figure 4.52 Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from outside 
of the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 1 gal/min, 

and 2 ppg (Cv=0.086). 
 

 
Figure 4.53 Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 2 ppg 

(Cv=0.086). 
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4.6.2 Sieve Analysis for 40/70 Mesh Sand 2.65 sp.gr  

Figures 4.54-4.56 show the sieve analysis results from outside of the main, secondary, S-

2, and tertiary, T-1, fractures for both fluids. It was observed that at low proppant concentration 

and low  injection rate, a large percentage of bigger proppant (50 mesh and bigger) and low 

percentage smaller proppant (50 mesh and less) were transported out of the main fracture using 

the water-glycerin solution as compared to the water-sodium chloride solution. Increasing the 

proppant concentration and injection rate resulted in increasing the proppant weight percent with 

a similar trend to that of low proppant concertation and low injection rate (see Appendix A). The 

sieve analysis for the collected proppant from inside all the fractures for both tested fluids showed 

similar proppant distribution to the original proppant distribution as shown in Figure 4.57. 

 
Figure 4.54 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the main fracture for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 1 ppg 

(Cv=0.043). 
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Figure 4.55 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 1 gal/min, 

and 1 ppg (Cv=0.043). 
 

 
Figure 4.56 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 

1 ppg (Cv=0.043). 
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Figure 4.57 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from inside all 

the fractures for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 1 ppg 
(Cv=0.043). 

 
4.6.3 Sieve Analysis for 40/70 Mesh Ceramic 2.08 sp.gr  

Figures 4.58-4.61 show the sieve analysis results for the collected proppant from inside 

and outside all fractures for both fluids. It was observed that a large percentage of bigger proppant 

(50 mesh and bigger) and low percentage of smaller proppant (50 mesh and less) were transported 

out of these fractures using the water-glycerin solution as compared to the water-sodium chloride 

solution. Increasing the proppant concentration and injection rate resulted in increasing the 

proppant weight percent with a similar trend to that of low proppant concentration and low 

injection rate (see Appendix A). 
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Figure 4.58 Sieve analysis for 40/70 ceramic (2.08 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 1 ppg 

(Cv=0.043). 
 

 
Figure 4.59 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from outside 
of the main fracture for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 1 ppg 

(Cv=0.043). 
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Figure 4.60 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from outside 

of the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 1 
gal/min, and 1 ppg (Cv=0.043). 

 

 
Figure 4.61 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from outside 
of the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 1 gal/min, 

and 1 ppg (Cv=0.043). 
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4.6.4 Sieve Analysis for 40/70 Mesh Ceramic 2.71 sp.gr  

The sieve analysis results for 40/70 ceramic 2.71 sp.gr, which was the heaviest tested 

proppant were also analyzed. All the collected proppant samples from outside and inside the 

fractures for both tested fluids showed similar proppant distribution to the original proppant 

distribution as shown in Figures 4.62-4.65. There was no perceivable change in the proppant 

distribution of 40/70 ceramic (2.71 sp.gr) with changing proppant concentration and injection rate 

(see Appendix A). 

 
Figure 4.62 Sieve analysis for 40/70 mesh ceramic (2.71 sp.gr), for the samples collected from 
outside of the main fracture for water-sodium chloride and water-glycerin solutions, 1 gal/min, 

and 1 ppg (Cv=0.043). 
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Figure 4.63 Sieve analysis for 40/70 mesh ceramic (2.71 sp.gr), for the samples collected from 

outside of the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 1 
gal/min, and 1 ppg (Cv=0.043). 

 

 
Figure 4.64 Sieve analysis for 40/70 mesh ceramic (2.71 sp.gr), for the samples collected from 
outside of the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 1 

gal/min, and 1 ppg (Cv=0.043). 
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Figure 4.65 Sieve analysis for 40/70 mesh ceramic (2.71 sp.gr), for the samples collected from 
inside all the fractures for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 1 

ppg (Cv=0.043). 
 

4.7 Source of Errors 

Potentially, five sources of errors were identified that could give irregularities in the 

readings. First, the minimum unit of the scale pasted next on the slots is 1/16th of an inch, so the 

maximum error in dimension is 1/16th of an inch. This leads to a maximum relative error of 6.25% 

when measuring a distance of 1 inch. This scale is suitable for measuring the dimensions as the 

minimum distance in the tests were more than 3 inches (a maximum error of 2.08%). To get a 

more accurate reading a scale with a detailed scale would be more appropriate. Second, the time 

was a recorded using a stop watch in a video camera. This has its own limitations as the number 

of frames that are captured per second are very few. To get a more accurate account of the elapsed 

time, a camera with a greater frame rate could be used. The video feed is used to record the settling 

particle at different time instances in the different fluids. Third, another source of error would be 

that when calculating the covered area the dimensions were discretized into smaller sections 
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visually (due to the irregularity in the dune shapes) and remodeled into SOLIDWORKS software 

2019.�7�K�H���G�L�V�F�U�H�W�L�]�D�W�L�R�Q�¶�V���L�W�V�H�O�I���F�R�X�O�G���D�G�G���D�Q���H�U�U�R�U�����)�Rurth, the injection rate was adjusted manually 

using a VFD that causes some variation in the injection rate. Fifth, for the sieve analysis a small 

amount of the collected proppant was used for the sieve analysis, which may not represent all 

collected proppant from the inside the slots. 
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CHAPTER 5 

 DISCUSSION AND FIELD APPLICATIONS 
 

This chapter summarizes the results of the experimental work using water-glycerin and 

water-sodium chloride solutions by testing different injection parameters. In addition, the chapter 

discussed potential field applications of this research. 

5.1 Water-Glycerin Solution 

As mentioned earlier, the main goal of this study was to determine the capability of 

slickwater to carry more proppant deeper into fractures with increasing viscosity. In this study, 

glycerin was used to increase the viscosity of the slickwater and improve its capability to carry 

proppant. An important observation about using glycerin as a viscosifying fluid is the ease of 

pumping and its solubility in water at any proportions. In this study, a solution of 40% water-

glycerin (4.3 cp and 9.74 lb/gal) was used to study proppant transport in complex fractures. This 

volumetric concentration was chosen to keep the solution density close to the studied water-sodium 

chloride density to be able to compare the effects of fluid density and viscosity on proppant 

transport. Increasing the volumetric concentration of glycerin at any portion leads to increasing 

�W�K�H�� �V�R�O�X�W�L�R�Q�¶�V��viscosity, and increasing the viscosity differential between the water-glycerin 

solution and the water-sodium chloride solution.  

Before testing the water-glycerin solution inside the complex fracture apparatus, the 

settling velocity of a single particle test in unbounded fluids was conducted and compared with 

the calculated settling velocity using the �6�W�R�N�H�V�¶���/�D�Z equation. The results show that for 100% 

glycerin both calculated and measured settling velocity of a single particle are the same and 

approach zero (0.0708 ft/min). For 40% glycerin solution, the settling velocity increased as both 

the viscosity and density of the solution decreased, and the measured settling velocity for a single 
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particle was smaller than the calculated settling velocity. These tests show how settling velocity 

changes as the fluid properties change, thus indicating that fluid rheology has an impact on the 

proppant settling velocity and should be considered   in hydraulic fracturing design. After, this 

preliminary testing the solution of 40% water-glycerin was used to study the effects of injection 

parameters on proppant transport inside a complex slot system using two slurry injection rates, 

two proppant concentrations, and four different proppants.  

The lab results show that increasing the viscosity of the slickwater using the glycerin 

solution improved the proppant transport into both the closer and farther fractures from the 

injection point. The high viscosity water-glycerin reduces the proppant settling velocity; and as a 

result, it increases the proppant dune length and decreases the proppant dune height for all tested 

proppants. When using water-glycerin, more small particle sizes (such as 100 mesh) were observed 

to be suspended and traveled to a greater distance resulting in a larger covered area inside the 

subsidiary fractures and a lower dune height inside the main fracture. On the other hand, the larger 

and higher density proppants such as 40/70 mesh sand (2.65 sp.gr) and 40/70 mesh ceramic (2.71 

sp.gr) were observed to have a less tendency for suspension and settle faster than the small particle 

sizes. Also, it was observed that the high viscosity of the water-glycerin solution keeps the lower 

density proppant such as 40/70 mesh ceramic (2.08 sp.gr) more suspended, resulting in building 

dunes inside the main fracture at the top and bottom of the fracture that help to decrease the cross-

sectional flow area, leading to an increase the slurry velocity. Therefore, more proppant 

transported into farther fractures and out of the sampling points with this 2.08 sp.gr proppant..  

The lab results showed changing fluid density had no significant effect on proppant 

transport for these tested proppant when compared to water only. From the sieve analysis results, 

it was observed that glycerin (i.e. increased viscosity) improved the capability of slickwater to 
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carry both smaller and larger particles to farther distances. This was specifically observed with 

100 mesh sand (2.65 sp.gr) and 40/70 mesh ceramic (2.08 sp.gr).  The sieve analysis results for 

the 40/70 ceramic 2.71 sp.gr, which was the heaviest tested proppant, showed similar proppant 

distribution to the original proppant distribution using the water-glycerin solution, thus minimal 

impact due to viscosity.  

 For the other injection parameters, the results shows that increasing the slurry injection 

rate leads to improved proppant transport. As the injection rate increases, it results in high drag 

and lift forces that help to carry the proppant into the subsidiary fractures. High injection rate 

resulted in high turbulence flow that also helps to move the proppant along the dune bed. The 

turbulent flow suspends some of the small particles allowing them to travel farther, while larger 

particles start to fall back to the bed slope due to the gravity force effect. For varying proppant 

concentration, the results showed that as proppant concentrations increase the proppant settling 

velocity increases, resulting in increasing the dune build-up rate inside the main fracture and a 

larger dune height. This can be attributed to the effects of fracture wall friction, as with more 

proppant-to-proppant interaction, the flow area around the proppant decreases. As the flow area 

around the proppant decreases, the fluid velocity increases, pushing the proppant away from the 

high velocity streamlines to lower velocity streamlines and towards the fracture walls. Also, the 

results showed that proppant covered area inside all the fractures increases as the proppant 

concentrations increase for all tested proppants.  The lab results show that increasing the number 

of injected particles increases the proppant covered area inside the fractures and increases the 

collected proppant out of sampling points. Increasing the number of injected particles has a similar 

effect as that of increasing proppant concentration. 
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5.2 Water-Sodium Chloride Solution 

A solution of weighted brine with 15% sodium chloride (1.2 cp and 9.26 lb/gal) was also 

used to evaluate the effect of changing fluid density on proppant transport inside a complex 

fracture network. It is important to note that increasing the density of the water-sodium chloride 

solution to approach the proppant density was limited by the solubility of sodium chloride in water. 

The maximum solubility of sodium chloride in water at room temperature was about 36 g/100 ml, 

and thus the maximum density achieved for these experiments was1.19 g/cm3 (9.93 lb/gal). 

Before using water-sodium chloride solution inside the complex fracture apparatus, the 

settling velocity of a single particle test in unbounded water-sodium chloride solution was 

conducted and compared with the calculated settling velocity using �6�W�R�N�H�V�¶�� �/�Dw equation. The 

results showed that the settling velocity of the single particle in the water-sodium chloride solution 

was greater than that when using a 40% water-glycerin solution or a 100% glycerin solution. As 

expected, this indicates that as the fluid viscosity decreases the particle settling velocity increases. 

Also, the measured settling velocity was compared to the calculated setting velocity using �6�W�R�N�H�V�¶��

Law equation, and the results showed that the calculated setting velocity was greater than the 

measured settling velocity. After, these initial tests, water-sodium chloride solution was then used 

to study the effects of injection parameters on proppant transport inside a complex fractures 

networks using two slurry injection rates, two proppant concentrations, and four different 

proppants with a higher density fluid then water but with similar viscosities. 

The lab results showed the water-sodium chloride is less effective than the water-glycerin 

solution in terms of carrying capacity. The lab results showed that the amount of the collected 

proppants out of sampling points using the water-sodium chloride solution was less than less than 

using the water-glycerin solution. Due to the low viscosity of the water-sodium chloride solution, 
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proppant settled quickly to the bottom of the main fracture near the injection point, thus increasing 

the dune build-up rate.  As the proppant dune reached the equilibrium dune height, the later injected 

proppant was transported deeper into the farther sections of the slot apparatus. The low viscosity 

of the water-sodium chloride solution results in a higher dune height than the water-glycerin 

solution, and the larger proppant particles travel for only short distance and settle near the injection 

point due to the gravity effect. Due to the low viscosity, there was minimal proppant suspension 

observed when using the water-sodium chloride solution. Some sand suspension was observed 

with smaller particle sizes (100 mesh) due to the high turbulent flow generated by higher slurry 

velocities. The high turbulence helps the water-sodium chloride solution to lift the smaller particles 

from the stationary dune. The lab results showed that changing the fresh-water density from (8.34 

lb/gal) to (9.26 lb/gal) using sodium chloride salt had no real effect on proppant transport for all 

the tested proppants. The sieve analysis results showed a large percentage of smaller particles and 

less percentage of bigger particles were transported out of sampling points, which specifically seen 

more with the100 mesh sand (2.65 sp.gr) and 40/70 mesh ceramic (2.08 sp.gr). In these cases, a 

larger percentage of bigger particles settled inside the fracture networks. The sieve analysis results 

for the 40/70 ceramic 2.71 sp.gr showed a similar proppant distribution to the original proppant 

distribution with the water-sodium chloride solution.  

 For the other injection parameters, the results shows that increasing the slurry injection 

rate has a significant effect on proppant transport using the water-sodium chloride solution. 

Increasing injection rate leads to improving proppant transport within the fracture networks, as the 

injection rate increases the fluid drag and lift forces that help to lift and push the particles from the 

stationary bed further towards the subsidiary fractures. At the beginning of the injection, the slurry 

velocity inside the main fracture was low because of the large cross-sectional flow area. Therefore, 
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more proppant settled along the main fracture and minimal proppant turned around the corners 

into the secondary fractures. As the fluid velocity increased inside the main fracture and reached 

a critical velocity, the proppant started turning around the corners and transporting into secondary 

fractures building the proppant dunes. Proppant concentration was also found to be the most 

important injection parameters that improved proppant transport using water-sodium chloride 

solution. In all tested proppants, the lab results showed that as proppant concentrations increase, 

the proppant settling velocity increases, resulting in increasing the dune build-up rate inside the 

main fracture and a larger dune height. Increasing proppant concentration improved proppant 

transport for both tested fluids and all tested proppants.  

5.3 Field Applications 

Proppant transport in hydraulic fractures does not only depend on the injection parameters 

i.e. injection rate, proppant concentration, proppant density, proppant size, and proppant type, but 

also on the fluid rheology. Thus fluid rheology should be considered during the selection of 

hydraulic fracturing fluids to optimize proppant transportability inside complex fracture networks. 

The water-glycerin solution was found to overcome the settling of the proppant near the 

injection point and enhance the proppant transport and thus likely also the fracture conductivity. 

Based on the lab results, higher viscosity by using a glycerin solution improved the �I�O�X�L�G�¶�V 

capability to carry the proppant deeper into the created fractures. This implies that a more viscous 

slickwater solution should be considered in the field to improve the fracture covered area inside 

all subsidiary fractures. Glycerin solution showed better proppant transport but because of its 

potential cost, it is recommend to use Newtonian fluids that have similar properties as glycerin 

solution because the viscosity will not change at the high the shear rate and they are easy to pump 

which leads to reduce pumping pressure.  
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The obtained ratios of equilibrium dune level (EDL) and covered area can also be used to 

scale-up the lab measurements to field numbers using the Wang et al. (2003) and Alotaibi and 

Miskimins (2015) correlations. For instance, using a 100 ft fracture height, the predicted field 

equilibrium dune height of 100 mesh sand is 97.19 ft. Also, the field fracture covered area can be 

predicated knowing its dimensions using the obtained lab ratios. In addition, high injection rates 

and ramping quickly to high proppant concentrations should be considered in order to improve 

proppant transport. The results imply that increasing proppant concentrations quickly will enhance 

proppant transport. The lab injection rate of 1 gal/min and 2 gal/min can also be scaled up to field 

values using the ratio of the field fracture cross-sectional area to the lab fracture cross-sectional 

area. An injection rate of 2 gal/min in the lab is equivalent to 2.5 BPM/cluster using a field fracture 

scale of 100 ft height and 0.2 inches width. It is important to note that the lab apparatus has uniform 

roughness in the fracture slots, however, real fracture surfaces are not as uniform or flat as used in 

this lab work.  
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CHAPTER 6 

 CONCLUSION AND RECOMMENDATIONS 
 

This chapter summarizes the main findings of this research and suggests recommendations 

for future work. 

6.1 Conclusions 

This research investigated the effect of fluid density and fluid viscosity on proppant 

transport in complex fracture systems as was recommend by previous researchers. Proppant 

transport testing was conducted in a lab-scale slot apparatus using two different fluids, water-

glycerin solution and water-sodium chloride solution to represent viscosity and density increases, 

respectively. The effect of injection parameters (injection rate, proppant concentration, number of 

injected particles, proppant size, fluid density, and fluid viscosity) on proppant transport were also 

investigated in this study. Based on the experimental results, the following conclusions are drawn: 

1. Proppant concentration has a direct impact on proppant transport: 

a. Proppant concentration was found to be one of the most important injection 

parameters that effected proppant settling velocity. It was found that proppant 

settling velocity increases as proppant concentration increases for all tested fluids 

and proppants due to the wall friction effect (wall roughness).  

b. The rate at which the equilibrium dune height was achieved in the main fracture is 

directly proportional to the proppant concentration. As proppant concentration 

increases the proppant dune build-up rate increases as well. 

c. Increasing the proppant concentration results in increasing the proppant covered 

area inside the main and subsidiary fractures due to increasing proppant dune 

length, also increasing the amount of the collected proppant out of these fractures. 
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2. Injection rate also has an impact on proppant transport as follows: 

a. Injection rate was also found to be an important parameter that affected proppant 

settling velocity. It was found that increasing the injection rate leads to improving 

proppant transport by increasing the fluid drag and lift forces acting on the proppant 

leading to decreased proppant settling velocity and dune building at farther 

locations. 

b. Increasing the injection rate was found to significantly affect the proppant dune 

height within the main fracture. Increasing the injection rate leads to increasing the 

bed shear velocity in the gap between the top of the dune and the top of the fracture. 

As a result, the proppant dune height inside the main fracture decreases with 

increasing injection rate. 

c. Increasing the injection rate leads to increasing the proppant covered area inside 

the subsidiary fractures and increasing the amount of the collected proppant out of 

the main and subsidiary fractures.  

3. For all tested proppant it was found that increasing fluid density to 1.19 g/cm3 does not 

have a significant impact on proppant transport in terms of equilibrium dune height and 

the collected and sieved proppant. Increasing the fluid density to approach proppant 

density was limited by many factors such as the solubility of the salt in water. 

4. The effect of the fluid viscosity on proppant transport included: 

a. The amount of the transported proppant out of the fractures depended on the 

properties of the carrying fluid.  The higher viscosity water-glycerin solution was 

more effective than the water-sodium chloride solution in terms of carrying 
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capacity. Consequently, the proppant dune height inside the main fracture decreases 

and the proppant dune length increases with viscosity. 

b. Increasing the carrying fluid viscosity using glycerin led to increasing the proppant 

covered area inside the subsidiary fractures.  

c. It was found that the lower viscosity  water-sodium chloride system caused the 

proppant to settle quickly to the bottom of the main fracture near the injection point, 

increasing the dune buildup rate, and resulting in less proppant covered area in the 

farther subsidiary fractures. 

5. Increasing the number of particles was found to have a similar effect as that of 

increasing the proppant concentration, as there are more proppant-to-proppant 

interactions which leads to quick dune build-up rate and larger proppant covered areas. 

6. Proppant covered area inside the slots was affected as follows: 

a. Proppant density and size are important parameters that help increase the proppant 

covered area. It was found that the lighter proppant (40/70 ceramic 2.08 sp.gr.) 

covers a large area inside the main fracture than the heavier proppants. The smaller 

proppant size (100 mesh sand 2.65 sp.gr) covers a large area inside the subsidiary 

fractures (T-1, S-3, and T-2) than the larger proppant sizes (40/70 mesh). 

b. For both 40/70 sand (2.65 sp.gr) and ceramic (2.71 sp.gr), it was found that the 

covered area inside the main fracture using the water-sodium chloride solution was 

slightly greater than using the water-glycerin solution, while the water-glycerin 

provided a larger covered area inside the subsidiary fractures. 

c. The location of the subsidiary fractures from the injection point also had an impact 

on the proppant covered area. It was found that the closest subsidiary fractures to 
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the injection point had the largest covered area and received more proppant than 

the farthest fractures. 

7. Equilibrium dune height inside the main fracture was impacted as follows: 

a. It was observed that the dune buildup rate was higher using the water-sodium 

chloride solution than the water-glycerin solution. As a result, the proppant dune 

reached the equilibrium height faster with the water-sodium chloride solution than 

the water-glycerin solution.  

b. It was found that as proppant density increases, the equilibrium dune height 

increases as well. The highest equilibrium dune height was achieved with the 

heaviest proppant density (ceramic 2.71 sp.gr) and the lowest equilibrium dune 

height was observed with (ceramic 2.08 sp.gr).  

c. It was found that the smaller proppant size such as 100 mesh (2.65 sp.gr) formed a 

lower dune height than the larger proppant sizes (40/70 mesh) with same proppant 

density. This applied for both tested fluids.  

d. For all tested proppants, it was found that the water-sodium chloride solution 

resulted in a higher equilibrium dune height than the water-glycerin solution. 

8. Sieve analysis results from inside and outside the slots resulted in: 

a. For 100 mesh sand (2.65 sp.gr), 40/70 sand (2.65 sp.gr), and 40/70 ceramic (2.08 

sp.gr), the sieve analysis results showed higher proppant segregation for the 

samples collected from inside all the fractures and outside of the main fracture and 

subsidiary fractures S-2 and T-1 for both tested fluids. It was observed that water-

glycerin solution is more capable of carrying larger particles as compared to the 

water-sodium chloride. 
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b. The sieve analysis results for the 40/70 ceramic 2.71 sp.gr, which was the heaviest 

tested proppant, showed similar proppant distribution to the original proppant 

distribution for both tested fluids. 

6.2 Recommendations 

Based on the lab results of this study, the research work can be farther expanded in the 

future as per the following recommendations: 

1. Additional testing using ultra low-density ceramic proppant using a water-glycerin 

(higher viscosity) solution in a complex fracture network. 

2. Add more complexity to the slot system, increasing the fracture lengths, the number of 

the tertiary fractures, and changing the location of subsidiary fractures.  

3. Study the effect of the fracture width on proppant transport using water-glycerin 

solution (higher viscous fluid). 

4. Study the effect of increasing water-glycerin temperature on proppant transport in a 

complex fracture network to simulate field temperature.  

5. Numerical study of proppant transport in a complex fracture system using the same 

fracture system and comparing the results with lab results. 
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APPENDIX A 

SIEVE ANALYSIS RESULTS 
 

This appendix contains the figures for the sieve analysis results for different proppant 

types, injection rates, proppant concentrations, and two different fluids. 

�¾ Sieve Analysis for 100 Mesh Sand 2.65 sp.gr 
 

 
Figure A.1 Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from outside 
of the main fracture for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 2 ppg 

(Cv=0.086). 
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Figure A.2 Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from outside 
of the main fracture for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 2 ppg 

(Cv=0.086). 
 

 
Figure A.3 Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from outside 

of the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 1 
gal/min, and 2 ppg (Cv=0.086). 
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Figure A.4 Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from outside 

of the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 2 
gal/min, and 2 ppg (Cv=0.086). 

 

 
Figure A.5 Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from outside 
of the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 1 gal/min, 

and 2 ppg (Cv=0.086). 
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Figure A.6 Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from outside 
of the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 2 gal/min, 

and 2 ppg (Cv=0.086). 
 

 
Figure A.7 Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 2 ppg 

(Cv=0.086). 
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Figure A.8 Sieve analysis for 100 mesh sand (2.65 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 2 ppg 

(Cv=0.086). 
 

�¾ Sieve Analysis for 40/70 Mesh Sand 2.65 sp.gr 
 

 
Figure A.9 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the main fracture for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 1 ppg 

(Cv=0.043). 
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Figure A.10 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the main fracture for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 1 ppg 

(Cv=0.043). 
 

 
Figure A.11 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the main fracture for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 2 ppg 

(Cv=0.086). 



139 

 
Figure A.12 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the main fracture for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 2 ppg 

(Cv=0.086). 
 

 
Figure A.13 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 1 gal/min, 

and 1 ppg (Cv=0.043). 
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Figure A.14 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 2 gal/min, 

and 1 ppg (Cv=0.043). 
 

 
Figure A.15 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 1 gal/min, 

and 2 ppg (Cv=0.086). 
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Figure A.16 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 2 gal/min, 

and 2 ppg (Cv=0.086). 
 

 
Figure A.17 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 

1 ppg (Cv=0.043). 
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Figure A.18 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 

1 ppg (Cv=0.043). 
 

 
Figure A.19 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 

2 ppg (Cv=0.086). 
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Figure A.20 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from outside of 
the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 

2 ppg (Cv=0.086). 
 

 
Figure A.21 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from inside all 

the fractures for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 1 ppg 
(Cv=0.043). 
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Figure A.22 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from inside all 

the fractures for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 1 ppg 
(Cv=0.043). 

 

 
Figure A.23 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from inside all 

the fractures for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 2 ppg 
(Cv=0.086). 
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Figure A.24 Sieve analysis for 40/70 sand (2.65 sp.gr), for the samples collected from inside all 

the fractures for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 2 ppg 
(Cv=0.086). 

 
�¾ Sieve Analysis for 40/70 Ceramic 2.08 sp.gr  

 

 
Figure A.25 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 

outside of the main fracture for water-sodium chloride and water-glycerin solutions, 1 gal/min, 
and 1 ppg (Cv=0.043). 
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Figure A.26 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 

outside of the main fracture for water-sodium chloride and water-glycerin solutions, 2 gal/min, 
and 1 ppg (Cv=0.043). 

 

 
Figure A.27 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 

outside of the main fracture for water-sodium chloride and water-glycerin solutions, 1 gal/min, 
and 2 ppg (Cv=0.086). 
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Figure A.28 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 

outside of the main fracture for water-sodium chloride and water-glycerin solutions, 2 gal/min, 
and 2 ppg (Cv=0.086). 

 

 
Figure A.29 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 

outside of the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 1 
gal/min, and 1 ppg (Cv=0.043). 
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Figure A.30 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 

outside of the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 2 
gal/min, and 1 ppg (Cv=0.043). 

 

 
Figure A.31 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 

outside of the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 1 
gal/min, and 1 ppg (Cv=0.086). 
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Figure A.32 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 

outside of the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 2 
gal/min, and 1 ppg (Cv=0.086). 

 

 
Figure A.33 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 

outside of the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 1 
gal/min, and 1 ppg (Cv=0.043). 
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Figure A.34 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 

outside of the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 2 
gal/min, and 1 ppg (Cv=0.043). 

 

 
Figure A.35 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 

outside of the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 1 
gal/min, and 2 ppg (Cv=0.086). 
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Figure A.36 Sieve analysis for 40/70 ceramic (2.08 sp.gr),, for the samples collected from 

outside of the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 2 
gal/min, and 2 ppg (Cv=0.086). 

 

 
Figure A.37 Sieve analysis for 40/70 ceramic (2.08 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 1 ppg 

(Cv=0.043). 
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Figure A.38 Sieve analysis for 40/70 ceramic (2.08 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 1 ppg 

(Cv=0.043). 
 

 
Figure A.39 Sieve analysis for 40/70 ceramic (2.08 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 2 ppg 

(Cv=0.086). 
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Figure A.40 Sieve analysis for 40/70 ceramic (2.08 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 2 ppg 

(Cv=0.086). 
 

�¾ Sieve Analysis for 40/70 Ceramic 2.71 sp.gr  
 

 
Figure A.41 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from outside 
of the main fracture for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 1 ppg 

(Cv=0.043). 
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Figure A.42 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from outside 
of the main fracture for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 1 ppg 

(Cv=0.043). 
 

 
Figure A.43 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from outside 
of the main fracture for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 2 ppg 

(Cv=0.086). 
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Figure A.44 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from outside 
of the main fracture for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 2 ppg 

(Cv=0.086). 
 

 
Figure A.45 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from outside 

of the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 1 
gal/min, and 1 ppg (Cv=0.043). 
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Figure A.46 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from outside 

of the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 2 
gal/min, and 1 ppg (Cv=0.043). 

 

 
Figure A.47 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from outside 

of the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 1 
gal/min, and 2 ppg (Cv=0.086). 
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Figure A.48 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from outside 

of the secondary fracture (S-2) for water-sodium chloride and water-glycerin solutions, 2 
gal/min, and 2 ppg (Cv=0.086). 

 

 
Figure A.49 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from outside 
of the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 1 gal/min, 

and 1 ppg (Cv=0.043). 
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Figure A.50 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from outside 
of the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 2 gal/min, 

and 1 ppg (Cv=0.043). 
 

 
Figure A.51 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from outside 
of the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 1 gal/min, 

and 1 ppg (Cv=0.043). 



159 

 
Figure A.52 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from outside 
of the tertiary fracture (T-1) for water-sodium chloride and water-glycerin solutions, 2 gal/min, 

and 2 ppg (Cv=0.086). 
 

 
Figure A.53 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 1 gal/min, and 1 ppg 

(Cv=0.043). 
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Figure A.54 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 1 ppg 

(Cv=0.043). 
 

 
Figure A.55 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 1 ppg 

(Cv=0.043). 
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Figure A.56 Sieve analysis for 40/70 ceramic (2.71 sp.gr), for the samples collected from inside 
all the fractures for water-sodium chloride and water-glycerin solutions, 2 gal/min, and 1 ppg 

(Cv=0.043). 


